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Abstract

Griseofulvin (GSF) causes hepatic porphyria in mice, which mimics the liver injury associated 

with erythropoietic protoporphyria (EPP) in humans. The current study investigated the 

biochemical basis of GSF-induced liver injury in mice using a metabolimic approach. GSF 

treatment in mice resulted in significant accumulations of protoporphyrin IX (PPIX), N-methyl 

PPIX, bile acids, and glutathione (GSH) in the liver. Metabolomic analysis also revealed 

bioactivation pathways of GSF that contributed to the formation of GSF-PPIX, GSF-GSH and 

GSF-proline adducts. GSF-PPIX is the precursor of N-methyl PPIX. A six-fold increase of N-

methyl PPIX was observed in the liver of mice after GSF treatment. N-methyl PPIX strongly 

inhibits ferrochelatase, the enzyme that converts PPIX to heme, and leads to PPIX accumulation. 

Excessive PPIX in the liver results in bile duct blockage and disturbs bile acid homeostasis. The 

accumulation of GSH in the liver was likely due to Nrf2-mediated upregulation of GSH synthesis. 

In summary, this study provides the biochemical basis of GSF-induced liver injury that can be 

used to understand the pathophysiology of EPP-associated liver injury in humans.
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1. Introduction

Griseofulvin (GSF) is used both in animals and humans for management of fungal 

infections. GSF is associated with multiple side effects including confusion, dizziness, 

nausea, diarrhea, and fatigue [1-3]. In addition, GSF is contraindicated to patients with 

porphyrias [4-6]. GSF causes hepatic porphyria in mice [7, 8]. GSF upregulates the 

expression of the delta-aminolevulinate synthase (ALAS), the rate-limiting enzyme in heme 

synthesis pathway that increases the production of porphyrins [9]. Moreover, GSF treatment 

results in functional deficiency of ferrochelatase (FECH), the enzyme that converts 

protoporphyrin IX (PPIX) to heme [10]. Thus, GSF treatment in mice causes PPIX 

accumulation in the liver which leads to liver damage [7, 8]. This phenotype is similar to 

human subjects with erythropoietic protoporphyria (EPP)-associated liver injury [7, 11, 12]. 

Therefore, GSF is commonly used as a tool drug to generate a mouse model for 

investigating EPP-associated liver injury [7, 8].

Studies of GSF in mice have revealed hepatocellular injury, cholestasis, ductular 

proliferation and cirrhosis [8, 13-15]. In addition, oxidative stress has been observed in the 

liver of mice treated with GSF [16]. Global gene analysis showed GSF-mediated alteration 

of genes that may be associated with inflammation, fibrosis, and cholestasis [17]. 

Nevertheless, the biochemical basis of GSF-induced liver injury remains understudied. The 

gaps are two-fold: (1) what are altered by GSF in liver metabolome; and (2) how does GSF 

cause the changes in liver metabolome? The current study addressed these two questions in 

mice using a metabolomic approach.

2. Materials and Methods

2.1. Chemicals and reagents

Griseofulvin (GSF), protoporphyrin IX (PPIX), N-methyl PPIX, β-Nicotinamide adenine 

dinucleotide phosphate (NADPH), glutathione (GSH) and L-proline (PRL) were purchased 

from Sigma-Aldrich (St. Louis, MO). Chemical standards of bile acids were obtained from 
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Steraloids, Inc. (Newport, RI). All solvents for ultra-performance liquid chromatography 

and quadrupole time-of-flight mass spectrometry (UPLC-QTOFMS) analysis were of the 

highest grade commercially available.

2.2. Animals and treatment

FVB/NJ mice (male, 8 weeks old) were fed with 2.5% GSF diet (w/w) or control diet (n=4 

per group) for 14 days. The dose and time of GSF treatment was chosen based on the 

previous studies that showed liver injury in mice [16, 18]. On the last day of treatment, the 

mice were housed separately in metabolic cages to collect urine and feces. Afterwards, all 

mice were sacrificed and liver tissues were harvested. A section of liver tissues was fixed in 

4% formaldehyde phosphate buffer. The remaining liver tissues were flash-frozen in liquid 

nitrogen and stored at −80 °C until further analysis. The study protocol was approved by the 

Institutional Animal Care and Use Committee.

2.3. Biochemical and pathological analysis

Biochemical analysis was conducted to measure alanine transaminase (ALT) and alkaline 

phosphatase (ALP) activities in serum. For pathological analysis, fixed liver tissues were 

subjected to dehydration in serial concentrations of alcohol and xylene followed by paraffin 

embedding. Four-micrometer sections of liver tissues were cut and stained with hematoxylin 

and eosin.

2.4. Sample preparation for metabolite analysis

Twenty five microliters of serum sample was mixed with 75 μL of methanol, followed by 

vortexing for 30 s and centrifugation at 15,000 g for 10 min. Liver samples were 

homogenized in water (100 mg tissue in 400 μl water), and then a 200 μL aliquot of 

methanol was added to 100 μL of liver homogenate. The mixture was vortexed twice for 1 

min and centrifuged at 15,000 g for 20 min. Urine samples were prepared by mixing 50 μL 

of urine with 100 μL of acetonitrile and then centrifuged at 15,000 g for 10 min. Feces were 

homogenized in water (1 mg of feces in 10 μL of H2O), and then a 200 μl of acetonitrile: 

MeOH (1:1, v/v) was added to 200 μL of the resulting mixture, followed by centrifugation at 

15,000 g for 10 min. The supernatant was transferred to a new Eppendorf vial for a second 

centrifugation. One microliter of the supernatant was injected onto the UPLC-QTOFMS 

system for metabolite analysis.

2.5. In vitro metabolism of GSF

Incubations were conducted in 1× phosphate-buffered saline (PBS, pH 7.4), containing 10 

μM GSF and 0.1 mg of mouse liver microsomes (XenoTech, LLC, Lenexa, KS) in a final 

volume of 190 μL. Incubations were performed in triplicates. After 5 min of pre-incubation 

at 37 °C, the reaction was initiated by the addition of 10 μL of 20 mM NADPH (final 

concentration 1.0 mM) and continued for 40 min with gentle shaking. GSH or PRL (final 

concentration 5.0 mM) was used to trap reactive metabolites. Incubations were terminated 

by adding 200 μL of ice-cold methanol, and then vortexed for 30 s and centrifuged at 15,000 

g for 10 min. One microliter of the supernatant was injected onto the UPLC-QTOFMS 

system for metabolite analysis.
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2.6. UPLC-QTOFMS analysis

Chromatographic separation of metabolites was performed on an Acquity UPLC BEH C18 

column (2.1 × 100 mm, 1.7 μm; Waters Corporation, Milford, MA). The mobile phase A 

(MPA) was 0.1% formic acid in water, and the mobile phase B (MPB) was 0.1% formic acid 

in acetonitrile. The gradient began at 2% MPB and held for 1 min, followed by 12 min linear 

gradient to 95% MPB, held for 8 min, and then decreased to 2% MPB for column 

equilibration. The flow rate of mobile phase was 0.5 ml/min and the column temperature 

was maintained at 50 °C. The QTOFMS system (Waters Corporation, Milford, MA) was 

operated in a high resolution mode (resolution ~ 20,000) with electrospray ionization. The 

source and desolvation temperatures were set at 150 °C and 500 °C, respectively. Nitrogen 

was applied as the cone gas (50 L/h) and desolvation gas (800 L/h). Argon was applied as 

collision gas. The capillary and cone voltages were set at 0.8 kV and 40 V. QTOFMS was 

calibrated with sodium formate and monitored by the intermittent injection of lock mass 

leucine encephalin (m/z = 556.2771) in real time.

2.7. Data analysis

Mass spectra were acquired by MassLynx 4.1 (Waters Corporation, Milford, MA) in 

centroid format from m/z 50 to 1000. A multivariate data matrix containing sample identity, 

ion identity (retention time and m/z) and ion abundance was generated through deisotoping, 

deconvolution, peak alignment, recognition and integration. The data matrix was then 

exported into SIMCA-P+ (Version 13, Umetrics, Kinnelon, NJ) and transformed by mean-

centering and Pareto-scaling. Principal component analysis (PCA) was performed to analyze 

the natural inter-relationship among different treatment groups. Orthogonal partial least-

squares discriminant analysis (OPLS-DA) was further conducted to maximize the class 

discrimination.

2.8. Quantitative polymerase chain reaction (qPCR) analysis

Total mRNA was extracted from approximately 50 mg of frozen liver tissues using TRIzol 

reagent (Invitrogen, Carlsbad, CA). First strand cDNA was generated from 1 μg of total 

RNA with a SuperScript II Reverse Transcriptase kit and random oligonucleotides 

(Invitrogen). All the qPCR primer sequences were designed using qPrimerDepot. qPCR was 

carried out using Sybrgreen PCR master mix on an ABI-Prism 7500 Sequence Detection 

System (Applied Biosystems, Foster City, CA).

2.9. Statistical analysis

All quantified data are expressed as means ± S.D. Statistical significance between groups 

was determined by two-tailed Student's t test. A P value less than 0.05 is considered as 

statistically significant.

3. Results

3.1. GSF-induced liver injury in mice

Compared to the control group, GSF treatment resulted in significant increases in serum 

ALT and ALP levels (Fig. 1A and 1B), indicating a mixed hepatocellular-cholestatic injury. 
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GSF treatment also resulted in liver enlargement, as the liver to body weight ratio increased 

significantly in GSF group (Fig. 1C). As expected, PPIX accumulated dramatically in the 

liver of mice after GSF treatment (Fig. 1D). By histological analysis, we observed bile plugs 

along with inflammation in the liver of mice treated with GSF (Fig. 1F), suggesting bile duct 

obstruction. These biochemical and pathological changes are similar to previous studies on 

GSF-induced liver injury in mice [16, 18].

3.2. GSF disturbs liver metabolome in mice

PCA analysis demonstrated clear differences of liver metabolome between the control and 

GSF groups (Fig. 2A). OPLS-DA analysis revealed ions contributing to this group 

separation, which included bile acids, PPIX, and GSH (Fig. 2B). Bile acids were also the top 

ranking ions in serum of mice treated with GSF (Fig. 2C). In addition, metabolomic analysis 

identified GSF metabolites in the liver and serum samples. Moreover, accumulation of N-

methyl PPIX was observed in the liver of mice treated with GSF. Overall, GSF treatment 

resulted in significant accumulations of PPIX, N-methyl PPIX, bile acids, and GSH in the 

liver (Table 1).

3.3. Bile duct blockage and bile acid accumulation

The liver is the center for bile acid synthesis and homeostasis [19, 20]. We observed 

significant accumulation of bile acids in the liver of mice treated with GSF (Fig. 2B and 

3A). We next tested whether the accumulation of bile acids in the liver is due to the 

regulation of genes encoding the enzymes and transporters that are involved in bile acid 

homeostasis. Enzymes contributing to bile acid synthesis include cholesterol 7ɑ-hydroxylase 

(Cyp7a1), 8β-hydroxylase (Cyp8b1) and sterol 27-hydroxylase (Cyp27a1) [19, 20]. GSF 

treatment had no effect on Cyp7a1expression, but downregulated the expressions of Cyp8b1 

and Cyp27a1 (Fig. 3B). For the transporters, GSF treatment had no effect on expression of 

multidrug resistance-associated protein 2 (Mrp2), the transporter that pumps out bilirubin 

[21]. However, we observed the upregulation of bile salt export pump (Bsep) and 

downregulation of Na+-taurocholate cotransporting polypeptide (Ntcp) (Fig. 4B), the two 

transporters that are involved in efflux and uptake of bile acids, respectively [22, 23]. 

Increase of Bsep and decrease of Ntcp have been considered as an adaptive response to 

obstructive cholestasis [23]. We observed bile duct blockage in mice treated with GSF (Fig. 

1F). Therefore, we conclude that GSF-mediated enrichment of bile acids in the liver is 

caused by bile duct blockage, but not by bile acid synthesis. This mechanism is supported by 

the fact that a remarkable accumulation of bile acids was observed in the serum of mice 

treated with GSF (Fig. 2C and Fig. 3C), in which the pathway of bile acid excretion is 

blocked.

3.4. GSH and oxidized glutathione (GSSG) in the liver

GSH is the major endogenous antioxidant protecting against oxidative stress in cells [24, 

25]. We expected GSH depletion and GSSG accumulation in the liver of mice treated with 

GSF, because PPIX causes oxidative stress [16, 26]. Surprisingly, the GSH level did not 

decrease in the liver of GSF-treated mice, but significantly increased (Fig. 4A). In addition, 

there are no significant differences in GSSG levels between the control and GSF-treated 
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mice (Fig. 4B). We further examined the expression of glutamate-cysteine ligase (Gcl), the 

rate-limiting enzyme in GSH biosynthesis [27]. Gcl was significantly upregulated after GSF 

treatment (Fig. 4C). Gcl, NADH quinone oxidoreductase 1 (Nqo1) and heme oxygenase-1 

(Hmox-1) are target genes of Nrf2, a transcription factor that regulates the expression of 

antioxidant proteins [28, 29]. We found that the expressions of Nqo1 and Hmox-1 were also 

significantly upregulated after GSF treatment (Fig. 4D and 4E), indicating that Nrf2 was 

triggered by GSF-induced liver injury.

3.5. Metabolism and bioactivation of GSF

GSF metabolites were screened in liver, serum, urine and feces of mice treated with GSF. 

Overall, 22 metabolites were identified, including 9 previously reported metabolites [30, 31] 

and 13 novel metabolites (Table 2, Fig. 5). Among these GSF metabolites, one PPIX-

conjugated (M17), one GSH-conjugated (M18), three cysteine-conjugated (M19-21) and one 

PRL-conjugated (M22) metabolites were of interest because they are associated with 

pathways of GSF bioactivation (Fig. 5).

M17 is a GSF-PPIX adduct that has been proposed previously [32, 33]. The fragment ions of 

M17 perfectly matched the structure of GSF-PPIX (Fig. 6A). M18 is a novel GSF 

metabolite that had a [M + H]+ ion at m/z 644.1320 with a calculated formula as 

C26H30ClN3O12S. The MS/MS spectrum of M18 provided characteristic ions at m/z 569 and 

515 (Fig. 6B), resulting from neutral loss of glycine (75 Da) and pyroglutamate (129 Da), 

respectively. The MS/MS spectrum of M18 confirmed that M18 is a GSH adduct. Compared 

to chemical composition of O-demethyl GSF (C16H15ClO6), the composition of M18 was 

consistent with the addition of a GSH moiety to the hydrated O-demethyl GSF. M22 is also 

a novel GSF metabolite that had a [M + H]+ ion at m/z 452.1100 with a calculated formula 

as C21H22ClNO8. The MS/MS spectrum of M22 provided two signature ions at m/z 68 and 

114 (Fig. 6C), indicating that a PRL moiety was included in this metabolite.

By using GSH or PRL as trapping reagents, we recapitulated the GSF-GSH and GSF-PRL 

adducts in the incubation of GSF with mouse liver microsomes (Fig. 6D and 6E). In 

addition, we confirmed that the formation of GSF-GSH and GSF-PRL adducts was 

NADPH-dependent, suggesting that these bioactivation pathways of GSF were mediated by 

CYP450s. Furthermore, we found that N-methyl PPIX increased 6.3-fold in the liver of mice 

treated with GSF (Fig. 6F). GSF-PPIX is the precursor of N-methyl PPIX [32, 34, 35], 

which can strongly inhibit FECH and result in PPIX accumulation.

4. Discussion

The current study profiled GSF-mediated alterations of liver metabolome in mice. We 

observed significant accumulations of PPIX, N-methyl PPIX, bile acids, and GSH in the 

liver of mice after GSF treatment. In addition, we reprofiled GSF metabolism in mice using 

a metabolomic approach and provided a full map of GSF metabolism. Our data suggest that 

GSF-induced liver injury initiated from GSF bioactivation, which produces GSF-PPIX 

adducts and N-methyl PPIX. N-methyl PPIX strongly inhibits the conversion of PPIX to 

heme and leads to PPIX accumulation [32, 34, 35]. Reactive metabolites of GSF and high 

levels of PPIX can directly cause liver damage [26, 36]. Furthermore, excessive amount of 
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PPIX in the liver causes bile duct blockage and disturbs the homeostasis of xenobiotics and 

endobiotics, such as bile acids, which can in turn potentiate GSF-mediated liver injury (Fig. 

7).

The current study extended our knowledge of GSF metabolism and mechanism of GSF-

induced liver injury. Multiple GSF metabolites are results from GSF bioactivation, such as 

the metabolites conjugated with PPIX, GSH, cysteine and PRL. The GSF-PPIX adduct 

might be generated through a carbon-centered radical intermediate formed by CYP450-

mediated O-demethylation of GSF, which then reacts with one of the pyrrole nitrogen atoms 

in PPIX to produce GSF-PPIX adduct. Similar to nitrogen atoms in the pyrrole ring of PPIX, 

GSH and PRL contain a sulfur atom or a nitrogen atom with lone electron pair, which can 

also react with the carbon-centered radical intermediate of GSF. Reactive metabolites 

generated from bioactivation can bind to cellular proteins and lead to hepatotoxicity [36]. 

Therefore, bioactivation of GSF may directly contribute to GSF-induced liver injury. 

Moreover, bioactivation of GSF results in the formation of N-methyl PPIX through GSF-

PPIX, which causes PPIX accumulation in the liver and potentiates liver damage.

PPIX accumulation in the liver can directly and indirectly potentiate GSF-induced liver 

injury. PPIX can directly cause cell damage through production of reactive oxygen species, 

activation of c-Jun N-terminal protein kinase and mitochondrial permeability transition pore 

opening [26]. More importantly, PPIX can indirectly cause liver damage through bile duct 

blockage. PPIX excretion is dependent on the biliary system [37]. However, PPIX is highly 

hydrophobic, which will precipitate in bile when in excess and leads to bile duct blockage 

[37]. Excretion pathways through the biliary system are critical for maintaining the liver 

homeostasis of endobiotics and xenobiotics, especially for metabolites >500 Da [38-40]. 

Bile acids are synthesized in the liver and mainly excreted through bile ducts [20]. In the 

mice treated with GSF, a high level of bile acids was observed in the liver and it was not due 

to synthesis pathways (Fig. 3), suggesting the bile duct obstruction occurred. Bile acids have 

many physiological functions that are dependent on their chemical nature or through the 

signaling pathways of farnesoid X receptor and G-protein-coupled receptor [41-43]. 

However, a high level of bile acids in the body causes liver injury and pruritus [44-46]. 

Since the liver injury in EPP patients is similar to GSF hepatotoxicity and EPP patients also 

suffer from the skin damages [15, 47, 48], future studies are warranted to investigate the 

impact of bile acids on liver injury and skin damage in EPP patients. In addition to bile 

acids, PPIX-mediated bile duct blockage will definitely affect the homeostasis of other 

metabolites excreted through the biliary system. Therefore, EPP patients should be cautious 

to the drugs and diet supplements that are dependent on biliary excretion.

In summary, the present study provided a metabolomic perspective of GSF-induced liver 

injury in mice. Our data suggest that GSF hepatotoxicity may be caused by reactive 

metabolites of GSF, accumulation of PPIX, and endobiotics that are accumulated in the liver 

because of PPIX-mediated bile duct blockage (Fig. 7).
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Figure 1. GSF-induced liver injury in mice
WT mice were treated with control diet or GSF diet for 14 days. A and B, ALT and ALP 

activities in serum. C, liver to body weight ratios. D, relative quantification of PPIX levels in 

the liver. All data are expressed as means ± S.D. (n=4). The data in control group were set as 

1. ***P < 0.005 vs control. E and F, histological analysis of liver from control (E) and GSF 

group (F), H&E staining, 200 X. PV, portal vein. Arrows point to bile plugs.
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Figure 2. Metabolomic analysis of samples from mice treated with GSF
All samples were analyzed by UPLC-QTOFMS in negative mode. A, Separation of liver 

samples from the control and GSF groups in a PCA score plot. The t[1] and t[2] values 

represent the score of each sample in principle component 1 and 2, respectively. B and C, 

loading S plots of liver (B) and serum (C) samples generated by OPLS-DA analysis. The x-

axis is a measure of the relative abundance of ions, and the y-axis is a measure of the 

correlation of each ion to the model. Top ranking ions were labeled.
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Figure 3. Accumulation of bile acids in mice treated with GSF
Bile acids were analyzed by UPLC-QTOFMS. A, relative abundances of TCA, TɑMCA, 

TβMCA, TDCA, TCDCA and TUDCA in the liver. B, expression of genes responsible for 

bile acid synthesis (Cyp7a1, Cyp27a1 and Cyp8b1) and transport (Mrp2, Bsep and Ntcp) in 

the liver. C, relative abundances of bile acids in serum. All data are expressed as means ± 

S.D. (n=4). The data in control group were set as 1. *P < 0.05; **P < 0.01; ***P < 0.005 vs 

control. N.S., not significant.
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Figure 4. GSH and GSSG homeostasis in the liver of mice treated with GSF
A and B, relative abundances of GSH and GSSG in the liver quantified by UPLC-QTOFMS. 

C-E, expression of Gcl, Nqo1 and Hmox1 in the liver. All data are expressed as means ± 

S.D. (n=4). The data in control group were set as 1. *P < 0.05; ***P < 0.005 vs control. 

N.S., not significant.
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Figure 5. Metabolic pathways of GSF in mice
GSF metabolites in mice were screened using a metabolomic approach. All structures were 

determined based on the accurate mass measurement and MS/MS fragments.

Liu et al. Page 15

Biochem Pharmacol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. GSF bioactivation pathways
A-C, identification of GSF-PPIX, GSF-GSH and GSF- PRL by MS/MS analysis. D and E, 

NADPH-dependent formation of GSF-GSH and GSF-PRL in mouse liver microsomes. All 

data are expressed as means ± S.D. (n=3). N.D., not detected. F, accumulation of N-methyl 

PPIX in the liver of mice treated with GSF. All data are expressed as means ± S.D. (n=4). 

The data in control group was set as 1. **P < 0.01 vs control.
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Figure 7. Proposed mechanisms of GSF-induced liver injury in mice
CYP450-mediated GSF bioactivation leads to the formation of N-methyl PPIX, which 

inhibits the FECH-mediated conversion of PPIX to heme. Together with GSF-mediated 

induction of ALAS [9], the rate liming enzyme in heme synthesis, GSF treatment results in a 

significant accumulation of PPIX in the liver. PPIX and other endobiotics that are stuck in 

the liver because of PPIX-mediated bile duct blockage contribute to GSF-induced liver 

injury. Reactive metabolites generated by CYP450-mediated GSF bioactivation may also 

contribute to hepatotoxicity of GSF.
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