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Abstract: 5-Aminolevulinic acid (5-ALA), a non-proteinogenic amino acid, is an intermediate in
the biosynthesis of heme and exerts antiviral effects against feline coronavirus (FCoV); however,
the underlying mechanisms remain unclear. In the biosynthesis of heme, 5-ALA is condensed and
converted to protoporphyrin IX (PpIX), which is then transformed into heme by the insertion of
ferrous iron. Previous research has suggested that the metabolites generated during heme biosynthesis
contribute to the antiviral effects of 5-ALA. Therefore, the present study investigated the in vitro
mechanisms responsible for the antiviral effects of 5-ALA. The results obtained revealed that 5-ALA
and PpIX both effectively reduced the viral titer in the supernatant of FCoV-infected fcwf-4 cells.
Moreover, PpIX exerted virucidal effects against FCoV. We also confirmed that 5-ALA increased PpIX
levels in cells. While hemin induced heme oxygenase-1 gene expression, it did not reduce the viral
titer in the supernatant. Sodium ferrous citrate decreased PpIX levels and suppressed the antiviral
effects of 5-ALA. Collectively, these results suggest that the antiviral effects of 5-ALA against FCoV
are dependent on PpIX.

Keywords: feline coronavirus; 5-aminolevulinic acid; protoporphyrin IX

1. Introduction

Feline coronavirus (FCoV) is an enveloped positive-sense single-stranded RNA virus
that belongs to the order Nidovirales, family Coronaviridae, subfamily Orthocoronavirinae,
genus Alphacoronavirus and species Alphacoronavirus suis [1]. It has four structural proteins:
a spike (S) protein, envelope (E) protein, membrane (M) protein, and nucleocapsid (N)
protein [2]. The S protein, which is present on the envelope, is involved in binding to
virus receptors and membrane fusion between the cell membrane and envelope. FCoV is
classified into two serotypes, types I and II, based on antigenic differences between the the
S proteins [3–6].

FCoV is spreading among domestic cats worldwide. Most FCoV infections are intesti-
nal and rarely fatal. FCoV-infected cats show no clinical signs or develop mild enteritis [7–9].
However, FCoV may cause the fatal disease feline infectious peritonitis (FIP) [10,11]. Vir-
ulent FCoV, which causes FIP, is considered to emerge due to mutations that increase
virulence in the FCoV genome. Although the FCoV genome mutation causing this switch
in the pathotype has not been identified, the involvement of an S gene mutation has been
suggested [12–15].

There is currently no vaccine to prevent the onset of FIP. The only treatment that has
been effective in cats with FIP is the administration of antiviral drugs. An RNA-dependent
RNA polymerase inhibitor (nucleoside analogues) and 3C-like protease inhibitor (GC376)
are currently used to treat FIP [16–21]. Compounds that exert antiviral effects against
FCoV other than these drugs are being investigated for FIP. We recently reported that
5-aminolevulinic acid (5-ALA) inhibited the proliferation of FCoV [22].
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5-ALA is an intermediate metabolite in the biosynthetic pathway of heme, a non-
proteinogenic amino acid [23]. In animal cells, 5-ALA is synthesized in mitochondria [24].
A tetrapyrrole synthesized from 5-ALA, uroporphyrinogen III, is converted to protopor-
phyrinogen IX and then to protoporphyrin IX (PpIX), which is subsequently converted to
heme by ferrochelatase, which adds Fe2+ to PpIX, in mitochondria. Intracellular heme is
degraded to biliverdin, CO, and Fe2+ by heme oxygenase-1 (HO-1).

A metabolite of 5-ALA may be involved in the antiviral effects of 5-ALA. In cells,
5-ALA induces PpIX. PpIX exerts virucidal effects against enveloped viruses. Human im-
munodeficiency virus and classical swine fever virus (CSFV) were previously shown to be
inactivated by PpIX induced by 5-ALA [25,26]. However, it remains unclear whether 5-ALA
exerts antiviral effects against coronavirus, including FCoV, via a similar mechanism [22,27].
Therefore, the present study investigated factors that induce the antiviral effects of 5-ALA
against FCoV in vitro using compounds involved in the heme biosynthetic pathway.

2. Materials and Methods
2.1. Cell Cultures and Viruses

Felis catus whole feus 4 (fcwf-4) cells were kindly supplied by Dr. M. C. Horzinek
of the State University of Utrecht, the Netherlands, and were grown in Eagle’s minimum
essential medium containing 50% L-15 medium, 100 U of penicillin per mL, and 100 µg
of streptomycin per mL. Fetal bovine serum was incorporated into the medium at a
concentration of 5% to serve as growth medium and at a concentration of 2% to function
as maintenance medium (MM). Type II FCoV strain 79–1146 was supplied by Dr. M. C.
Horzinek of the State University of Utrecht, the Netherlands. The virus was grown in
fcwf-4 cells at 37 ◦C.

2.2. Compounds

5-ALA and sodium ferrous citrate (SFC) were obtained from Neopharma Japan (Tokyo,
Japan). 5-ALA was dissolved at 200 mM and SFC at 50 mM in water. Protoporphyrin IX
disodium salt (PpIX) was obtained from Sigma-Aldrich (St. Louis, MO, USA). PpIX was
dissolved in dimethyl sulfoxide (DMSO) and adjusted to a concentration of 2.5 mM. Hemin
was used as an inducer of HO-1 and was obtained from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). It was dissolved in water and adjusted to a concentration of 5 mM.

2.3. Cytotoxicity Assay

fcwf-4 cells were seeded at a density of 2 × 105 cells in 100 µL of MM in a 96-well
plate. Cells were cultured at 37 ◦C for 24 h, and the supernatants were then removed. The
MM-containing compounds were added to the cells, which were then incubated for 24 h
and subsequently washed with MM. Water-soluble tetrazolium 8 (WST-8, Kishida Chemical
Co., Ltd., Osaka, Japan), diluted 10-fold with MM, was added to cells at a volume of 100 µL
per well. Cells were then incubated at 37 ◦C for 1 h, and absorbance at wavelengths
of 450 and 650 nm was measured using a microplate reader. Percent cytotoxicity was
calculated using the following formula: cytotoxicity (%) = [(OD of compound-untreated
cells − compound-treated cells)/(OD of compound-untreated cells)] × 100.

2.4. Antiviral Effects of Compounds

Confluent fcwf-4 cell monolayers were cultured in medium with or without com-
pounds at the indicated concentrations in 24-well multiplates at 37 ◦C for 24 h. Cells
were washed with MM twice, inoculated with FCoV strain 79-1146 (2000 tissue culture
infectious dose (TCID)50/0.1 mL per well), and adsorbed at 37 ◦C for 1 h. After adsorption,
cells were washed with MM three times. Cells were cultured in MM without compounds.
After cultivation, the culture supernatant was collected and virus titers were measured
using the TCID50 assay. Cells were collected and stored at −80 ◦C until RNA isolation as
described below.
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2.5. Time of Addition Assay for PpIX

Confluent fcwf-4 cell monolayers were cultured in 24-well multiplates. Cells were
inoculated with FCoV strain 79-1146 (2000 tissue culture infectious dose (TCID)50/0.1 mL
per well) and adsorbed at 37 ◦C for 1 h. Following adsorption, the cells were washed three
times with MM. The cells were then cultured in MM without compounds for 0–24 h. At
designated time points, the culture supernatant was removed, and the cells were washed
three times with MM. Subsequently, the cells were cultured in MM containing PpIX (25 µM)
until 48 h post-virus inoculation. After cultivation, the culture supernatant was collected.
Virus titers and FCoV 3′-UTR levels were measured using the TCID50 assay and RT-qPCR,
respectively, as described below.

2.6. RNA Isolation

Total cellular RNA was extracted from fcwf-4 cells or supernatant using a High Pure
RNA Isolation Kit (Roche Diagnostics GmbH, Mannheim, Germany) according to the
manufacturer’s instructions. RNA was dissolved in elution buffer.

2.7. Quantification of FCoV 3′-UTR

The FCoV gene was quantified by RT-qPCR. RNA was reverse transcribed and ampli-
fied using RNA-direct Realtime PCR Master Mix (TOYOBO, Osaka, Japan) with specific
primers for FCoV 3′-UTR and GAPDH. Primer and probe sequences are shown in Table 1.
The reaction was performed in a total volume of 20 µL/well in 48-well PCR plates using a
StepOne Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) at 90 ◦C
for 30 s, 60 ◦C for 20 min, and 95 ◦C for 1 min, followed by 45 cycles at 90 ◦C for 15 s
and 60 ◦C for 1 min. FCoV 3′-UTR was quantified by absolute quantification and relative
quantification. The FCoV 3′-UTR copies were determined using standard FCoV 3′-UTR as
described previously [28]. Relative FCoV 3′-UTR was quantified using the comparative Ct
method. The Ct value of FCoV 3′-UTR in each sample was normalized with the Ct value of
GAPDH (∆Ct). The ∆Ct value of each sample was then subtracted from the ∆Ct value of
the calibrator (∆∆Ct). FCoV 3′-UTR in each sample was calculated as 2−∆∆Ct. Statistical
analyses were performed with respect to the ∆Ct value of each sample.

Table 1. Sequences of RT-qPCR primers and probes.

Target Orientation Sequence Reference

Feline GAPDH For 5′-GCCGTGGAATTTGCCGT-3′ XM_003989222
Rev 5′-GCCATCAATGACCCCTTCAT-3′

Probe 5′6-FAM-CTCAACTAC-ZEN-
ATGGTCTACATGTTCCAGTATGATTCCA-3′IABkFQ

FCoV 3′-UTR For 5′-GATTTGATTTGGCAATGCTAGATTT-3′ [29]
Rev 5′-AACAATCACTAGATCCAGACGTTAGCT-3′

Probe FAM-5’-TCCATTGTTGGCTCGTCATAGCGGA -3’BHQ1

2.8. Measurement of Feline HO-1 Gene Expression

HO-1 gene expression was semi-quantified by RT-PCR. Using total cellular RNA as
a template, cDNA was synthesized using ReverTra Ace (TOYOBO Co., Osaka, Japan).
Reverse transcription was performed in a final volume of 38 µL containing 1 µL of the oligo
(dT) primer (50 µM). The resulting solution was incubated at 42 ◦C for 30 min to synthesize
cDNA. cDNA was amplified by PCR using specific primers for the GAPDH gene and HO-1
gene. Primer sequences are shown in Table 2. PCR was performed in a total volume of
50 µL. One microliter of sample cDNA was mixed with 25 µL of Quick Taq HS DyeMix
(TOYOBO Co., Osaka, Japan), 2 µL of 10 µM primer mix, and 22 µL of water. Using a PCR
Thermal Cycler Dice (Takara Bio Inc., Shiga, Japan), DNA was amplified at 94 ◦C for 20 s,
followed by 30 cycles of denaturation at 95 ◦C for 30 s, primer annealing at 60 ◦C for 45 s,
and synthesis at 72 ◦C for 45 s, with a final extension at 72 ◦C for 5 min. PCR products
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were resolved by electrophoresis on 2% agarose gels. Gels were incubated with ethidium
bromide solution (1 µg/mL), and bands were visualized using a UV transilluminator at
312 nm and photographed. Band density was quantified under appropriate UV exposure
by video densitometry using ImageJ software (version 1.53e, NIH, Bethesda, MD, USA).
The HO-1 gene was semi-quantitatively analyzed in terms of the relative density value to
that for the housekeeping gene GAPDH.

Table 2. Sequences of conventional RT-PCR primers.

Target Orientation Sequence Reference

Feline GAPDH For 5′-GCCGTGGAATTTGCCGT-3′ XM_003989222
Rev 5′-GCCATCAATGACCCCTTCAT-3′

Feline HO-1 For 5′-GGTGACCCGGAAAGGATTTA-3′ NM_001009307
Rev 5′-TTGTTGCGCTCGATCTGT-3′

2.9. Direct Antiviral Effects of PpIX

PpIX or DMSO diluted to various concentrations was mixed with FCoV strain 79-1146
(4000 TCID50/0.1 mL) at an equivalent volume and reacted at 37 ◦C for 1 h under light
shielding. The virus titer in the mixture was measured using the TCID50 assay.

2.10. Measurement of Intracellular PpIX Levels

fcwf-4 cells cultured as a monolayer in T-75 flasks were cultured with MM containing
a compound for 24 h. Cells were washed in ice-cold PBS 3 times, collected, and stored at
−80 ◦C until the measurement of PpIX levels. Cells were suspended in lysis buffer (20 mM
Tris/HCl, 2 mM MgCl2, and 1% Triton X-100) containing 125 units/mL of Benzonase
Nuclease (Merck KGaA, Darmstadt, Germany) and incubated at 37 ◦C for 1 h. After the cell
suspension was centrifuged at 14,000× g at room temperature for 5 min, the supernatant
was collected in another tube. The supernatant was mixed with 2.5 µg/mL of Proteinase
K (Kanto Chemical Co., Inc., Tokyo, Japan) and reacted at 37 ◦C for 1 h. The solution was
then centrifuged at 14,000× g at room temperature for 5 min. An equivalent volume of 10%
trichloroacetic acid (Kanto Chemical Co., Inc., Tokyo, Japan) was added to the supernatant
obtained, which was placed at room temperature for 10 min. The solution was subsequently
centrifuged at 14,000× g at room temperature for 5 min. The supernatant was removed and
the sediment was collected. Dimethylformamide was added to the sediment obtained and
agitated for 10 min. The solution was then centrifuged at 14,000× g at room temperature
for 5 min. The supernatant was collected, and absorbance at a wavelength of 300 to 800 nm
was measured using a BioSpectrometer (Eppendorf, Hamburg, Germany).

2.11. Statistical Analysis

Statistical analyses were performed by JMP Pro (version 17.0.0, JMP Statistical Dis-
covery LLC., Cary, NC, USA). Data from only two groups were analyzed using Student’s
t-test (Welch’s t-test) and those of multiple groups by Dunnett’s test. A p-value < 0.05 was
considered to be significant.

3. Results
3.1. Cytotoxic Effects of Compounds

The cytotoxic effects of 5-ALA, PpIX, hemin, and SFC on fcwf-4 cells were evaluated
using a WST-8 cytotoxicity assay. PpIX, an intermediate metabolite of 5-ALA, has been
reported to exert antiviral effects [30]. Ferrous iron is required for the conversion of PpIX to
heme. The addition of SFC, a soluble iron source, to 5-ALA has been shown to promote the
conversion of PpIX to heme. Briefly, SFC decreases the intracellular level of PpIX, thereby
increasing the intracellular level of heme [31]. Heme, a metabolite of PpIX, induces HO-1,
an oxygenase known for its antiviral effects [32,33]. Therefore, HO-1 may play a role in the
antiviral effects of PpIX.



Viruses 2024, 16, 1595 5 of 13

The cytotoxic effects of 5-ALA alone and in combination with SFC were examined.
The percent cytotoxicity of 5-ALA alone was ≤16.0% (Figure 1). SFC did not exert cyto-
toxic effects on fcwf-4 cells at any concentration. When fcwf-4 cells were treated with a
mixture of SFC and 5-ALA, the cytotoxic effects of 5-ALA decreased in a SFC concentration-
dependent manner.

Figure 1. Cytotoxic effects of compounds. fcwf-4 cells were cultured with compounds for 24 h.
After the incubation, WST-8 solution was added and cells were incubated for 1 h. The absorbance of
formazan produced was measured at 450 nm. Percent cytotoxicity was calculated using the following
formula: cytotoxicity (%) = [(OD of compound untreated cells–compound-treated cells)/(OD of
compound untreated cells)] × 100. The results obtained are shown as means ± SE. Data represent
three independent experiments. (A) 5-ALA-SFC combination. (B) PpIX *: p < 0.05 vs. vehicle.
(C) Hemin.

The cytotoxic effects of PpIX increased in a dose-dependent manner (Figure 1B). The
50% cytotoxicity concentration (CC50) of PpIX was 37.2 ± 3.6 µM. In comparisons of PpIX
with the vehicle (DMSO), the cytotoxic effects of PpIX in a concentration range of 5 to
20 µM were significantly (≥10%) more potent than those of DMSO.

The cytotoxic effects of hemin at a concentration of ≥31.3µM increased in a concentration-
dependent manner (Figure 1C). The CC50 of hemin was 61.0 ± 8.0 µM.

3.2. Antiviral Effects of 5-ALA against FCoV

In a previous study, we demonstrated that pre-treating fcwf-4 cells with 5-ALA for
48 h prior to FCoV infection resulted in a significant reduction in virus titer in the culture
supernatant [22]. In the current study, we aimed to investigate the antiviral effects of a 24 h
pre-treatment with 5-ALA on FCoV infection. Our findings revealed that 5-ALA exhibited
antiviral activity in a dose-dependent manner (Figure 2A).

We also examined the inhibitory effects of 5-ALA on the proliferation of FCoV in the
initial phase of virus proliferation using FCoV RNA synthesis as an index. No significant
difference was observed in FCoV RNA synthesis between 5-ALA-treated and untreated
cells 0 h after the FCoV inoculation (Figure 2B). On the other hand, FCoV RNA synthesis
was significantly lower in 5-ALA-treated cells ≥ 4 h after the FCoV inoculation than in
untreated cells. Similarly, the virus titer in the culture supernatant was determined. The
virus titer in the culture supernatant from fcwf-4 cells treated with 625 µM 5-ALA remained
below the detection limit for up to 24 h after inoculation (Figure 2C). In contrast, in the
absence of 5-ALA, the virus titer began to increase after 12 h.
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Figure 2. Antiviral effects of 5-ALA. fcwf-4 cells were pretreated with 5-ALA for 24 h. After viral
adsorption, cells were cultured in MM without 5-ALA. The results obtained are shown as means ± SE.
Data represent three independent experiments. (A) The antiviral effects of 5-ALA 48 h after the virus
inoculation. (B) Relative FCoV RNA replication with different concentrations of 5-ALA. The amount
of FCoV RNA was measured using RT-qPCR targeting 3’-UTR and normalized by GAPDH. *: p < 0.05
vs. vehicle. (C) Virus growth kinetics in fcwf-4 cells pretreated with 5-ALA.

3.3. Antiviral Effects of PpIX against FCoV

We investigated whether PpIX exerts antiviral effects against FIPV. After fcwf-4 cells
were pretreated with PpIX for 24 h, FCoV was adsorbed by cells. After 48 h, the virus titer
in the culture supernatant was measured. The results obtained showed that it decreased
in a PpIX-concentration-dependent manner and was below the detection limit at a PpIX
concentration of 25.0 µM or higher (Figure 3A). On the other hand, the virus titer in the
culture supernatant from DMSO-treated fcwf-4 cells did not decrease.

PpIX has been shown to exert antiviral effects by interacting with the lipid bilayer
membrane of the virus envelope. Therefore, we measured the virus titer of FCoV reacting
with PpIX and confirmed whether the virus titer decreased. The results obtained revealed
a reduction in a PpIX-concentration-dependent manner (Figure 3B). The virus titer of FCoV
that reacted with PpIX at a concentration of 20.0 µM or higher was below the detection
limit. On the other hand, the virus titer of FCoV that reacted with DMSO at the same
concentrations as those of PpIX solution did not decrease at any concentration.
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Figure 3. Antiviral effects of PpIX. (A) Antiviral effects of PpIX on PpIX-treated cell. fcwf-4 cells were
pretreated with PpIX for 24 h. After viral adsorption, cells were cultured in MM without 5-ALA.
The virus titer was measured 48 h after the virus inoculation. The results obtained are shown as
means ± SE. Data represent three independent experiments. n.s.: no significant. (B) Virucidal effects
of PpIX against FCoV. PpIX or DMSO was mixed with an equivalent volume of FCoV strain 79-1146
and reacted at 37 ◦C for 1 h under light shielding. The virus titer in the virus solution was then
directly measured using the TCID50 assay. The results obtained are shown as means ± SE. Data
represent three independent experiments.

To confirm the virucidal effect of PpIX, a time-addition assay was conducted (Figure 4A).
After FCoV inoculation, PpIX was administered to fcwf-4 cells at various time points, and
the virus titer in the culture supernatant was measured 48 h after virus inoculation. The
infectious virus in the culture supernatant of fcwf-4 cells treated with PpIX up to 12 h
post-inoculation was below the detection limit (Figure 4B). When PpIX was administered
24 h post-inoculation, a slight virus titer (100 TCID50/mL) was detected in only one of
three independent experiments. In contrast, DMSO treatment resulted in consistently high
virus titers of approximately 108 TCID50/mL at all time points. Regarding FCoV RNA
levels, the culture supernatant from cells treated with PpIX exhibited significantly lower
FCoV RNA levels compared to those treated with DMSO up to 6 h after virus inoculation,
except for the treatment administered 2 h after virus inoculation (Figure 4C). No significant
differences in FCoV RNA levels were observed between PpIX-treated and DMSO-treated
cells when PpIX was administered 12 h after virus inoculation or later.

3.4. Antiviral Effects of Hemin against FCoV

In this study, we investigated whether the induction of HO-1 contributed to antiviral
effects against FCoV. To confirm whether HO-1 was induced in fcwf-4 cells treated with the
HO-1 inducer, hemin, HO-1 gene expression was semiquantitatively analyzed relative to
GAPDH gene expression. In fcwf-4 cells treated with hemin for 24 h, a slight increase was
observed in HO-1 gene expression (Figure 5A). The virus titer in the culture supernatant
from fcwf-4 cells treated with hemin for 24 h was measured 48 h after FCoV inoculation.
No decrease was noted in the virus titer in the culture supernatant regardless of the
concentration of hemin (Figure 5B).

3.5. Impact of SFC on Antiviral Effects Induced by 5-ALA

We investigated the impact of SFC on the antiviral effects of 5-ALA. fcwf-4 cells were
treated with a mixture of 5-ALA and SFC for 24 h. The virus titer in the culture supernatant
48 h after the FCoV inoculation was measured. The virus titer of FCoV in the culture
supernatant from fcwf-4 cells treated with 5-ALA alone did not decrease at concentrations
of 156 and 312 µM. However, at a concentration of 625 µM or higher, the virus titer was
below the detection limit (Figure 6). When 62.5 µM SFC was added with 5-ALA, similar
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results were obtained. On the other hand, when 250 µM SFC was added with 5-ALA,
>104 TCID50/mL of the virus was detected even at a 5-ALA concentration of 625 µM or
higher. When 1000 µM SFC was added with 5-ALA, no virus was detected at a 5-ALA
concentration of 1250 µM; however, 103 TCID50/mL of the virus was detected at a 5-ALA
concentration of 625 µM.

Figure 4. A time of additional assay for PpIX. fcwf-4 cells were infected with the FCoV strain and
cultured in medium only. After washing, medium containing PpIX was added at designated times
ranging from 0 to 24 h after virus inoculation. Virus titer and FCoV RNA levels were measured 48 h
after virus inoculation. (A) Schedule for PpIX treatment. (B) The virus titer in supernatants. Virus
titer was quantified using the TCID50 assay. (C) The FCoV RNA levels on supernatants. FCoV RNA
level was quantified using the RT-qPCR targeting FCoV 3’-UTR. The results obtained are shown as
means ± SE. Data represent three independent experiments. *: p < 0.05 vs. DMSO.

3.6. Effects of Treatment with Each Compound on the Intracellular Level of PpIX

The above results demonstrated the following: (1) 5-ALA exerted antiviral effects
against FCoV, (2) an intermediate metabolite of 5-ALA, PpIX, exerted direct antiviral effects
against FCoV, (3) hemin induced HO-1, but did not exert any antiviral effect, and (4) SFC,
which promotes the metabolism of 5-ALA to heme, reduced the antiviral effects of 5-ALA.
Therefore, we hypothesized that the antiviral effects of 5-ALA may be dependent on
intracellularly induced PpIX. To verify this, we investigated whether PpIX accumulated
intracellularly by treating fcwf-4 cells with each compound.
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Figure 5. Antiviral effects of hemin. (A) The virus titer in cells pretreated with hemin. fcwf-4 cells
were pretreated with hemin for 24 h. After viral adsorption, cells were cultured in MM without
5-ALA. The virus titer was measured 48 h after the virus inoculation. (B) HO-1 gene expression levels.
fcwf-4 cells pretreated with hemin for 24 h. After incubation, cells were collected and HO-1 gene
expression levels were semi-quantitatively analyzed relative to GAPDH gene expression. The results
obtained are shown as means ± SE. Data represent three independent experiments.

Figure 6. Impact of SFC on antiviral effects of 5-ALA. fcwf-4 cells were pretreated with the 5-ALA-SFC
combination for 24 h. After viral adsorption, cells were cultured in MM without 5-ALA and SFC. The
virus titer was measured 48 h after the virus inoculation.

An extract from fcwf-4 cells treated with PpIX for 24 h (fcwf-4 cell extract) showed
an absorbance spectrum reaching a peak at a wavelength of approximately 405 nm and
several subpeaks at a wavelength ≥ 500 nm (Figure 7A). This was consistent with the
previously reported absorbance spectrum of PpIX [34]. Based on the conditions set in our
similar experiments conducted using different cells, we quantified the absorbance at a
wavelength of 410 nm as the PpIX level. When cells were treated with 625 µM 5-ALA, the
same absorbance spectrum was noted. On the other hand, in MM-treated control cells,
there was no peak in absorbance at a wavelength of 410 nm. Therefore, the absorbance
of an extract from cells treated with each compound at a wavelength of 410 nm was
quantified as the concentration of PpIX. There was no increase in absorbance in the cell
extract treated with 312.5 µM 5-ALA, whereas that in the cell extract treated with 625 µM
5-ALA increased (Figure 7B). The absorbance of a PpIX-treated cell extract at a wavelength
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of 410 nm increased in a PpIX concentration-dependent manner. A slight increase was
observed in the absorbance of a hemin-treated cell extract. The absorbance of extracts from
cells treated with a mixture of 625 µM 5-ALA and SFC at various concentrations was lower
than that of an extract from cells treated with 5-ALA alone.

Figure 7. Evaluation of intracellular levels of PpIX in fcwf-4 cells treated with compounds. fcwf-4
cells were cultured with compounds for 24 h. After incubation, cells were collected and lysed in a
buffer containing Benzonase Nuclease and incubated at 37 ◦C for 1 h. The lysate was centrifuged, and
the supernatant was treated with Proteinase K at 37 ◦C for 1 h. After another round of centrifugation,
trichloroacetic acid was added to the supernatant, incubated at room temperature for 10 min, and
centrifuged again. The resulting sediment was treated with dimethylformamide, agitated, and
centrifuged. The final supernatant’s absorbance was measured at 300–800 nm using a BioSpectrometer.
(A) Absorption spectrum of the supernatant extracted from compound-treated cells. (B) Absorbance
at 410 nm (A410). Intracellular PpIX levels were quantified by measuring absorbance at 410 nm. The
results obtained are shown as means ± SE. Data represent three independent experiments. *: p < 0.05
vs. vehicle.

4. Discussion

We previously reported that 5-ALA exerted antiviral effects against FCoV; however,
the underlying mechanisms remain unclear [22]. 5-ALA generates various metabolites in its
intracellular metabolic pathway. A metabolite of 5-ALA, PpIX, intercalates the lipid bilayer
membrane, inhibiting interactions between the virus envelope and cell membrane [30].
Briefly, it hinders the process of enveloped virus invasion. PpIX may play an important
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role in the antiviral effects of 5-ALA. A previous study reported that 5-ALA induced PpIX
in cells, exerting PpIX-mediated antiviral effects [25]. In the present study, we showed
that PpIX was induced in an established feline cell line at a concentration of 5-ALA at
which antiviral effects were observed. In addition, we demonstrated that the proliferation
of FCoV was inhibited in fcwf-4 cells following the exogenous application of PpIX and
confirmed that PpIX exerted virucidal effects against FCoV. Based on these results, the
antiviral effects of 5-ALA against FCoV appear to depend on the intracellular induction of
PpIX. Intracellularly accumulated PpIX is excreted extracellularly by ATP binding cassette
(ABC) transporters in mitochondrial and cell membranes [35]. Extracellularly released PpIX
directly damages virus particles. Since PpIX exerted direct antiviral effects against FCoV,
it may have been transported extracellularly, directly inactivating FCoV. However, the
present study did not investigate the function or expression of ABC transporters in fcwf-4
cells. Furthermore, the extracellular level of PpIX is unclear. Therefore, we were unable to
clarify whether extracellular PpIX exerted antiviral effects. The role of ABC transporters in
the antiviral effects of 5-ALA and PpIX against FCoV warrants further study.

In the metabolic pathway of 5-ALA, ferrous iron is required for the conversion of PpIX
to heme. SFC is widely used as an iron source of 5-ALA in studies using 5-ALA. When
SFC and 5-ALA are simultaneously applied, intracellularly induced PpIX is efficiently
converted to heme [31]. In the present study, SFC reduced the intracellular level of PpIX,
suppressing the PpIX-dependent antiviral effects of 5-ALA. A previous study reported an
SFC-related reduction in antiviral effects against CSFV [25]. In in vivo studies, 5-ALA is
often simultaneously administered with SFC. However, based on this result, when SFC
is administered at a concentration higher than that of 5-ALA, antiviral effects may not
be observed. On the other hand, a low concentration of SFC did not affect the antiviral
effects of 5-ALA, but reduced its cytotoxicity. This combination increases the therapeutic
index of 5-ALA; therefore, in vivo administration may also be useful. In the future, the
antiviral effects of 5-ALA against FCoV need to be investigated in vivo in consideration of
the adequate doses of 5-ALA and SFC.

HO-1 decomposes heme converted from PpIX, and induces type I IFN in cells, thereby
suppressing virus proliferation [36]. A previous study showed that the HO-1 gene was
not induced in 5-ALA-treated fcwf-4 cells; therefore, its role in the antiviral effects of
5-ALA against FCoV was unclear. In the present study, HO-1 gene expression increased
in fcwf-4 cells treated with the HO-1 inducer, hemin; however, antiviral effects were
not observed. Therefore, the induction of HO-1 may not contribute to antiviral effects
against FCoV, at least in fcwf-4 cells. Furthermore, HO-1 decomposes heme, promoting
its metabolism to bilirubin, nitric oxide, and iron ions. These metabolites are responsible
for immunomodulating and anti-inflammatory activities and exert antiviral effects by
preventing apoptosis in virus-infected cells. In other words, the induction of HO-1 may
contribute to antiviral effects in vivo [37]. In future studies on the antiviral effects of 5-ALA
against FCoV in vivo, the involvement of HO-1 needs to be considered.

In this study, we examined the mechanisms underlying the antiviral effects of 5-
ALA against FCoV using compounds involved in the metabolism of 5-ALA and heme
biosynthesis. The results obtained suggest that 5-ALA exerted PpIX-dependent, but not
HO-1-mediated, antiviral effects against FCoV in fcwf-4 cells. Since the antiviral effects of
5-ALA against FCoV do not target a specific virus protein, the development of a resistant
virus may not occur. More detailed investigations on the antiviral effects of 5-ALA and PpIX
may be useful for the development of antiviral therapy involving 5-ALA against FCoV.

Author Contributions: Conceptualization, T.D. and T.T.; methodology, T.D. and T.T.; software, T.D.,
J.S. and M.T.; validation, T.D., J.S. and M.T.; formal analysis, T.D., J.S. and M.T.; investigation, T.D.,
J.S., M.T., K.T., K.O. and T.T.; resources, T.D. and T.T.; data curation, T.D., J.S., M.T. and T.T.; writing—
original draft preparation, T.D.; writing—review and editing, T.D. and T.T.; visualization, T.D., J.S.,
M.T. and T.T.; supervision, T.D., K.O. and T.T.; project administration, T.D.; funding acquisition, T.D.
and T.T. All authors have read and agreed to the published version of the manuscript.



Viruses 2024, 16, 1595 12 of 13

Funding: This work was supported by JSPS KAKENHI (Grant Number 24K09251). Also, the authors
declare that this study received funding from KIYAN PHARMA Co., Ltd. (formerly Neopharma
Japan Co., Ltd.). The funder was not involved in the study design, collection, analysis, interpretation
of data, the writing of this article or the decision to submit it for publication.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated for this study are available on request to the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Taxon Details|ICTV. Available online: https://ictv.global/taxonomy/taxondetails?taxnode_id=202301849&taxon_name=

Alphacoronavirus%20suis (accessed on 24 July 2024).
2. Tekes, G.; Thiel, H.J. Feline Coronaviruses: Pathogenesis of Feline Infectious Peritonitis. In Advances in Virus Research; Academic

Press: Cambridge, MA, USA, 2016; Volume 96, pp. 193–218, ISBN 9780128047361.
3. Lewis, C.S.; Porter, E.; Matthews, D.; Kipar, A.; Tasker, S.; Helps, C.R.; Siddell, S.G. Genotyping Coronaviruses Associated with

Feline Infectious Peritonitis. J. Gen. Virol. 2015, 96, 1358–1368. [CrossRef] [PubMed]
4. Jaimes, J.A.; Whittaker, G.R. Feline Coronavirus: Insights into Viral Pathogenesis Based on the Spike Protein Structure and

Function. Virology 2018, 517, 108–121. [CrossRef]
5. Hohdatsu, T.; Okada, S.; Koyama, H. Characterization of Monoclonal Antibodies against Feline Infectious Peritonitis Virus Type

II and Antigenic Relationship between Feline, Porcine, and Canine Coronaviruses. Arch. Virol. 1991, 117, 85–95. [CrossRef]
[PubMed]

6. Pedersen, N.C.; Black, J.W.; Boyle, J.F.; Evermann, J.F.; McKeirnan, A.J.; Ott, R.L. Pathogenic Differences between Various Feline
Coronavirus Isolates. Adv. Exp. Med. Biol. 1984, 173, 365–380. [PubMed]

7. Pedersen, N.C.; Allen, C.E.; Lyons, L.A. Pathogenesis of Feline Enteric Coronavirus Infection. J. Feline Med. Surg. 2008, 10, 529–541.
[CrossRef]

8. Kipar, A.; Meli, M.L.; Baptiste, K.E.; Bowker, L.J.; Lutz, H. Sites of Feline Coronavirus Persistence in Healthy Cats. J. Gen. Virol.
2010, 91, 1698–1707. [CrossRef]

9. Vogel, L.; Van Der Lubben, M.; Te Lintelo, E.G.; Bekker, C.P.J.; Geerts, T.; Schuijff, L.S.; Grinwis, G.C.M.; Egberink, H.F.; Rottier,
P.J.M. Pathogenic Characteristics of Persistent Feline Enteric Coronavirus Infection in Cats. Vet. Res. 2010, 41, 71. [CrossRef]

10. Pedersen, N.C. An Update on Feline Infectious Peritonitis: Virology and Immunopathogenesis. Vet. J. 2014, 201, 123–132.
[CrossRef]

11. Pedersen, N.C. An Update on Feline Infectious Peritonitis: Diagnostics and Therapeutics. Vet. J. 2014, 201, 133–141. [CrossRef]
12. Licitra, B.N.; Millet, J.K.; Regan, A.D.; Hamilton, B.S.; Rinaldi, V.D.; Duhamel, G.E.; Whittaker, G.R. Mutation in Spike Protein

Cleavage Site and Pathogenesis of Feline Coronavirus. Emerg. Infect. Dis. 2013, 19, 1066–1073. [CrossRef]
13. Chang, H.W.; Egberink, H.F.; Halpin, R.; Spiro, D.J.; Rottie, P.J.M. Spike Protein Fusion Peptide and Feline Coronavirus Virulence.

Emerg. Infect. Dis. 2012, 18, 1089–1095. [CrossRef] [PubMed]
14. Meli, M.L.; Spiri, A.M.; Zwicklbauer, K.; Krentz, D.; Felten, S.; Bergmann, M.; Dorsch, R.; Matiasek, K.; Alberer, M.; Kolberg, L.;

et al. Fecal Feline Coronavirus RNA Shedding and Spike Gene Mutations in Cats with Feline Infectious Peritonitis Treated with
GS-441524. Viruses 2022, 14, 1069. [CrossRef]

15. Jähne, S.; Felten, S.; Bergmann, M.; Erber, K.; Matiasek, K.; Meli, M.L.; Hofmann-Lehmann, R.; Hartmann, K. Detection of Feline
Coronavirus Variants in Cats without Feline Infectious Peritonitis. Viruses 2022, 14, 1671. [CrossRef] [PubMed]

16. Murphy, B.G.; Perron, M.; Murakami, E.; Bauer, K.; Park, Y.; Eckstrand, C.; Liepnieks, M.; Pedersen, N.C. The Nucleoside Analog
GS-441524 Strongly Inhibits Feline Infectious Peritonitis (FIP) Virus in Tissue Culture and Experimental Cat Infection Studies. Vet.
Microbiol. 2018, 219, 226–233. [CrossRef]

17. Pedersen, N.C.; Perron, M.; Bannasch, M.; Montgomery, E.; Murakami, E.; Liepnieks, M.; Liu, H. Efficacy and Safety of the
Nucleoside Analog GS-441524 for Treatment of Cats with Naturally Occurring Feline Infectious Peritonitis. J. Feline Med. Surg.
2019, 21, 271–281. [CrossRef] [PubMed]

18. Yin, Y.; Li, T.; Wang, C.; Liu, X.; Ouyang, H.; Ji, W.; Liu, J.; Liao, X.; Li, J.; Hu, C. A Retrospective Study of Clinical and Laboratory
Features and Treatment on Cats Highly Suspected of Feline Infectious Peritonitis in Wuhan, China. Sci. Rep. 2021, 11, 5208.
[CrossRef]

19. Kim, Y.; Lovell, S.; Tiew, K.-C.; Mandadapu, S.R.; Alliston, K.R.; Battaile, K.P.; Groutas, W.C.; Chang, K.-O. Broad-Spectrum
Antivirals against 3C or 3C-like Proteases of Picornaviruses, Noroviruses, and Coronaviruses. J. Virol. 2012, 86, 11754–11762.
[CrossRef]

20. Roy, M.; Jacque, N.; Novicoff, W.; Li, E.; Negash, R.; Evans, S.J.M. Unlicensed Molnupiravir Is an Effective Rescue Treatment
Following Failure of Unlicensed GS-441524-like Therapy for Cats with Suspected Feline Infectious Peritonitis. Pathogens 2022, 11,
1209. [CrossRef]

https://ictv.global/taxonomy/taxondetails?taxnode_id=202301849&taxon_name=Alphacoronavirus%20suis
https://ictv.global/taxonomy/taxondetails?taxnode_id=202301849&taxon_name=Alphacoronavirus%20suis
https://doi.org/10.1099/vir.0.000084
https://www.ncbi.nlm.nih.gov/pubmed/25667330
https://doi.org/10.1016/j.virol.2017.12.027
https://doi.org/10.1007/BF01310494
https://www.ncbi.nlm.nih.gov/pubmed/1706593
https://www.ncbi.nlm.nih.gov/pubmed/6331125
https://doi.org/10.1016/j.jfms.2008.02.006
https://doi.org/10.1099/vir.0.020214-0
https://doi.org/10.1051/vetres/2010043
https://doi.org/10.1016/j.tvjl.2014.04.017
https://doi.org/10.1016/j.tvjl.2014.04.016
https://doi.org/10.3201/eid1907.121094
https://doi.org/10.3201/eid1807.120143
https://www.ncbi.nlm.nih.gov/pubmed/22709821
https://doi.org/10.3390/v14051069
https://doi.org/10.3390/v14081671
https://www.ncbi.nlm.nih.gov/pubmed/36016293
https://doi.org/10.1016/j.vetmic.2018.04.026
https://doi.org/10.1177/1098612X19825701
https://www.ncbi.nlm.nih.gov/pubmed/30755068
https://doi.org/10.1038/s41598-021-84754-0
https://doi.org/10.1128/JVI.01348-12
https://doi.org/10.3390/pathogens11101209


Viruses 2024, 16, 1595 13 of 13

21. Thayer, V.; Gogolski, S.; Felten, S.; Hartmann, K.; Kennedy, M.; Olah, G.A. 2022 AAFP/EveryCat Feline Infectious Peritonitis
Diagnosis Guidelines. J. Feline Med. Surg. 2022, 24, 905–933. [CrossRef]

22. Takano, T.; Satoh, K.; Doki, T. Possible Antiviral Activity of 5-Aminolevulinic Acid in Feline Infectious Peritonitis Virus (Feline
Coronavirus) Infection. Front. Vet. Sci. 2021, 8, 647189. [CrossRef]

23. Czarnecki, O.; Grimm, B. New Insights in the Topology of the Biosynthesis of 5-Aminolevulinic Acid. Plant Signal Behav. 2013, 8,
e23124. [CrossRef] [PubMed]

24. Belot, A.; Puy, H.; Hamza, I.; Bonkovsky, H.L. Update on Heme Biosynthesis, Tissue-Specific Regulation, Heme Transport,
Relation to Iron Metabolism and Cellular Energy. Liver Int. 2024, 44, 2235–2250. [CrossRef] [PubMed]

25. Hirose, S.; Isoda, N.; Huynh, L.T.; Kim, T.; Yoshimoto, K.; Tanaka, T.; Inui, K.; Hiono, T.; Sakoda, Y. Antiviral Effects of 5-
Aminolevulinic Acid Phosphate against Classical Swine Fever Virus: In Vitro and In Vivo Evaluation. Pathogens 2022, 11, 164.
[CrossRef]

26. Smetana, Z.; Malik, Z.; Orenstein, A.; Mendelson, E.; Ben-Hur, E. Treatment of Viral Infections With 5-Aminolevulinic Acid and
Light. Lasers Surg. Med. 1997, 21, 351–358. [CrossRef]

27. Sakurai, Y.; Ngwe Tun, M.M.; Kurosaki, Y.; Sakura, T.; Inaoka, D.K.; Fujine, K.; Kita, K.; Morita, K.; Yasuda, J. 5-Amino Levulinic
Acid Inhibits SARS-CoV-2 Infection in Vitro. Biochem. Biophys. Res. Commun. 2021, 545, 203–207. [CrossRef]

28. Doki, T.; Toda, M.; Hasegawa, N.; Hohdatsu, T.; Takano, T. Therapeutic Effect of an Anti-Human-TNF-Alpha Antibody and
Itraconazole on Feline Infectious Peritonitis. Arch. Virol. 2020, 165, 1197–1206. [CrossRef]

29. Gut, M.; Leutenegger, C.M.; Huder, J.B.; Pedersen, N.C.; Lutz, H. One-tube fluorogenic reverse transcription-polymerase chain
reaction for the quantitation of feline coronaviruses. J. Virol. Methods 1999, 77, 37–46. [CrossRef]

30. Lu, S.; Pan, X.; Chen, D.; Xie, X.; Wu, Y.; Shang, W.; Jiang, X.; Sun, Y.; Fan, S.; He, J. Broad-Spectrum Antivirals of Protoporphyrins
Inhibit the Entry of Highly Pathogenic Emerging Viruses. Bioorg Chem. 2021, 107, 104619. [CrossRef] [PubMed]

31. Saito, K.; Fujiwara, T.; Ota, U.; Hatta, S.; Ichikawa, S.; Kobayashi, M.; Okitsu, Y.; Fukuhara, N.; Onishi, Y.; Ishizuka, M.; et al.
Dynamics of Absorption, Metabolism, and Excretion of 5-Aminolevulinic Acid in Human Intestinal Caco-2 Cells. Biochem.
Biophys. Rep. 2017, 11, 105–111. [CrossRef]

32. Huang, H.; Konduru, K.; Solovena, V.; Zhou, Z.-H.; Kumari, N.; Takeda, K.; Nekhai, S.; Bavari, S.; Kaplan, G.G.; Yamada, K.M.;
et al. Therapeutic Potential of the Heme Oxygenase-1 Inducer Hemin against Ebola Virus Infection. Curr. Trends Immunol. 2016,
17, 117.

33. Xiao, S.; Zhang, A.; Zhang, C.; Ni, H.; Gao, J.; Wang, C.; Zhao, Q.; Wang, X.; Wang, X.; Ma, C.; et al. Heme Oxygenase-1 Acts
as an Antiviral Factor for Porcine Reproductive and Respiratory Syndrome Virus Infection and over-Expression Inhibits Virus
Replication in Vitro. Antivir. Res. 2014, 110, 60–69. [CrossRef] [PubMed]

34. Wang, P.; Wang, X.; Zhang, K.; Gao, K.; Song, M.; Liu, Q. The Spectroscopy Analyses of PpIX by Ultrasound Irradiation and Its
Sonotoxicity in Vitro. Ultrasonics 2013, 53, 935–942. [CrossRef] [PubMed]

35. Krishnamurthy, P.; Schuetz, J.D. The Role of ABCG2 and ABCB6 in Porphyrin Metabolism and Cell Survival. Curr. Pharm.
Biotechnol. 2011, 12, 647–655. [CrossRef] [PubMed]

36. Ma, L.L.; Zhang, P.; Wang, H.Q.; Li, Y.F.; Hu, J.; Jiang, J.D.; Li, Y.H. Heme Oxygenase-1 Agonist CoPP Suppresses Influenza Virus
Replication through IRF3-Mediated Generation of IFN-α/β. Virology 2019, 528, 80–88. [CrossRef]

37. Kim, D.H.; Ahn, H.S.; Go, H.J.; Kim, D.Y.; Kim, J.H.; Lee, J.B.; Park, S.Y.; Song, C.S.; Lee, S.W.; Do Ha, S.; et al. Hemin as a Novel
Candidate for Treating COVID-19 via Heme Oxygenase-1 Induction. Sci. Rep. 2021, 11, 21462. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/1098612X221118761
https://doi.org/10.3389/fvets.2021.647189
https://doi.org/10.4161/psb.23124
https://www.ncbi.nlm.nih.gov/pubmed/23299429
https://doi.org/10.1111/liv.15965
https://www.ncbi.nlm.nih.gov/pubmed/38888238
https://doi.org/10.3390/pathogens11020164
https://doi.org/10.1002/(SICI)1096-9101(1997)21:4%3C351::AID-LSM6%3E3.0.CO;2-P
https://doi.org/10.1016/j.bbrc.2021.01.091
https://doi.org/10.1007/s00705-020-04605-7
https://doi.org/10.1016/S0166-0934(98)00129-3
https://doi.org/10.1016/j.bioorg.2020.104619
https://www.ncbi.nlm.nih.gov/pubmed/33450541
https://doi.org/10.1016/j.bbrep.2017.07.006
https://doi.org/10.1016/j.antiviral.2014.07.011
https://www.ncbi.nlm.nih.gov/pubmed/25086213
https://doi.org/10.1016/j.ultras.2012.10.019
https://www.ncbi.nlm.nih.gov/pubmed/23415145
https://doi.org/10.2174/138920111795163995
https://www.ncbi.nlm.nih.gov/pubmed/21118089
https://doi.org/10.1016/j.virol.2018.11.016
https://doi.org/10.1038/s41598-021-01054-3

	Introduction 
	Materials and Methods 
	Cell Cultures and Viruses 
	Compounds 
	Cytotoxicity Assay 
	Antiviral Effects of Compounds 
	Time of Addition Assay for PpIX 
	RNA Isolation 
	Quantification of FCoV 3'-UTR 
	Measurement of Feline HO-1 Gene Expression 
	Direct Antiviral Effects of PpIX 
	Measurement of Intracellular PpIX Levels 
	Statistical Analysis 

	Results 
	Cytotoxic Effects of Compounds 
	Antiviral Effects of 5-ALA against FCoV 
	Antiviral Effects of PpIX against FCoV 
	Antiviral Effects of Hemin against FCoV 
	Impact of SFC on Antiviral Effects Induced by 5-ALA 
	Effects of Treatment with Each Compound on the Intracellular Level of PpIX 

	Discussion 
	References

