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Protoporphyrin IX (PPIX) is an endogenous hepatotoxin produced by all the cells as an
intermediate in the heme biosynthesis pathway. In normal conditions, PPIX is efficiently
converted into heme. However, genetic disease or xenobiotics can disrupt homeostasis in the

heme biosynthesis pathway to cause PP1X accumulation.

The first part of my thesis research revealed the mechanism by which isoniazid dysregulates the
heme biosynthesis pathway. Isoniazid is an anti-tuberculosis drug known to cause liver injury
when used with rifampicin. Here, | showed that isoniazid treatment independently induced the
accumulation of PPIX in the liver of wild-type mice. Isoniazid dysregulates the heme
biosynthesis pathway in the liver in part through the induction of delta-aminolevulinate synthase
1 protein as well as by the downregulation of ferrochelatase protein. Results from this study
established the porphyrinogenic properties of isoniazid and explained how isoniazid can

potentiate toxicity when administered with rifampicin.

In the second part of this thesis, | showed that the ATP-binding cassette sub family G member 2
(ABCG2) is a key facilitator in the PPIX-mediated liver injury. ABCG2 is an ATP dependent
transporter present in the liver which excretes PPIX from hepatocytes into the bile. Using genetic

and chemical PPIX-mediated liver injury mouse models, | showed that Abcg2 deficiency



abolished liver injury. In the genetic mouse model, I showed that the deficiency of Abcg2 in
bone marrow cells redistributed PPIX produced by bone marrow into the spleen and decreased
PPIX available in the serum to be collected by the liver. Also, Abcg2-deficiency in hepatocytes
reduced the excretion of PPIX into the bile duct thus preventing PPIX-induced bile-duct
blockage and consequently averting colestatic liver injury. | further showed that accumulated
PPIX in the hepatocytes with Abcg2 deficiency was metabolized into detoxified metabolite
which was excreted easily into the bile for fecal elimination. This study is important as it

provides a novel therapeutic approach for the management of PPIX-mediated liver injury.

Collectively, this work has provided greater insights into drug-induced PPIX accumulation and
mechanism of PPIX-mediated liver injury. In addition, it is hoped that this work can help to

develop strategies for preventing PPIX-mediated liver injury.
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1. Introduction

1.1  Background

Protoporphyrin IX (PPIX) is a heterocyclic organic compound, which consists of four pyrrole
rings, and is the final intermediate in the heme biosynthetic pathway. Its tetrapyrrole structure
enables it to chelate transition metals to form metalloporphyrins, which perform a variety of
biologic functions. Chelation of PPIX with iron forms heme (iron PPIX), which is a constituent
of hemoproteins that play critical roles in oxygen transport, cellular oxidations and reductions,
electron transport, and drug metabolism [1-3]. Amounts of PPIX in cells actively synthesizing
heme remain low under physiologic conditions, because the amount supplied does not exceed
what is needed for heme synthesis. Thus, PPIX is efficiently converted to heme by the
mitochondrial enzyme ferrochelatase (FECH), the final enzyme in the heme biosynthetic
pathway. Inherited and acquired diseases and some xenobiotics can disturb heme synthesis and
PPIX homeostasis, causing accumulation of PPIX in amounts that are sufficient to produce
photosensitivity and liver damage [4-8]. Clinically useful aspects of PPIX include its use for
cancer diagnosis and therapy [9, 10]. In this chapter,the broad aspects of PPIX are discussed
including its biosynthesis and regulation, its toxicity and clinical manifestations when present in

excess, and its therapeutic applications.
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Figure 1. PPIX/heme biosynthesis and disposition in mammalian cells.

Multiple enzymes, cofactors, and transporters are involved in the pathway of PPIX and heme
biosynthesis and in PPIX disposition. ALA, §-aminolevulinic acid; ALAS, d-aminolevulinic
acid synthase; PLP, pyridoxal phosphate; ALAD, aminolevulinate dehydratase; HMBS,
hydroxymethylbilane synthase; UROS, uroporphyrinogen Ill synthase; UROD,
uroporphyrinogen decarboxylase; CPOX, coproporphyrinogen oxidase; PPOX,
protoporphyrinogen oxidase; FECH, ferrochelatase; PPIX, protoporphyrin IX; SLC25A38,
solute carrier family 25 member 38; ABCB6, ATP-binding cassette sub family B member 6;
ABCB10, ATP-binding cassette sub family B member 10; MFRN1, mitoferrin 1; ABCG2,
ATP-binding cassette sub-family G member 2; PBzR, peripheral benzodiazepine receptor;

FLVCR1, feline leukemia virus subgroup c receptor 1.



1.2.  PPIX biosynthesis

Biosynthesis of heme is an eight-step process that occurs partly in mitochondria and partly in the
cytoplasm (Figure 1) [11]. All eight enzymes in this pathway are encoded in the nucleus and
are synthesized in the cytoplasm. PPIX is the final intermediate in the heme synthesis pathway.
PPIX is formed by protoporphyrinogen oxidase (PPOX) and converted to heme by FECH, both
of which are mitochondrial enzymes. Biosynthesis of heme initiates in the mitochondrial matrix
where one molecule of glycine combines with one molecule of succinyl-CoA to form -
aminolevulinic acid (ALA). This step is catalyzed by ALA synthase (ALAS; EC 2.3.1.37) in the
presence of the cofactor pyridoxal phosphate [12, 13]. ALA formed in mitochondria is exported
to the cytoplasm (Figure 1). The mechanism of ALA transport is not fully understood, but a role
for solute carrier family 25 member 38 (SLC25A38) and ATP-binding cassette sub family B
member 10 (ABCB10) has been suggested [14, 15]. Two molecules of ALA are condensed by
ALA dehydratase (ALAD; EC 4.2.1.24, also known as porphobilinogen synthase) to form the
monopyrrole porphobilinogen. Hydroxymethylbilane synthase (EC 2.5.1.61, also known as
porphobilinogen deaminase) then assembles four molecules of porphobilinogen to form
hydroxymethylbilane [16]. This reactive linear tetrapyrrole can spontaneously cyclize to form
uroporphyrinogen 1, which is not a heme precursor. The enzyme uroporphyrinogen synthase (EC
4.2.1.75) catalyzes hydroxymethylbilane ring closure with inversion of one of the pyrrole rings

to form the heme precursor uroporphyrinogen 1 [17].

Uroporphyrinogen decarboxylase (EC 4.1.1.37) then removes carboxylic groups from the four

acetic acid side chains of uroporphyrinogen 11l to form coproporphyrinogen 111 [18]. This



intermediate is then transported into mitochondria through ABCB6 [19, 20], where it is
decarboxylated to protoporphyrinogen X by coproporphyrinogen oxidase (CPOX; EC 1.3.3.3)
[21]. Protoporphyrinogen 1X is oxidized by PPOX (EC 1.3.3.4) with removal of six protons to
form PPIX [21]. There are two major pathways for cellular PPIX disposition: synthesis of heme
or excretion from the cell (Figure 1). PPIXin most tissues is efficiently converted to heme by
FECH (EC4.99.1.1) in the presence of iron [22]. FECH activity is low in the oviduct of some
birds, which allows PPIX to accumulate and serve as a brown pigment on eggshells [23].
Mitoferrin 1 (MFRN1) and ABCB10 are involved in providing iron to mitochondria for heme
synthesis [24, 25]. In marrow reticulocytes, most PPIX remaining in small amounts after
completion of heme and hemoglobin synthesis is chelated with zinc by FECH, and along with a
smaller amount of metal-free PPIX is found in circulating erythrocytes. PPIX remaining in
mitochondria may be transported into the extracellular space through ATP-binding cassette sub-
family G member 2 (ABCG2) and peripheral benzodiazepine receptor (PBzR) [26-29] (Figure

1).

1.3.  Regulation of PPIX biosynthesis through ALAS

ALAS s the rate-limiting enzyme in PPIX production and heme synthesis. In mammals,
ubiquitous and erythroid-specific forms of ALAS are encoded by separate genes on
chromosomes 3 and X, respectively [30]. The ubiquitous form (ALAS1) is expressed in all
tissues, including the liver. The erythroid-specific form (ALAS2) is only expressed in erythroid
cells [31, 32]. Although heme is synthesized in all cells, approximately 85% is produced in the

bone marrow, and most of the rest in the liver. Heme is a key regulator of hepatic ALAS1



(Figure 2). Heme directly binds to the upstream region of the ALAS1 gene and prevents
transcription [33-35]. In addition, heme destabilizes ALAS1 mRNA and promotes degradation
of mature ALAS1 protein [36-38]. Furthermore, heme prevents transport of the precursor of
ALAS1 protein into mitochondria by binding to the terminal mitochondrial targeting sequence

[39-41].

In addition, ALAS1 biosynthesis is regulated by transcription factors and coactivators (Figure
2). Fasting and feeding result in up- and down-regulation of ALASL1 expression, respectively, by
modulating the activity of proliferator-activated receptor-y coactivator 1a (PGC-1a) [42-46].
Expression of proliferator-activated receptor-y coactivator la is also regulated by a circadian
oscillator Rev-erba [47, 48]. Thus, ALAS1 expression is modulated by circadian rhythm. Most
heme synthesized in the liver functions as a cofactor of cytochrome P450 enzymes (P450), which
are abundant in liver, turn over rapidly and are critical for metabolism of many endogenous and
exogenous chemicals. In response to P450 inducers, ALAS1 is up-regulated by depletion of a
“regulatory heme pool” in hepatocytes, and through nuclear receptors, such as the constitutive
androstane receptor (CAR) and the pregnane X receptor (PXR) [49-51]. These receptors are
important for regulation of both ALAS1 and P450s in the liver by drugs and other chemicals.
Therefore, ligands of these nuclear receptors can up-regulate ALAS1 expression and increase

PPIX and heme synthesis [49, 52].



+ FECH mutations;
* Inhibitors: salicylic

acid, griseofulvin, etc. Extracellular space
2
+ Inhibition or downregulation « Iron chelators « Inhibitors/
of ALAS1: heme, glucose + Inhibitors/mutations mutations of
* ALAS1 upregulation: ligands of MERN1 or PBzR or
of PXR and CAR ABCB10? ABCG2?
+ ALAS2: gene mutation, iron Kq
v | ABCG2
(o)
MFRN1 @

PBzR/ABCG2

/é)FECH/F - ABCB10

e +

J__ Heme < PP'X
2

Glycine + Succinyl-CoA PPOX
PLP w_ ® CPOX
SLC25A38 — \
ey MITOCHONDRION
AtA CYTOPLASM I

ALAD, HMBS, UROS, UROD

Figure 4. Regulation of PPIX homeostasis.

Genetic factors and xenobiotics can disturb PP1X homeostasis through effects on (1) ALAS, (2)
FECH, (3) iron supply, (4) PPIX transporters, (5) PLP (the coenzyme of ALAS), and (6) the

enzymes and transporters downstream of ALAS and upstream of FECH.



Transcription of ALAS2, unlike ALASI, is regulated by erythroid specific transcription factors
[37]. Regarding the post-transcription of ALAS2, it is regulated by iron. ALAS2 mRNA
possesses an iron regulatory element (IRE) in the 5’untranslated region, which responds to
cellular iron content [53, 54]. In the absence of iron, the iron-free form of iron regulatory protein
(IRP) binds to the IRE forming an IRE-IRP complex that prevents translation of ALAS2 [55].
This inhibitory effect of IRE-IRP complex is prevented by iron sulfur clusters [56, 57]. These
intricate regulatory mechanisms of ALAS2 by erythroid-specific transcription factors coordinate
PPIX synthesis with iron supply, allowing efficient synthesis of large amounts of heme while
avoiding an oversupply of either PP1X or iron, which would have adverse effects. Heme does not
alter transcription of the ALAS2 gene or ALAS2 mRNA stability [58]. However, heme may
inhibit the translation of ALAS2 mRNA and the import of precursor ALAS2 protein into

mitochondria [39, 59].

1.4.  Dysregulation of PPIX homeostasis
PPIX can accumulate in disease states and from the effects of certain chemicals. There are

multiple examples of disregulation of PPIX homeostasis.

1.4.1. ALA loading to bypass ALASI.

Because the rate-limiting step is bypassed, intermediates later in the pathway accumulate,
including PPIX. PPIX is a photosensitizer, and ALA administration can result in enough PPIX
accumulation in lesions in the skin and other tissues to be the basis for photodynamic therapy

[60]. Tissue selectivity is enhanced by direct application of ALA (e.g. to skin lesions) and by
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lesion-directed laser treatment. An ALA preparation is FDA-approved for this purpose. ALA
loading in healthy humans also results in increased urinary excretion of coproporphyrin,

particularly isomer 111 [61].

1.4.2. Gain of function of ALAS2.

X-linked protoporphyria (XLP) is a recently characterized, rare X-linked disease due to gain of
function mutations of ALAS2 [62, 63]. These mutations alter the C-terminal portion of the
ALAS2 gene [62], which enhances the function of ALAS2 such that amounts of PPIX produced
exceed that needed by FECH for heme synthesis. Increased metal-free PPIX in erythrocytes and
plasma causes a painful, mostly non-blistering type of photosensitivity. Zinc PPIX, a product of
normal FECH activity, is also increased in this condition, but mostly remains in circulating

erythrocytes and is less photosensitizing.

1.4.3. Decreased ALAD activity.

Deficient ALAD activity leads to accumulation of ALA and other pathway intermediates,
including PPIX, in large amounts in erythroid cells. This enzyme is genetically deficient in
ALAD deficiency porphyria (ADP, the most rare human porphyria), causing elevations in ALA
in plasma and urine, coproporphyrin 111 in urine (as in ALA loading), and zinc PPIX in
erythrocytes. The same findings occur in lead poisoning, suggesting that increases in
coproporphyrin 111 and erythrocyte PPIX in lead poisoning result largely from inhibition of

ALAD and a resulting oversupply of ALA. In hereditary tyrosinemia type I, succinylacetone



accumulates and potently inhibits ALAD, leading to similar biochemical findings and porphyria-
like symptoms [64]. Photosensitivity does not occur in these conditions, because the excess
PPIX is predominantly zinc PPIX, reflecting adequate FECH activity. ALAD can also be

inhibited Dby styrene in animals and humans [65].

1.4.4. Decreased PPOX activity.

This penultimate enzyme in the heme biosynthetic pathway catalyzes the oxidation of
protoporphyrinogen 1X to PPIX with a loss of 6 protons. An inherited partial deficiency of
PPOX in variegate porphyria (VP) causes hepatic accumulation of protoporphyrinogen 1X,
which is then oxidized nonenzymatically to PPIX. Chronic blistering photosensitivity is a
common symptom in VVP. Phenoxy acid herbicides are potent PPOX inhibitors, and cause PPIX
accumulation and phototoxicity in exposed plants [66]. These chemicals also inhibit PPOX and

cause protoporphyrinogen X and PPIX accumulation in rodent hepatocytes [67].

1.4.5. Decreased FECH activity.

Loss of function FECH mutations are found in human erythropoietic protoporphyria (EPP) [68,
69]. The FECH gene is located on the long arm of chromosome 18 on locus 1821 [70]. More
than 120 different FECH mutations have been identified in EPP [69]. Decreased function of
both FECH alleles is required to cause EPP. Most commonly a severe FECH mutation is
inherited from one parent and a low expression (hypomorphic) FECH alteration that is common

in the general population from the other parent [71]. FECH deficiency in EPP also impairs zinc



PPIX formation, so the excess PPIX that accumulates is mostly metal-free [72, 73].

Some xenobiotics and/or their metabolites inhibit FECH and cause PPI1X accumulation.

Salicylic acid, a nonsteroidal anti-inflammatory drug, binds directly to FECH and inhibits its
activity, and can inhibit heme synthesis in cultured cells [74]. Certain xenobiotics require P450s
to produce metabolites that are FECH inhibitors. 3,5-Diethoxycarbonyl-1,4-dihydrocollidine
(DDC) and the antifungal drug griseofulvin are examples of chemicals that are suicidal

substrates of CYPs, and their metabolism in mouse liver produces N-methyl- and N-ethyl-
protoporphyrin IX; which are potent FECH inhibitors [75, 76]. These chemicals are also potent
inducers of hepatic ALAS1, which further contributes to PPIX accumulation [75]. Griseofulvin
exacerbates acute hepatic porphyrias presumably by its inducing effect on ALAS1 and inhibition

of FECH [77].

1.4.6. Decreasediron availability.

MFRN1 imports iron into mitochondria [24], and a deficiency of MFRN1 reduces iron supply
for FECH, limits heme synthesis and leads to PPIX accumulation [78]. ABCB10 physically
interacts with MFRN1 and increases the half-life of MFRN1 [25]. Deficiency of ABCB10
impairs mitochondrial iron import and causes PPIX accumulation [79]. At the same time,

ABCB10 deficiency in mice results in iron accumulation in cytoplasm and leads to sideroblastic

anemia [79].

Iron deficiency impairs heme formation because ferrous iron is a substrate for FECH. However,
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zinc can substitute for iron, so with iron deficiency FECH catalyzes an increase in formation of
zinc PPIX [80], which accumulates in reticulocytes and is increased in circulating erythrocytes.
An increase in erythrocyte zinc PPIX is an early indicator of iron deficiency and precedes the
development of anemia [73]. Iron chelators can bind to ferrous iron in the cytoplasm of cells
such as hepatocytes and prevent iron from entering mitochondria, thus reducing FECH function
and causing PPIX accumulation [81-83]. In rodent and chick embryo livers and isolated
hepatocytes, iron chelation can limit heme synthesis sufficiently to potentiate induction of
ALAS1 by drugs and steroids [84]. In lead and other heavy metal poisoning, disturbed iron
hemostasis may account in part for zinc PP1X accumulation [85]. Impaired iron delivery to
reticulocytes accounts in part for anemia of chronic disease, which is also associated with an

increase in erythrocyte zinc PPIX [80].

1.4.7. PPIX accumulation with normal PPOX and FECH activity and iron supply.

Amounts of zinc PPIX under normal and abnormal conditions are higher in younger than older
erythrocytes, so increased erythropoiesis and shortened erythrocyte life span will increase the

average concentration of PPIX. Therefore, an increase in zinc PPIX in erythrocytes is expected
in any erythrocytic disorder (e.g. hemolytic anemias), even if heme synthetic enzymes and iron

availability are not impaired [86].
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1.4.8. PPIX transporters in PPIX accumulation.

Excess PPIX synthesized in mitochondria needs to be pumped out to the cytoplasm and then to
the extracellular space (Figure 2). Transporters are required because the two carboxylate side
chains of PPIX make the movement of PPIX across a lipid bilayer energetically unfavorable.
PBzR locates in the outer membrane of mitochondria and its expression is increased during
erythroid differentiation, suggesting that PBzR might be responsible for transporting PPIX [87,
88]. Overexpression of recombinant PBzR in Escherichia coli supported the role of PBzR in
PPIX movement [26]. Apart from PBzR, ABCG2 also contributes to PPIX movement [27].
ABCG?2 is primarily localized on extracellular membranes and responsible for PPIX efflux [28].
ABCG?2 also locates in mitochondrial membranes and contributes to PPIX efflux from
mitochondria [29]. ABCG2 deficient mice have a higher amount of PP1X in red blood cells

(RBCs), liver, and the Harderian gland than wild-type mice [27, 89].

In summary, PPIX homeostasis is maintained by close coordination of multiple factors including
ALAS, FECH, iron supply and transporters of iron and PPIX (Figure 2). These are targets for
genetic and environmentally-induced disturbances in PPIX homeostasis. PPIX homeostasis is
also disturbed by alterations in enzymes, coenzymes and transporters downstream of ALAS and
upstream of FECH (Figure 2). For example, severe, homozygous or compound heterozygous
deficiency of any enzyme in the heme biosynthetic pathway after ALAS leads to an increase in
erythrocyte PPIX, which is zinc chelated if FECH activity is preserved. Heme synthesis is
increased in the marrow in an effort to compensate for the severe hemolytic anemia seen in some

of these disorders.
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1.5. Clinical manifestations and management of PPIX toxicity

Normally there is little accumulation of PPIX or other intermediates in the heme biosynthetic
pathway. Because the bone marrow and liver are most active in PP1X and heme synthesis, under
abnormal conditions, PPIX accumulation occurs either in the marrow and circulating

erythrocytes or the liver [11, 90-92]. During erythroid maturation when hemoglobin synthesis is
active, excess PPIX can be chelated with zinc, or be pumped out to plasma through ABCG2 [93].
In EPP and XLP, metal-free PPIX originates from the marrow and circulating erythrocytes and is

delivered in plasma to the skin and liver [94, 95].

1.5.1. PPIX-mediated skin damage.

Metal-free PPIX is an endogenously produced photosensitizer. An acute, painful and mostly
nonblistering type of photosensitivity is the most common and significant clinical manifestation
of increased metal-free PPIX in the protoporphyrias (EPP and XLP) [69]. To prevent symptoms,
patients are forced to avoid light, which interferes with many professional and other every-day
activities and impairs quality of life [69]. PPIX either in blood in the dermal vessels or after
uptake into skin cells absorbs light energy and transfers this energy to oxygen, generating
reactive oxygen species (ROS), which can lead to cytotoxicity through proteins, DNA and lipid
damage [96]. These ROS can also cause local vasodilatation and edema by complement
activation and mast cell degranulation [97]. Patients who remove themselves from exposure as
soon as symptoms begin will recover quickly. Longer exposure can lead to more marked

reactions with severe pain, redness, swelling and even blistering, as well as systemic reactions,
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and may require several days or more for recovery [98]. Repeated reactions to sunlight can have
residual effects, such as waxy thickening of the skin, especially over the knuckles, hands, nose

and cheeks, and mild scarring [99]. Because sunlight exposure is avoided, EPP and XLP patients
are often vitamin D deficient [100]. Mild microcytic anemia with evidence of iron deficiency is
common in EPP and XLP and is poorly understood [101], since elemental iron absorption is not

impaired [102].

Closely woven clothing, hats, and gloves are manufactured for patients with protoporphyria and
other photosensitizing diseases. Pharmacological approaches have included pharmaceutical-
grade B-carotene, narrow wave UVB phototherapy, cysteine, afamelanotide, antihistamines, and
vitamin C (Table 1) [100, 103-113]. Minder et al. reviewed the treatment options for dermal
photosensitivity in EPP in 2009 and concluded that the data were insufficient to prove efficacy of
any treatments studied in EPP [114]. Since then, controlled trials have demonstrated improved
light tolerance in EPP and XLP with afamelanotide, an alpha-melanocyte stimulating hormone

analogue that increases skin melanogenesis [109-111, 115].

1.5.2. PPIX-mediated hepatobiliary disease.

Because PPIX concentrations in bile are high in EPP and XLP, PPIX-containing gallstones are
common and may require cholecystectomy at an early age [116-118]. PPIX-mediated liver
damage, which occurs in less than 5% of patients with protoporphyria, is the most serious
clinical manifestation and can be life threatening and require liver transplantation. The marrow

is the major source of PPIX in EPP and XLP. Hepatic de novo synthesis is at best a minor

14



contributor (Figure 3). After uptake from plasma, hepatocytes transport PPIX into bile

canuliculi.

PPIX is stored and concentrated in the gallbladder and delivered to the small intestine

during meals, and some may be reabsorbed in the small intestine and delivered back to the liver

by an enterohepatic circulation. This is the only route for excretion of PPIX because it is a large,

hydrophobic molecule that cannot be excreted by the kidneys [27, 89].

Table 2. Pharmacological approaches for management of photosensitivity in EPP patients.

damage from ROS

Approaches Mechanisms Qutcomes References
B-carotene . Prevents penetration | e Effective in some [103]
of sunlight patients; [104]
. Acts as a scavenger . Causes yellowing of
for reactive radicals skin
Phototherapy . Increases skin . Effective in some [105]
. Narrow- pigmentation and patients; [106]
band thickness ) May potentiate
ultravioletB | e Induces UV tolerance erythema and skin
) Psoralen ) Affects Langerhans photoaging
ultraviolet A cells
Cysteine . Increase sunlight . Efficacy not [107]
tolerance established
Afamelanotide . Binds to the . Decreased [108-114]
melanocortin 1 photosensitivity and
receptor improved quality of
. Induces production of life
eumelanin that
serves as a natural
filter to reduce all
wavelengths of light,
quench UV light and
decrease free radicals
Antihistamines . Histamine H-receptor | Limited efficacy [100]
antagonists
Vitamin C . Prevent oxidative . Limited efficacy [115]
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Figure 7. Mechanisms of PPIX-mediated liver injury and strategies to manage this injury.

PPIX-mediated hepatocyte and cholangiocyte damage initiates hepatobiliary injury in

erythropoietic protoporphyria. Approaches to manage this condition have included (1)

suppression of PPIX biosynthesis by hemin; (2) plasmapheresis; (3) vitamin E or N-acetyl

cysteine to reduce oxidative stress; (4) ursodeoxycholic acid to increase bile flow and PPIX

excretion; (5) activated charcoal or cholestyramine to prevent reabsorption of PPIX from the

small intestine; (6) liver transplantation; (7) bone marrow transplantation to restore FECH

function; and in preclinical models (8) gene therapy targeting FECH.
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Large amounts of PPIX are hepatotoxic, damaging both hepatocytes and cholangiocytes. PPIX
impairs bile flow when administered in large amounts to bile fistula rodents [119]. Once liver
damage ensues, PPIX elimination by the liver is further compromised and levels of PPIX in
plasma and erythrocytes can increase progressively, and bile composition becomes altered [120,
121]. Increased delivery of PPIX to the liver can lead to further inflammation and accelerated
damage to hepatocytes and cholangiocytes. Liver damage can progress slowly, as indicated by
mild and often unexplained abnormal liver function tests, or advance rapidly to hepatic failure
with evidence of both acute and chronic liver disease [90, 122, 123]. Treatment with a
combination of plasmapheresis to remove PPIX from plasma, hemin infusions to reduce marrow
production of PPIX [124, 125], cholestyramine (or activated charcoal) to interrupt the
enterohepatic circulation of PPIX [126], bile acids such as ursodeoxycholic acid to enhance bile
formation and flow [127, 128], and vitamin E to reduce oxidative stress [129, 130] may achieve
remission or slow the progression of liver disease and bridge the patient to hepatic
transplantation. Such approaches are depicted in Figure 3. These measures are not always
effective and have not been applied in sufficient numbers of patients with hepatopathy to allow
rigorous evaluation of efficiency [90, 131]. New approaches to treatment and prevention of this

severe complication of protoporphyria are needed.

Survival after liver transplantation for protoporphyric hepatopathy is comparable to that after
other liver diseases [132]. However, as overproduction of PP1X by bone marrow continues,
protoporphyric hepatopathy may recur [121, 132-135]. Marrow stem cell transplantation after a
temporary remission of hepatopathy or liver transplantation can prevent recurrent liver damage

[100, 130, 136, 137]. At present, identification in advance of patients at risk for development of
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hepatopathy is not possible. Motor neuropathy, which is characteristic of the acute porphyrias
but not EPP and XLP, can develop in patients with severe protoporphyric hepatopathy,
suggesting that PPIX or a product of PPIX may be neurotoxic under some conditions [138].
Gene therapy targeting FECH, which is undergoing preclinical development, will, like bone

marrow transplantation, restore FECH activity in the marrow [139, 140].

1.6. PPIX-based strategies for diagnosis and therapy

PPIX can be activated by light to produce energy in the form of fluorescence and ROS. The
photodynamic effect of hematoporphyrin, which is closely related to PPIX and formed by the
acid hydrolysis of hemoglobin, was demonstrated in a self-experiment by Meyer-Betz in 1913
[141]. After self-injection of hematoporphyrin, he developed severe swelling of the face and
other sun-exposed areas, similar to the phototoxic reactions seen in EPP and XLP. Use of PPIX
as a photosensitizer for photodynamic therapy was explored after observing photodynamic
effects in erythrocytes of EPP patients containing an excess amount of PPIX [142, 143].
Administration of ALA, which is more stable and readily taken up in tissues in whole animals,
leads to dose-related PP1X accumulation in varying amounts in different tissues [144].
Exogenous ALA bypasses the regulatory control of PPIX by ALAS during heme biosynthesis
and results in PPIX accumulation. In 1990, ALA was administered locally to generate
endogenous PPIX for photodynamic treatment of basal cell carcinomas [60]. Afterwards,
endogenous PPIX-based strategies have been used for many clinical applications [145-148].
Thus, ALA can be administered orally or locally as a stable precursor for PP1X. PP1X-based

therapy is now approved by the Food and Drug Administration for treatment of bronchial and
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esophageal cancers and early malignant lesions of the skin, bladder, breast, stomach, and oral

cavity [9, 149-152].

Cancer cells accumulate a higher amount of PPIX than normal cells when treated with ALA
[153]. Photoactivation of PPIX in cancer cells generates ROS, which can cause apoptosis and
necrosis by attacking mitochondrial and cytoplasmic proteins and destroying cell membrane
integration [154, 155]. ROS generated from PPIX also damages blood vessels leading to
vascular occlusions, which deprives the tumor of oxygen and nutrients, thereby impairing tumor
growth [156]. ROS can also elicit an immune response that suppresses tumor growth [157-160].
Photodynamic effects of PPIX have also been used for cancer diagnosis. PPIX emits red
fluorescence when irradiated with light at wave lengths of 400-410 nm, making cancerous
lesions that have higher concentrations or less overlying epithelium than surrounding tissue more

visible [148].

In addition to cancer therapy and diagnosis, the photodynamic effects of endogenously generated
PPIX have been used for the treatment of acne, sebaceous skin, rosacea, rhinophyma, Bowen’s
disease, androgenic alopecia, cosmetic enhancement, and photo rejuvenations [161, 162].
Furthermore, PPIX-based strategies have been explored against gram positive and negative

bacteria, parasites, yeasts, and fungi [163-168].
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1.7. Conclusions

PPIX homeostasis can be disturbed by effects on enzymes in the heme biosynthetic pathway (e.g
ALAS, PPOX and FECH), transporters of pathway intermediates and iron supply. In EPP and
XLP, which are caused by loss of function FECH mutations and gain of function of ALAS2
mutations respectively, PPIX accumulates initially in the marrow and causes painful cutaneous
phototoxicity. Excess PPIX in VP is derived from accumulation of protoporphyrinogen IX, the
immediate precursor of PPIX. PPIX is water insoluble, and its excretion occurs through the liver
and biliary system. An excessive amount of PPIX presented to the liver in EPP and XLP can
cause hepatobiliary injury and liver failure. The photodynamic effect of PPIX produced
endogenously after ALA administration can be used for cancer diagnosis and treatment.
Approaches for management of EPP and XLP are advancing with emphasis on light protection,
such as the development of an alpha-melanocyte stimulating hormone that increases skin
melanogenesis. Therapies are needed to reduce endogenous PPIX levels in these conditions and

to treat and prevent PPIX-mediated liver injury.
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2. Chronic treatment with isoniazid causes protoporphyrin X accumulation in mouse

liver

2.1. Introduction

2.1.1. An overview of tuberculosis and isoniazid.

Tuberculosis (TB) is an airborne infection caused by the bacterium Mycobacterium tuberculosis
which primarily affects lungs, but can attack other organs like the kidney, brain and spine. TB is
one of the most predommant infectious diseases i the world [25]. In 2014 alone, approximately
9.6 million people contracted TB and 1.5 million people died because of it [25]. The majority of
people who are infected with TB bacteria do not develop any symptoms, however, are known to
have latent tuberculosis (LTBI). Around one-third of the world’s population is believed to have
LTBI [25]. Around 10% of patients with LTBI develop into an active form. TB is the major
cause of death in patients with human immunodeficiency virus (HIV) and is responsible for one

third of deaths caused by HIV.

Isoniazid (INH) is the drug of choice for the treatment of LTBI. Treatment of LTBI requires a six

to nine months long INH course. INH is used alone or with other first-line drugs for TB
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prevention. However, INH can cause hepatotoxicity and even liver faiture [169, 170]. The
manifestation of jaundice by INH can take around 1-25 weeks of treatment [171, 172]. In the
majority of patients on INH treatment, there are no symptoms of liver injury but increased levels
of ALT and AST are reported [169, 170]. In 1% of patients on INH treatment it led to severe liver
mjury [171, 173]. INH mainly causes hepatocellular injury with multilobular necrosis [171].
Mononuclear cell infiltration i the liver is also commonly seen in patients treated with INH
[171]. Steatosis and cholestasis are rarely reported in patients treated with INH alone. However,

co-treating INH with rifampicin (RIF) is reported to cause steatosis and cholestatic liver mnjury

[174-176].

2.1.2. Porphyrinogenic effectof isoniazid.

A previous study showed that co-treatment of INH and RIF caused the hepatic accumulation of
PPIX and liver injury in the pregnane X receptor (PXR)-humanized mice [52]. RIF is a human
PXR ligand that induces ALASI, the rate-limiting enzyme regulating heme and porphyrin
biosynthesis [50]. However, the role of INH in PPIX accumulation caused by co-therapy of INH
and RIF remains unknown. Also, INH has been found to potentiate griseofulvin-induced hepatic
porphyria [177]. Griseofulvin is a model drug used to develop hepatic porphyria by nhibiting
FECH and inducing ALASI1 [75, 77, 178]. Furthermore, INH is used with extreme caution in

patients with porphyrias, a group of disorders in the heme biosynthesis pathway [126].

2.1.3. Experimental design.
Some reports suggest that INH can interact with the heme biosynthesis pathway [52, 126, 177].

Therefore, the current study was designed to explore the mechanism by which INH interacts with
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the heme biosynthesis pathway. Wild-type mice were treated with INH in a time- dependent
manner and dose-dependent manner. Untargeted metabolomics were used to analyse the effects
on liver metabolome. The effect of INH on the expression and activity of ALAS1 and FECH was
analysed. It is anticipated that INH will disrupt heme biosynthesis by dysregulating ALAS1 and

FECH.

2.2. Material and Methods

2.2.1. Chemicals and reagents.

INH, PPIX, heme, delta-aminolevulinate acid (ALA), glycine, succinyl-CoA and N-methyl PPIX
were purchased from Sigma-Aldrich (St. Louis, MO). All solvents for metabolite analysis were

of the highest grade commercially available.

2.2.2. Animals and treatment.

All animal experiments were performed in accordance with the Institutional Animal Care and
Use Committee. FVB/NJ mice (male, six weeks old) were purchased from the Jackson
Laboratory (Bar Harbor, ME) and were maintained in 12 h light/dark cycle. For the time-
dependent effect of INH on the liver, mice were provided with drinking water supplemented with
400 mg/L INH for 0, 3, 7, 14 and 28 days. For the dose-dependent effect of INH on the liver,
mice were treated with 0, 100, 200 and 400 mg/L INH in drinking water for 14 days. A slight
decrease in water consumption was observed in 200 and 400 mg/L INH groups during INH

treatment (Table 2). The computed human equivalent dosage was less than the maximum dosage
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recommended in humans (5 mg/kg/day). After INH treatment, all mice were sacrificed. Liver,
red blood cells (RBCs), serum, and bone marrow cells (BMCs) were collected for further

analysis.

Table 5. Water consumption of mice treated with isoniazid (INH).

Mice were treated with 0, 100, 200 and 400 mg/LL INH in drinking water for 14 days. All

data are expressed as mean + SD (n = 4).

INH Daily water Body Daily water Daily INH dosage Human equivalent

treatment intake (ml) weight (g) consumption vs body (mg/Kg) dosage (mg/Kg)

(mg/L water) weight (ml/g)

0 43+0.3 27.7+0.9 0.16 N.A. N.A.
100 44+05 247+1.4 0.18 18 1.46
2 33+01 26.2 0. Ni 2

00 3+0 6 0.9 0.13 6 211

+ +
400 35401 24.7 £ 0.5 0.14 56 454

2.2.1. Biochemical and pathological analysis.

For the biochemical analysis, the serum alanine transaminase (ALT) level was measured using
the standard protocol (Abcam, Cambridge, MA). For the pathological analysis, liver tissue was

fixed in 4% formaldehyde phosphate buffer. The fixed liver tissue was subjected to dehydration
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in serial alcohol and xylene concentration and finally embedded in paraffin. Four-micrometer

serial sections were cut and stained with hematoxylin and eosin (H&E).

2.2.2. Metabolomic analysis.

Liver metabolome was explored using a previously described method [178]. Briefly, 100 mg of
liver samples were homogenized in 400 ul water. In 100 ul of liver homogenate, 200 pl
methanol was added and then vortexed two times for 1 min. The mixture was centrifuged at
15,000 g for 10 min and the supernatant was centrifuged again at 15,000 g for 10 min. The
supernatant was collected and injected into ultra-performance liquid chromatography (UPLC)-
quadrupole time-of-flight mass spectrometry (QTOFMS) for metabolite analysis. A Waters
Acquity BEH C18column (2.1 x 100 mm, 1.7 um; Waters Corp, Milford, MA) was used for
metabolite separation and the column temperature was maintained at 50 °C. QTOFMS (Waters
Corp, Milford, MA) was operated in positive mode with electrospray ionization. The source
temperatures was set at 150 °C and desolvation temperatures were set at 500 °C. Nitrogen was
applied as cone and desolvation gas. Capillary voltage was set at 0.8 kV and cone voltage was
set at 40 V. QTOFMS was calibrated with sodium formate and monitored by the intermittent
injection of lockspray leucine enkephalin. MS data were acquired over a range of 50-1000 Da at

a rate of 0.1 scans/second in centroid format.

2.2.3. Data analysis
MassLynx 4.1 was used to acquire mass spectra in centroid format from m/z 50 to 1000. Using

progenesis QI software (Waters) through deconvolution, recognition, peak alignment,
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deisotoping, and integration, a multivariate data matrix containing ion identity (retention time
and m/z), sample identity, and ion abundance was generated. Each ion’s intensity was computed
by normalizing each ion counts with the total ion counts in the chromatogram. Next, the data
matrix was further exported into SIMCA-P+ software (Version 13, Umetrics, Kinnelon, NJ). To
increase the importance of low abundance ions without amplification of noise, the data was
transformed using mean-centering and pareto-scaling. To analyze the inter-relationship among
different treatment groups a principal component analysis (PCA) was performed. Orthogonal
partial least-squares discriminant analysis (OPLS-DA) was performed to maximize the class
discrimination and an S-plot was generated. The metabolites with significant differentiation
between the groups were considered as potential metabolites for further analysis. The identities
of the ions were searched in metabolomics databases including: METLIN, HMDB and Lipid
MAPS and further confirmed by comparing the retention time and MS/MS spectrum with

commercially available standards.

2.2.4. PPIX quantification.

To extract PPIX from RBCs and BMCs, 107 cells were sonicated in 100 pl of methanol and
water (v/v, 4:1). To extract PPIX from serum, 80 pl methanol was added to 20 ul of serum and
vortexed twice. To extract PPIX from the liver, 100 ul methanol and 100 pl acetonitrile was
added to 100 pl of homogenate prepared for metabolite extraction. The mixture was vortexed
and then centrifuged at 15,000 g for 10 min. Analysis of PPIX was conducted using UPLC-
QTOFMS. One microliter of the sample was injected onto the UPLC-QTOFMS system for
analysis of PPIX. Chromatographic separation of PPIX was achieved on an Aquity BEH C18

column (2.1 x 50 mm, 1.7 um, Waters). The flow rate of the mobile phase was 0.40 ml/min and
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the column temperature was maintained at 50 °C. The mobile phase A (MPA) 2mM NH4HCOs3
was in water containing 0.05% of ammonia water, and the mobile phase B (MPB) 2mM
NH4HCO3 was in water/acetonitrile (5:95, v/v) containing 0.05% of NH4OH solution. The
gradient began at 30% MPB, followed by 2.5-min linear gradient to 65% MPB, then increased to
90% MPB in 0.5 min and held for 2 min, finally decreasing to 30% MPB for column
equilibration. The QTOFMS system was operated in positive resolution mode (resolution ~
20,000). The source and desolvation temperatures were set at 150 °C and 500 °C, respectively.
Nitrogen was applied as cone and desolvation gas. Capillary and cone voltages were set at 0.8
kV and 40 V. QTOFMS was calibrated using sodium formate and monitored by the intermittent
injection of lockspray leucine enkephalin. The MS scan of m/z 563.27 was used for PPIX

quantification. The data were acquired using Masslynx 4.1 and quantified by QuanLynx.

2.2.5. FECH activity assay.

FECH activity assay was performed using the previously described methods [179-181]. In brief,
5 pg of liver mitochondria was added to 100 Wl of 50 uM PPIX (100 mM Tris-HCI, pH 8.0, 1
mM DTT, 0.1% (v/v) Triton X-100). To initiate a reaction, an equal volume of 100 uM iron
citrate prepared in 100 mM Tris-HCI (pH 8.0) was added. Incubations were carried out at 37 °C
for 1 hr in the dark. Twice the volume of methanol was added to stop the reaction. The mixture
was vortexed for 1 min and then centrifuged at 15,000 g for 10 min. The supernatant was
collected for analysis of heme using UPLC-QTOFMS. One microliter of the sample was injected
onto the UPLC-QTOFMS system for analysis of PPIX. Chromatographic separation of heme
was achieved on an Aquity BEH C18 column (2.1 x 50 mm, 1.7 um, Waters). The flow rate of

the mobile phase was 0.40 ml/min and the column temperature was maintained at 50 °C. The
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mobile phase A (MPA) 2mM NH4HCO3 was in water containing 0.05% of ammonia water, and
mobile phase B (MPB) 2mM NH4HCO3 was in water/acetonitrile (5:95, v/v) containing 0.05%
of NHsOH solution. The gradient began at 30% MPB, followed by 2.5-min linear gradient to
65% MPB, then increased to 90% MPB in 0.5 min and held for 2 min, finally decreasing to 30%
MPB for column equilibration. The QTOFMS system was operated in positive resolution mode
(resolution ~ 20,000). The source and desolvation temperatures were set at 150 °C and 500 °C,
respectively. Nitrogen was applied as cone and desolvation gas. 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 lockspray leucine enkephalin. The MS scan of m/z 616.17 was used
for heme quantification. The data were acquired using Masslynx 4.1 and quantified by

QuanLynx.

2.2.6. ALAS activity assay.

ALAS activity was analyzed using the mitochondria isolated from the liver of mice treated with
INH. The assay was conducted using a previous protocol with slight modification [182]. Briefly,
50 pg of mitochondria was incubated in 100 pl glycine buffer (35 mM Tris-HCI, pH 7.4, 30 mM
NazHPO4, 8 MM MgClz, 0.2 mM pyridoxal phosphate, 25 uM succinylacetone, 5 mM EDTA
and 150 mM glycine) for 1 hat37 °C. The product of ALAS was analyzed using UPLC-
QTOFMS as described previously [183]. Samples were derivatized by adding 150uL of solution
A: water, 37% formaldehyde, ethanol, and acetyl acetone (107:5:15:23). The mixture was
vortexed a few times and heated at 100 °C for 5 min. Afterwards the mixture was kept on ice in
the dark until final processing for separation. The derivitized peak corresponding to ALA was

separated by the UPLC system on a BEH C18 1.7-uM, 2.1x100-mm column. The solvent system
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was 0.2% formic acid in water and acetonitrile with a flow rate of 0.4 mL/min in a 12-min run
with a gradient optimized for peak separation. For QTOF system, desolvation gas and cone gas
nitrogen was used with a flow rate of 650 and 50 L/h, respectively, and for collision gas argon
was used with a flow rate of 0.2 mL/min. The source temperature was set at 120°C and
desolvation temperature was at 450°C. QTOFMS was calibrated with sodium formate and
monitored by the intermittent injection of lockspray leucine enkephalin. The data were acquired

using Masslynx 4.1 and quantified by QuanLynx.

2.2.7. Western blotting.

Liver homogenates were used for analysis of ALAS1 and FECH proteins. Briefly, 50 ug of
proteins per sample were resolved using 10% SDS-polyacrylamide gels and transferred to an
Immobilon-P membrane (Millipore, Bedford, MA). The membrane was incubated with anti-
ALAS1 (1:5000, Abcam, ab84962) and anti-FECH (1:1000, Santa Cruz, sc-377377) antibodies,
respectively. Subsequently, the membrane was incubated with DyLight 800 4X PEG conjugated
goat anti-rabbit (1:10,000, Thermo Scientific, SA5-35571) and DyLight 680 conjugated goat
anti-mouse (1:10,000, Thermo Scientific, 35519) secondary antibodies. Protein was visualized
using the Odyssey infrared imaging system (LICOR, Lincoln, NE) and was quantified using the
Odyssey infrared imaging system application software. K-562 whole cell lysate (Santa Cruz, sc-
2203) was used as a positive control of both ALAS1 and FECH. GAPDH was used as a loading

control.
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2.2.8. Real-time PCR.

RNA m the liver was isolated using Trizol®. cDNA was reverse transcribed from total RNA
using Superscript3 (Invitrogen, Carlsbad, CA). Real-time quantification of mMRNA was
conducted using the QuantStudio™ 6 Flex real-time PCR system (Applied Biosystems, Foster
City, CA) and the SYBR Green PCR master mix. The target mMRNA expression was normalized

against cyclophilin expression.

2.2.9. Statistical analysis.

All the data were expressed as means + SD. Statistical significance between two groups was
determined by two-tailed Student’s t-test. Statistical significance among three or four groups was
determined by Analysis of variance (ANOVA), followed by a Tukey post hoc test for multiple
comparisons in reference to the control group. AP value less than 0.05 was considered as

statistically significant.

2.3. Results

2.3.1. Effect of INH on liver injury.

Treatment for LTBI requires a 6-9 months INH course. Therefore, we treated mouse with the
maximum recommended human equivalent dose of 400mg/L INH in drinking water. Mice were
sacrificed after 0,3,7,14, and 28 days of INH treatment. Liver histological analysis showed that
chronic treatment with INH did not cause liver injury in mice (Figure 4A, 4B, 4C, 4D and 4E).
Liver injury marker serum ALT levels increased over time but the levels of serum ALT levels
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were in normal range (Figure 4F). These results clearly showed that chronic INH treatment did

not cause liver injury.

2.3.2. Effect of INH on PPIX homeostasis in the liver.

Untargeted metabolomic analysis showed liver metabolome was dramatically altered after INH
treatment. The PCA analysis clearly separated the untreated group from the INH-treated groups
(Figure 5A). The S-plot generated from OPLS-DA showed the ion contribution to the group
separation of the untreated and treated groups (Figure 5B). The number 1 ranking ion was
identified as PPIX (Figures SB, 6A and 6B). The structure of PPIX was confirmed by
comparing the extracted ion chromatograph and the MS/MS spectra with the standard PPIX
(Figure 6A and 6B). It was further confirmed that INH-mediated PPIX accumulation in the
liver is time-dependent (Figure 6C) and dose-dependent (Figure 6D). These data suggest that

INH disturbs PPIX synthesis and/or metabolism.
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Figure 10. Evaluation of liver damage in mice treated with INH.

(A-E) Histological analysis of the liver in mice treated with 400 mg/L INH in drinking water
for 0 (A) 3 (B), 7 (C), 14 (D) and 28 (E) days. H&E staining, 200 X. (F) Serum activity of
ALT in mice treated with INH for 0-28 days. All data were expressed as means + SD (n=3

or 4). No statistical difference was observed from day 0 to day 28.
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Figure 13. Effect of INH on mouse liver metabolome.

The mice were treated with 400 mg/LL INH in drinking water for 0-28 days. Liver samples
were analyzed by UPLC-QTOFMS in positive mode. (A) Separation of liver samples from
the control and INH-treated mice 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) Loading S plots of
liver 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.

The number 1 ranking ion was identified as PPIX
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Figure 16. Identification and quantification of PPIX.
(A) Extracted chromatogram of PPIX. (B) MS/MS of PPIX. (C) Time-dependent
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accumulation of PPIX in the liver of mice treated with 400 mg/L INH in drinking water for

0—14 days. (D) Dose-dependent accumulation of PPIX in the liver of mice treated with 0,

100, 200, or 400 mg/LL INH i drinking water for 14 days. *P < 0.05, ***P < 0.001 vs control

(n=3or 4).

34



2.3.1. Effect of INH on PPIX levels in BMCs, serum and RBCs.

Because bone marrow is the major resource of PPIX production,[11] we next investigated the
effect of INH on PPIX levels m BMCs, serum and RBCs. We find that treatment with INH does
not alter PPIX levels in BMCs, serum or RBCs (Figure 7), indicating that INH has no effect on
PPIX synthesis and/or metabolism in the bone marrow. In addition, we excluded the possibility
of INH-mediated erythrocytes congestion in the liver by analyzing liver histology (Figure 4) and

hemoglobin (Figure 8).

2.3.2. Effect of INH on FECH expression and function in the liver.

To determine the mechanism of PPIX accumulation in the liver, we investigated the effect of
INH and its major metabolites on the function of FECH, the enzyme that converts PPIX mto
heme [11]. We found that INH and its major metabolites have no inhibitory effect on FECH
activity (Figure 9); suggesting that INH-mediated PPIX accumulation in the liver is not due to
the direct inhibition of INH or its metabolites on FECH. We further examined the effect of INH
on FECH expression in the liver. We found that INH has no effect on the mRNA expression of
FECH in mouse liver (Figure 10). Interestingly, treatment of INH decreased the level of FECH
protein, which is time-dependent (Figure 11A and 11B) and dose-dependent (Figure 11C and

11D).

2.3.3. Effect of INH on ALAS1 expression and function in the liver.

ALASTI is the rate-limiting enzyme in hepatic PPIX synthesis [11, 184]. We found that treatment

with INH has no statistically significant effect on mRNA expression of ALAS1 (Figure 12A and
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12B). However, the levels of ALAS1 protein were significantly increased afier INH treatment in
both time-dependent (Figure 12C and 12D) and dose-dependent (Figure 12E and 12F)

manners. Furthermore, treatment with INH ncreased ALAS1 activity in mouse liver (Figure

12G).

1004 A 201 B

804

40+ J_'r j”z_

204

1.54

(P

0.5+

PPIX in BMCs
(ng/107 cells)
PPIX in serum
(ng/ml)

0 T 0.0 T T 1 N
¢ & S & & & &
o Ng M N 9 & Y &
< S S S v & & &
& '1«@6\ @Q@ C Al RN
064 C
0~ h 4
8 Qo i
D 0.44
£'S "
=
E S 0.24 . v
o e 5
0.0 ' '

Figure 19. Effect of INH on PPIX levels in bone marrow cells (BMCs), serum and red
blood cells (RBCs).

The mice were treated with 0, 100, 200, or 400 mg/L. INH in drinking water for 14 days. All
samples were analyzed by UPLC-QTOFMS in positive mode. (A) PPIX in BMCs. (B) PPIX

in serum. (C) PPIX in RBCs. All data were expressed as the mean = SD (n = 4).

Figure 20. Hemoglobin in the liver of mice treated with INH.Figure 21. Effect of INH on
PPIX levels in bone marrow cells (BMCs), serum and red blood cells (RBCs).
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Figure 22. Hemoglobin in the liver of mice treated with INH.

Mice were treated with 400 mg/L INH in drinking water for 0-14 days. Hemoglobin was

analyzed using western blotting. GAPDH was used as loading control.
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Figure 25. Effect of INH and its metabolites on FECH activity.

Liver mitochondria of WT mice were used for analysis of FECH activity. All data were
expressed as means + SD (n=3). The data in control group was set as 100%. **P < 0.01 vs
control. N-methyl PPIX was used as a positive control. AcINH, acetyl isoniazid; Hz, hydrazine;

AcHz, acetyl hydrazine.
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Figure 310. Effect of INH on FECH mRNA expression in mouse liver.

The liver samples were analyzed using qPCR. (A) FECH mRNA expression i the liver of
mice treated with 400 mg/L INH m drinking water for 0-14 days. (B) FECH mRNA
expression in the liver of mice treated with 0, 100, 200 and 400 mg/LL INH in drinking water

for 14 days. All data were expressed as mean + SD (n =4). The data in the control group
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Figure 31. Effect of INH on FECH expression in the liver.

FECH protein was analyzed by western blotting. GAPDH was used as loading control. (A
and B) FECH expression in liver of mice treated with 400 mg/L INH in drinking water for 0-
14 days. (C and D) FECH expression in liver of mice treated with 0, 100, 200 or 400mg/L
INH in drinking water for 14 days. All data were expressed as mean = SD (n=3). The data in

control group were set as 100%. ***P <0.001, ****P <(0.0001 vs control.
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Figure 32. Effect of INH on ALAS1 expression and activity in the liver.Figure 33. Effect
of INH on FECH expression in the liver.
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Figure 34. Effect of INH on ALAS1 expression and activity in the liver.
ALAS1 mRNA expression were analyzed by qPCR, and ALAS1 protein was analyzed by

Western blotting. GAPDH was used as the loading control for Western blotting. (A) ALASI
mRNA expression in the livers of mice treated with 400 mg/L INH in drinking water for
0—14 days. (B) ALAS1 mRNA expression in the livers of mice treated with 0, 100, 200, and
400 mg/LL INH in drinking water for 14 days. (C and D) ALAS1 protein expression in the
livers of mice treated with 400 mg/L INH in drinking water for 0—14 days. (E and F) ALASI
protein expression in the livers of mice treated with 0, 100, 200, or 400 mg/L INH in drinking
water for 14 days. (G) Effect of INH on ALAS] activity in the mouse liver. The mice were
treated with vehicle or 400 mg/L. INH in drinking water for 3 days. Liver mitochondria were

used for analysis of ALASI1 activity. All data are expressed as the mean £ SD (n =3 or 4).

The data in the control group were set as 1. *P < 0.05, **P <0.01, ***P <0.001 vs control
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2.4. Discussion

In the current study, we explored the effect of INH on mouse liver metabolome using untargeted
metabolomics. We found that INH causes PPIX accumulation in the liver through ALASI1
mnduction and FECH downregulation. This discovery explains why INH potentiates drug-
induced hepatic porphyria, such as rifampicin and griseofulvin [52, 177]. In addition, this study
provides a mechanistic understanding of contraindication of INH in patients with porphyrias
[126]. Furthermore, this project provides a novel insight into the mechanism of INH-induced
liver njury. PPIX is mainly produced in the bone marrow and secondly in the liver [11, 184].
PPIX produced in the bone marrow is transported to serum through RBCs and then up taken by
hepatocytes [90]. Therefore, we first examined the effect of INH on PPIX levels in bone marrow,
RBCs, and serum. We found that treatment with INH has no significant effect on PPIX levels in
BMCs, RBCs and serum, suggesting INH-mediated PPIX accumulation in the liver is not
through the bone marrow. We next investigated the effect of INH on ALAS1 and FECH, the
enzymes that are mvolved in PPIX synthesis and metabolism, respectively [185-187]. We found
that INH and its metabolites have no inhibitory effect on FECH activity, suggesting that INH-
mediated PPIX accumulation in the liver is not due to the direct inhibition of FECH.
Interestingly, INH significantly decreases the FECH protein level without affecting the FECH
mRNA level in the liver. We also found that INH had no significant effect on mRNA expression
of ALASI in the liver but the protein expression of ALAS1 was significantly induced after INH
treatment. This is similar to INH-mediated upregulation of CYP2EI, in which INH increases the
CYP2EI expression at the protein level but not at the mRNA level [188-190]. These data

suggest that INH stabilizes the ALAS1 protein and increases PPIX production.
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Hepatic accumulation of PPIX causes liver mjury [90, 131, 184]. Accumulation of PPIX in the
liver is associated with increased protein oxidation, decreased proteasome activity, and

disruption of mitochondrial function [184, 191]. In addition, PPIX mhibits cytochrome P450 in
the liver, which can suppress drug elimination and potentially increase drug toxicity [192].
Furthermore, PPIX is mainly excreted through the biliary system. Excessive PPIX in bile can
cause bile duct blockage and cholestatic liver mjury [193]. Although INH causes PPIX
accumulation in the liver, we did not observe severe liver damage. We expect that co-factors that
induce ALAS1 will potentiate INH-mediated liver injury. This is supported by the facts that
many ALASI inducers can potentiate INH hepatotoxicity [52, 194]. These data suggest that INH
can disrupt the metabolic pathway of PPIX and increase the risk of liver damage. Moreover,

INH may also disrupt the metabolic pathways of other endobiotics and lead to liver damage.

In summary, this study found that INH causes PP1X accumulation in the liver in part through
ALAS1 induction and FECH downregulation. This study also highlights that drugs can interact

with metabolic pathways of endobiotics and increase the risk of hepatotoxicity.
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3. Deficiency of ATP-binding cassette sub-family G member 2 attenuates protoporphyrin
IX -mediated liver injury

3.1 Introduction

3.1.1. ATP-binding cassette sub-family G member 2 (ABCG2).

ABCG?2 is one of the G subfamily members in the ATP-binding cassette (ABC) protein
superfamily. The ABC protein superfamily mainly consists of active transporters that require
ATP to pump molecules across the lipid bilayers [195]. Unlike other G subfamily transporters,
ABCG2 is a broad range transporter which exports substrate including anions, cations,
hydrophobic compounds, and phase Il drug conjugates [196-198]. The broad substrate range of
ABCG?2 helps in protecting against xenobiotics’ toxicity specifically in the liver, intestine, blood-

brain barrier, and placenta.

ABCG?2 is distributed throughout the body to play significant physiological roles in absorption,
distribution, metabolism, and excretion (ADME) of xenobiotics. In the small intestine, ABCG2
is expressed on the apical membrane of enterocytes to pump out the absorbed xenobiotic [199].
In the blood-brain barrier and blood-placenta barrier, ABCG2 limits distribution of xenobiotics
in the brain and developing fetus, respectively [200, 201]. In the testis, ABCG2 is highly
expressed in interstitial cells and Sertol/Leydig cells to export 2-Amino-1-methyl-6-

phenylimidazo[4,5-b]pyridine (PhIP), N-hydroxyl PhIP, dantrolene, and prazosin [202, 203].
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ABCG?2 is highly expressed in human mammary glands and is strongly induced during lactation
to transport vitamins and alter fat and protein content in milk [204-206]. In the kidney, ABCG2
is localized in the cortical tubule, to facilitate in excretion and elimination of xenobiotics [207].
In the liver, ABCG?2 is expressed on the canalicular membrane of hepatocytes for biliary
excretion of xenobiotics [207]. ABCG2 prevents accumulation by excreting a wide range of
xenobiotics such as chemotherapeutics, tyrosine kinase inhibitors, nucleoside, and nucleotide
analogs [208, 209]. Apart from xenobiotics, ABCG2 is responsible for pumping endobiotics such

as sulfated steroids, unconjugated estradiol, and bile acid cholate [210, 211].

3.1.2. Role of ABCG2 in PPIX homeostasis.

The role of ABCG2 in PPIX transport was first identified using Abcg2 knockout (Abcg2-null)
mice generated to investigate the physiological role of ABCG2 in pheophorbide, a chlorophyll-
derived dietary toxin [27]. In the liver, ABCG2 excretes PPIX from the hepatocytes into the bile.
Thus, PPIX accumulation was slightly higher in the liver of Abcg2-null mice as compared to
their wild-type counterpart and biliary excretion of intravenous administrated PPIX was
significantly reduced in Abcg2-null mice [89]. Another study showed that in erythroid progenitor
cells from mice, ABCG2 is expressed on the cell surface and is upregulated during erythroid
differentiation to prevent accumulation of PPI1X [93]. Also, RBCs from Abcg2-null mice
contained around tenfold higher levels of PP1X as compared to control [27]. Patients with
Abcg2-null genotype also had around a two-fold higher PPIX levels in RBC [212].
Overexpression of Abcg2 in K562 cells resulted in a significantly lower retention of exogenously
provided PPIX or endogenously induced PPIX by ALA treatment but KO143, a specific ABCG2

inhibitor prevented the export of PPIX [93].
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3.1.3. Animal models used to study PPIX-mediated liver injury.

Both genetic and drug-induced mouse models are used to examine PPIX-mediated liver injury.
We previously reported that treating pregnane X receptor-humanized (hPXR) mice with RIF, and
INH co-treatment caused accumulation of PPIX in the liver to cause severe liver injury [52]. RIF
is an hPXR inducer which upregulates Alasl to potentiate PPIX biosynthesis [50]. Isoniazid
induces PPIX accumulation by stabilizing ALAS1 and decreasing FECH [213]. Together INH
and RIF induce significant buildup of PPIX in the liver. INH and RIF-induced PPIX
accumulation in hPXR mice led to the formation of bile plugs with a significant increase in

cholestatic liver injury [52].

DDC and griseofulvin (GSF) are commonly used drugs to generate hepatic porphyria models
[75, 214, 215]. Both DDC and GSF cause PPIX accumulation by inducing ALAS1 expression
that results in an increase in PPIX synthesis and inhibition of FECH activity that prevents
metabolism of PP1X [46, 216-218]. Like EPP patients, mice treated with DDC or GSF also
developed bile plugs and increased ductular reaction and pericholangitis [75, 214, 215].
However, DDC or GSF-induced porphyria exhibit a phenotype similar to the EPP patients but
was limited to hepatic manifestation only. Also, a mechanism for the development of DDC or
GSF induced hepatitis porphyria is different for EPP patients. DDC or GSF-induced PPIX
accumulation requires metabolism of DDC or GSF by P450 enzymes; whereas, in EPP patients

PPIX accumulation is caused by FECH deficiency [216, 217].
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The genetic EPP mouse model was generated by Dr. J.C. Deybach’s team using chemical
mutagen ethylnitrosourea [219]. Similar to EPP patients, genetic EPP mouse model is
characterized by photosensitivity, hemolytic anemia, cholestasis, jaundice, and severe hepatic
dysfunction [219]. The genetic EPP mouse model contains an inherited Fech mutation (Fech-mut
or FechmiPas/ FechmPas) which causes a decrease in FECH activity by 90% [220]. Decreased Fech
activity results in increased PPIX levels in RBCs, serum, and liver. Unlike humans, hepatic
dysfunction always occurs in this mouse model. The genetic EPP mouse model mimics the
severe form of the hepatic disease in EPP and has been used extensively to demonstrate the

effectiveness of genetic and cellular therapy [221-225].

3.1.4. Experimental Design.

The objective of this study was to develop a strategy to manage the PPIX-mediated liver injury.
Excreted PPIX in the bile precipitates to physically block bile flow and results in cholestatic liver
injury [90]. ABCG2 is the key transporter that contributes to the efflux of PPIX from hepatocytes
to the biliary system. We anticipate ABCG2 deficiency will decrease PPIX flow into bile
preventing liver injury. To evaluate the role of ABCG2 on RIF and INH-induced liver injury, we
generated hPXR/Abcg2-null mice and treated them with RIF and INH. To further validate the
role of ABCG2 in PPIX-mediated liver injury, Abcg2-null mice were treated with DDC and GSF
and the liver injury was evaluated. We also generated a genetic EPP mouse model with Abcg2
deficiency (Fech-mut/Abcg2-null) to assess the effect of Abcg2 deficiency in EPP condition. We
anticipate that Abcg2 deficiency in hepatocytes will cause PPIX accumulation in hepatocytes and

the liver will detoxify PPIX for elimination.
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3.2. Material and Methods

3.2.1. Chemicals.

ALA, RIF, INH, DDC, and GSF were purchased from Sigma-Aldrich (St. Louis, MO). 5-
Aminolevulinic-2,2-dz acid (D2-ALA) was purchased from C/D/N Isotopes Inc. (Pointe-Claire,
Quebec, Canada). All solvents for metabolite analysis were of the highest grade commercially

available.

3.2.2. Animal treatment.

All mice were kept under standard 12-h light/dark cycle. The handling of mice was in
accordance with study protocols approved by the Institutional Animal Care and Use

Committee. Abcg2-null mice and FVB/NJ (WT) were purchased from Taconic Biosciences, Inc
(Hudson, NY), and were used to determine the role of ABCG2 in DDC or GSF-induced liver
injury. WT and Abcg2-null mice (2-4 months old, male) were fed with control, DDC (100
mg/Kg diet) or GSF (2.5 g/Kg) diet. After two weeks of treatment, mice were sacrificedand

blood and liver samples were collected for evaluation of the liver injury.

3.2.3. Development and treatment of hPXR/Abcg2-null mice.

To determine the role of ABCG2 in RIF and INH-induced hepatic porphyria in hPXR mice, we
generated hPXR mice on the background of Abcg2-null mice (hPXR/Abcg2-null). Briefly, these
mice were generated by crossing hPXR mice with Abcg2-null mice. hPXR/Abcg2-null mice
were verified by genotyping hPXR, mouse Pxr, and mouse Abcg2. Afterward, hPXR and

hPXR/Abcg2-null mice (2-4 months old, male) were fed with RIF (100 mg/Kg diet) and INH
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(400 mg/L drinking water). After four weeks of treatment, blood and liver samples were

collected for evaluation of the liver injury.

3.2.4. Development of Fech-mut (Fech™!pas/Fechmiras)/Abcg2-null mice.

To determine the role of ABCG2 in genetic erythropoietic protoporphyria we generated Fech-
mutant (mut) (Fech™ipas/ Fechmipas) on the background of Abcg2-null mice (Fech-mut/Abcg2-
null). Fech-mut mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Fech-
mut/Abcg2-null mice were generated by crossing Fech-mut mice with Abcg2-null mice.
Heterozygotes (Fech/Fech™1Pas/Abcg2+/-) obtained were backcrossed with Fech-mut for five
generations. Fech-mut/Abcg2-null and Fech-mut mice used for the study were obtained by self-
crossing Fech-mut /Abcg2+/- mice. Mice were verified by genotyping of Fech point mutation
and mouse Abcg2. Two-month-old Fech-mut/Abcg2-null and Fech-mut mice were used to
collect liver, spleen, and blood for evaluation of the liver injury. For metabolomics analysis,
Fech-mut/Abcg2-null and Fech-mut mice were treated with 50 mg/kg 5-aminolevulinic-2,2-

D acid (D2-ALA) intraperitoneally and sacrificed after 2 h.

3.2.5. Biochemical and histological analysis.

ALT, AST and ALP in serum were analyzed according to the procedures of standard assay

kits. For histological analysis, liver tissues were fixed in 4% formaldehyde phosphate

buffer. Fixed liver tissues were subjected to dehydration in serial concentrations of alcohol and
xylene and finally embedded in paraffin. A four-micrometer section of liver tissues was cut and

stained with hematoxylin and eosin (H&E).
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3.2.6. Metabolite analysis.

Liver metabolome was explored using a previously described method [178]. Briefly, 100 mg of
liver samples were homogenized in 500 ul water. In 100 pl of liver homogenate, 200 pl
methanol was added and then vortexed two times for 1 min. Bile metabolome was explored by
adding 1 ul of bile into 99 ul of acetonitrile:methanol:water (1:1:1) and the mixture was vortexed
hard two times for 1 min. Feces metabolome was explored using homogenizing 100 mg feces in
Iml of water. In 100 ul of fecal homogenate, 200 pl methanol was added and then vortexed two
times for 1 min. The mixture was centrifuged at 15,000 g for 10 min and the supernatant was
centrifuged again at 15,000 g for 10 min. The supernatant was collected and injected into ultra-
performance liquid chromatography (UPLC)-quadrupole time-of-flight mass spectrometry
(QTOFMS) for metabolite analysis. A Waters Acquity BEH C18 column (2.1 x 100 mm, 1.7
um; Waters Corp, Milford, MA) was used for metabolite separation. The column temperature
was maintained at 50 °C. QTOFMS (Waters Corp, Milford, MA) was operated in positive mode
with electrospray ionization. The source and desolvation temperatures were set at 150 °C and
500 °C, respectively. Nitrogen was applied as cone and desolvation gas. Capillary voltage was
set at 0.8 kV and cone voltages were set at 40 V. QTOFMS was calibrated with sodium formate
and monitored by the intermittent injection of lockspray leucine enkephalin. MS data were
acquired over arange of 50-1000 Da at a rate of 0.1 scans/second in centroid format. For data
analysis, MassLynx 4.1 was used to acquire mass spectra in centroid format. A multivariate data
matrix containing sample identity, ion identity (m/z and retention time) and ion abundance was
generated and was exported into SIMCA-P+ (Version 13, Umetrics, Kinnelon, NJ). The data

were further analyzed to perform principal component analysis (PCA) and orthogonal partial
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least-squares discriminant analysis (OPLS-DA). Using OPLS-DA, S-plot was generated and was

used to identify PPIX-metabolites.

3.2.7. PPIX and protoporphyrin-1-O-acyl-glucouronide quantification.

PPIX and protoporphyrin-1-O-acyl-glucouronide (PPIX-glu) concentrations were measured
using UPLC-QTOFMS (Waters Corp, Milford, MA). A serum sample was prepared by adding
70 ul of methanol to 30 ul of serum, followed by vortexing for 30 s and centrifugation at 15,000
g for 10 min. A liver and spleen sample was homogenized in water (100 mg of liver in 500 ul of
water) on the ice. Two hundred pl of acetonitrile:methanol (1:1, v/v) was added to 100 pl of
each homogenate, and followed by vortexing and centrifugation at 15,000 g for 10 min. A RBC
sample was prepared by adding 80 ul of methanol and 20 pl of water to 107 RBCs, followed by
sonication, vortexing, and centrifugation (15,000 g for 10 min). Each supernatant was
transferred to an autosampler vial. One microliter of the sample was injected onto the UPLC-
QTOFMS system for analysis of PPIX. Chromatographic separation of PPIX was achieved on
an Aquity BEH C18 column (2.1 x 50 mm, 1.7 um, Waters). The flow rate of the mobile phase
was 0.40 ml/min and the column temperature was maintained at 50 °C. The mobile phase A
(MPA) 2mM NH4HCO3 was in water containing 0.05% of ammonia water, and the mobile phase
B (MPB) 2mM NH4HCO3 was in water/acetonitrile (5:95, v/v) containing 0.05% of NH4OH
solution. The gradient began at 30% MPB, followed by 2.5-min linear gradient to 65% MPB,
then increased to 90% MPB in 0.5 min and held for 2 min, finally decreasing to 30% MPB for
column equilibration. The QTOFMS system was operated in positive resolution mode (resolution
~ 20,000). MS scan of m/z 563.27 for PP1X and 739.30 for PPIX-glu quantification was set. The

data were acquired using Masslynx 4.1 and quantified by QuanLynx. MS data were acquired
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using Masslynx version 4.1 software and the peak area was quantified using QuanLynx program

(Waters Corp, Milford, MA).

3.2.8. Synthesis of protoporphyrin-1-O-acyl-glucouronide (PPIX-glu).

To confirm the structure of PPIX-glucuronic acid, we synthesized this metabolite with a two-step
procedure shown in (Figure 20E) [226]. Briefly, the PPIX was first activated using HATU (1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxid
hexafluorophosphate) in the presence of N-methyl morpholine (NMM), then reacted with D-
glucuronic acid. To a solution of PPIX (281 mg, 0.5 mmol) and HATU (274 mg, 0.72 mmol) in
anhydrous DMF (15 ml), was added NMM (75 pl, 0.63 mmol) at room temperature. The solution
was stirred for 14 h. Glucuronic acid (168 mg, 0.86 mmol) was added followed by NMM (150
ul, 1.26 mmol), and the solution was stirred at room temperature for 14 h. The reaction mixture
was injected to UPLC-QTOFMS to confirm the structure of PPIX-glu. The PPIX-glu found in
the mouse liver and gall bladder has an identical retention time and MS/MS fragments to the

synthetic standard.

3.2.9. Statistical analysis.

Statistical significance between two groups was determined using a two-tailed Student’s t-test.
Statistical significance among more than two groups was determined by analysis of variance
(ANOVA), followed by the Tukey post hoc test for multiple comparisons in reference to the

control group. A P value less than 0.05 was considered as statistically significant.
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3.3. Results
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Figure 13. Generation of hPXR/Abcg2-null mice. (a) Genotyping results of hPXR and
hPXR/Abcg2-null mice. (b) Cyp3all mRNA was quantified by qPCR. All data are expressed
as means + S.D. (n =4). The data in the control group of hPXR mice was setas 1. *P <0.05,

**P < 0.01. RIF: rifampicin; INH: isoniazid

3.3.1. Abcg2 deficiency prevents RIF and INH-induced hepatotoxicity.

hPXR/Abcg2-null mice were generated by crossing hPXR mice and Abcg2-null mice.
PXR/Abcg2-null mice are positive for human PXR but negative for mouse Abcg2 (Figure 13A).
To develop the liver injury model, hPXR, and hPXR/Abcg2-null mice were co-treated with RIF
and INH for 28 days. Like hPXR mice, Cyp3all expression was significantly induced in
hPXR/Abcg2-null mice after the co-treatment of RIF and INH, suggesting hPXR is functional in

hPXR/Abcg2-null mice (Figure 13B). As expected, hPXR mice developed significant liver
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injury after RIF and INH treatment (Figure 14). Moreover, hPXR mice co-treated with RIF and
INH had a significant increase in serum ALT, AST and ALP activities. Increased ALP activities
suggested cholestasis, and histological analysis showed bile plugs with portal inflammation.
Surprisingly, serum ALT, AST and ALP levels in hPXR/Abcg2-null mice co-treated with RIF
and INH were in the normal range (Figure 14A, 14B, and 14C). Histological analysis also
showed bile plugs were absent in hPXR/Abcg2-null mice co-treated with RIF and INH (Figure

14D). These results indicate that ABCG2 is crucial for RIF and INH-induced liver injury.
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Figure 14. hPXR/Abcg2-null mice are protected from RIF and INH induced liver injuty.
hPXR and hPXR/Abg2-null mice were treated with RIF and INH for 28 days. (A) Serum
activity of ALT. (B) Serum activity of AST. (C) Serum activity of ALP. (D) Histological
analysis of liver, H&E staining, 400 X. Arrows point to bile plugs. All data are expressed as
means = S.D. (n=4). *P <0.05. RIF: rifaimpicin; INH: isoniazid; PV: portal vein; BD: bile

duct.
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3.3.2. Abcg2 deficiency prevents DDC-induced liver injury.

Next, we treated WT and Abcg2-null mice with DDC in the diet. After 14 days of DDC
treatment, the liver/body weight ratio increased by more than 2-fold in WT mice as compared to
the untreated group (Figure 15A). Similar to previously published reports, in WT mice DDC
treatment caused severe liver injury and significantly increased serum ALT levels to 600 U/L
and AST to more than 200 U/L (Figure 15B and 15C). The significant cholestatic injury was
observed in DDC treated WT mice, and serum ALP levels were increased by more than 1000
U/L with a large number of bile plugs with inflammation confirming cholestasis (Figure 15D
and 15E). Similar to hPXR/Abcg2-null mice treated with RIF and INH, we found that DDC-
induced liver injury was abolished in Abcg2-null mice. We also found that the liver/body weight
ratio was unchanged in Abcg2-null mice after DDC treatment (Figure 15A). Furthermore, the
serum ALT, AST and ALP levels in DDC-treated Abcg2-null mice were in the normal range
(Figure 15B, 15C, and 15D). Histological analysis also confirmed the absence of bile plugs in
DDC-treated Abcg2-null mice (Figure 15E). Thus, data clearly indicate that ABCG2 is essential
for the development of PPIX-mediated liver injury and loss of ABCG2 prevents the

accumulation of PPIX in the bile duct and protects the liver.
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Figure 15. Abcg2-null mice are protected from DDC-mediated liver injury. WT and Abcg2-
null mice were treated with control, DDC diet for 14 days. (A) Liver/Body weight ratio. (B)Serum
activity of ALT. (C) Serum activity of AST. (D) Serum activity of ALP. (E) Histological analysis
of liver, H&E staining, 400 X. Arrows point to bile plugs. All data are expressed as means + S.D.
(n=4). **P<0.01, ***P<0.001. WT: Wild type; DDC: 3,5-diethoxycarbonyl-1,4-
dihydrocollidine; PV: portal vein; BD: bile duct.

54



3.3.3. Abcg2 deficiency prevents GSF-induced liver injury.

We further confirmed the role of ABCG2 in PPIX-mediated liver damage by treating WT and
Abcg2-null mice with GSF diet for 14 days. GSF treatment increased the liver/body weight ratio
by more than 3-fold in WT mice (Figure 16A). In GSF treated WT mice, serum ALT increased
by more than 1000 U/L as well as the levels of AST increased by more than 600 U/L (Figure
16B and 16C). GSF treatment caused severe cholestasis in WT mice; serum ALP increased
more than 3000 U/L (Figure 16D). Liver histological analysis of WT mice treated with GSF,
revealed an abundance of bile plugs (Figure 16E). However, with DDC treatment, the liver
injury was abolished in GSF treated Abcg2-null mice. Although the GSF treatment increased the
liver/body weight ratio by 1.4-fold in Abcg2-null mice , the serum ALT, AST and ALP levels
were in normal range (Figure 16A, 16B, 16C, and 16D). The liver histological analysis also
showed no damage to bile ducts in Abcg2-null mice treated with GSF (Figure 16E). Thus
confirming Abcg2-null mice were resistant to hepatic porphyria and ABCG2 is a key modulator

in hepatic porphyria.
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Figure 16. Abcg2-null mice are protected from GSF-mediated liver injury.

WT and Abcg2-null mice were treated with control, GSF diet for 14 days. (A) Liver/Body weight
ratio. (B)Serum activity of ALT. (C) Serum activity of AST. (D) Serum activity of ALP. (E)
Histological analysis of liver, H&E staining, 400 X. Arrows point to bile plugs. All data are
expressed as means + S.D. (n=4). ***P <0.001. WT: Wild type; GSF: Griseofulvin; PV: portal

vein; BD: bile duct.
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3.3.4. Abcg2 deficiency in a genetic EPP mouse model abolishes PPIX-mediated liver
injury.
To further validate the role of ABCG2 in EPP mediated liver injury, we generated Fech-
mut/Abcg2-null mice by crossing Fech-mut mice and Abcg2-null mice (Figurel7A). Unlike
drug-induced porphyria models, in EPP patients PPIX accumulation is caused by defective
FECH. Like EPP patients, Fech-mut mice have significantly decreased FECH activity and
extensive liver damage caused by PPIX accumulation [219, 220]. Six-week-old Fech-mut mice
developed significant liver injury and had significantly increased serum ALT, AST, and ALP
levels (Figure 17B, 17C, and 17D). Bile plugs with biliary inflammation were also observed in
the Fech-mut liver (Figure 17E). However, ABCG2 deficiency abolished the liver injury in
Fech-mut/Abcg2-null mice (Figure 17B, 17C, and 17D). Liver histological analysis of Fech-

mut/Abcg2-null mice also showed no portal damage and bile plugs (Figure 17E).
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Figure 17. Fech-mut/Abcg2-null mice are protected from PPIX-induced liver injury. (A)
Genotyping results of Fech-mut and Fech-mut/Abcg2-null mice. (B) Serum activity of ALT.
(O) Serum activity of AST. (D) Serum activity of ALP. (E) Histological analysis of liver,

H&E staning, 400 X. Arrows point to bile plugs. All data are expressed as means + S.D. (n

=4,5). **P <0.01, ***P <0.001, ****pP <(0.0001. PV: portal veins; BD: bile duct.

3.3.5. Abcg2 deficiency in erythroid progenitor cells of Fech-mut/Abcg2-null mice
redistributes PPIX from bone marrow.

Next, we evaluated the role of Abcg2 deficiency on PPIX homeostasis from bone marrow. We

found that Abcg2-deficiency in Fech-mut/Abcg2-null mice prevented the excretion of PPIX from

RBCs to serum, causing 6-fold increase in RBCs PPIX levels and 80% less PPIX in the serum of
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Fech-mut/Abcg2-null mice as compared to Fech-mut mice (Figure 18A and 18B). Older RBCs
are degraded by spleen and liver for heme recycling. We found that the PPIX level in the spleen
of Fech-mut/Abcg2-null mice significantly increased as compared to Fech-mut mice (Figure
18C). The liver collects excess PPIX in the serum for fecal excretion. However, decreased serum
PPIX resulted in decreased PPIX accumulation in the liver of Fech-mut/Abcg2-null mice as
compared to Fech-mut mice (Figure 18D). Thus, ABCG2 deficiency prevents the escape of
PPIX from RBCs into serum, and part of PPIX formed from bone marrow in Fech-mut/Abcg2-

null mice is sequestered in the spleen, decreasing PPIX collected by the liver.
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Figure 18. Redistribution of PPIX produced by bone marrow in Fech-mut/Abcg2-null
mice.

All samples were analyzed by UPLC-QTOFMS in positive mode. PPIX in (A) RBCs, (B)
serum, (C) spleen and (D) liver of Fech-mut and Fech-mut/Abcg2-null mice (n=4,5). **P <

0.01, ***pP <0.001.
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3.3.6. ABCG2 deficiency in the liver causes PPIX accumulation in hepatocytes.

Although PPIX redistribution decreased PPIX in the liver of Fech-mut/Abcg2-null mice, the
accumulation of PPIX due to the treatment of DDC or GSF resulted in the disruption of PPIX
homeostasis in the liver. Thus, to investigate PPIX distribution in the case of porphyria and
Abcg2-deficiency, we treated Fech-mut/Abcg2-null and Fech-mut mice with 50mg/kg D2-ALA
intraperitoneally, and samples were collected after 2 h. ALA is a PPIX precursor and in the liver,
thus D2-ALA is readily converted into Di1s-PPIX (Figure 19A). As expected in Fech-mut/Abcg2-
null mice, Abcg2-deficiency in hepatocytes prevented the excretion of PPIX formed causing 4-
fold accumulation of D16-PPIX in the liver of Fech-mut/Abcg2-null mice as compared to Fech-

mut mice (Figure 19B).
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Figure 19. Formation of D, -PPIX Fech-mut and Fech-mut/Abcg2-null mice liver. (A) A
schematic showing conversion of D,-ALA into D,,-PPIX. (B) Quantified PPIX level in liver
collected 2h after D,-ALA treatment from Fech-mut and Fech-mut/Abcg2-null mice (n=3).

**P<0.01.
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3.3.7. ABCG2 deficiency in the liver induces PPIX metabolism to PPIX metabolites.

The liver is a major metabolizing organ which detoxifies molecules for excretion. Thus we
performed metabolomic analysis from liver samples of D2-ALA treated Fech-mut/Abcg2-null
and Fech-mut mice. Clusters of D2-ALA treated Fech-mut/Abcg2-null and Fech-mut mice were
separated in PCA analysis of liver metabolome (Figure 20A). Using OPLS-DA analysis of liver
metabolome, the S-plot was generated and depicted ion contribution comparing the D2-ALA
treated Fech-mut/Abcg2-null and Fech-mut mice groups (Figure 20B). We discovered that a
novel Die-protoporphyrin-1-O-acyl-glucouronide (Di1s-PP1X-glu) conjugate increased in the liver
of D2-ALA treated Fech-mut/Abcg2-null mice as compared to Fech-mut mice (Figure 20B). The
structure of D1e-PPIX-glu conjugate was predicted from the MS/MS spectra (Figure 20C). The
structure of D1s-PPI1X-glu conjugate was further confirmed by comparing the MS/MS spectra of
synthesized protoporphyrin-1-O-acyl-glucouronide (PPIX-glu) conjugate (Figure 20E and 20F).
After quantifying the Di1s-PPIX-glu conjugate from the liver tissues of D2-ALA treated Fech-
mut/Abcg2-null and Fech-mut mice, we found that its levels increased very significantly in the

liver of Fech-mut/Abcg2-null mice compared to Fech-mut mice (Figure 20G).

61



)

I °
60,000 ry
|
40,000
20,000
= =%
20,000 ech-mut/Abcg2-null
-40,000 ]
60,000 Fech-null 1: Dyg-protoporphyrin IX
60,000 ] ! )
i 1I: Dys-protoporphyrin-1-Q-acyl-glucouronide
80,000 .
-1.5e+005 -1e+005 -50,000 o 50,000 le+005 T 1R T T T T T \b
) 0.1 0.15 02 025 03
r
0 e
C D i
C-
By oo, Il
HD,C»%‘ D
L WH N/ |
N \
=N HN <
£ ' -
0,6 Dot e coom
D, ‘/A:E,\{w e ® I
L - soo.3rn
HO~ o @ |
!W)J\ OH ‘ ‘
v \‘J.‘\“‘ [
) s 1
w)\; OH i | \
O OH I‘.
20 1 g e
W %m0 m % | — . _ o _ _
et o o | 4% o ) B s 0 5 2 tHy ) S -
00 s63.2684
E - F
P 5
S A Ao Tl .L‘< =
- W 1 ¢ Y ==
Ay ~om St o £ 3
¢ ) v oo MO 3£
}7_“ i HATU, NV, DMF Gl wnic ackd Y Gl x
A AL AP~ R ~ ~ - 5042838 ]
T o, o B's
o g ol
r N\ S = e
oty o0 o 5642607 o
© wo KL .
o )
Protoparph X 5 on
ls0s 2583
452308
© AN, S03.2451 [565.2742 739.3003
5 30,2236 o297 566 2830 krakor ]
b 100813 tm3134 324.1659 3413502 14 ) R SN | e
50 0 150 | 200 | 250 | 300 | 350 | 400 = 450 = 500 | 550 600 | €50 | 700 | 750

figure 20. Identification and synthesis of PPIX metabolite protoporphyrin-1-O-acyl-
glucouronide. Fech-mut and Fech-mut/Abcg2-null mice were treated with D,-ALA for 2 h and
liver samples were analyzed by UPLC-QTOFMS in positive mode. (A) Separation of liver
samples from the Fech-mut and Fech-mut/Abcg2-null mice i a PCA score plot. The t[1] and
t[2] values represent the score of each sample in principle components 1 and 2, respectively. (B)
Loading S plots of liver samples generated by OPLS-DA. The x-axis is a measure of the relative
abundance of ions, and the y-axis is a measure of the correlation of eachion to the model. (C)
MS/MS of D, (-PPIX-glu (D). Extracted chromatogram of D, -PPIX- glu. (E) Schematic showing
synthesis of PPIX-glu conjugate. (F) MS/MS of synthesized PPIX-glu. (G)D, .-PPIX- glu
quantified from the liver collected 2h after D,-ALA treatment n Fech-mut and Fech-
mut/Abcg2-null mice (n=3). All data are expressed as means + S.D.*P<(.05. PPIX-glu:

protoporphyrin-1-O-acyl-glucouronide.
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Figure 21. D16-protoporphyrin-1-O-acyl-glucouronide in WT and Abcg2-null mice.
WT and Abcg2-null mice were treated with D,-ALA for 1 hand 4 h. Liver and gall bladder

samples were analyzed by UPLC-QTOFMS in positive mode. (A) Quantified D, -PPIX- glu in
liver. (B) Quantified D, -PPIX- glu in gall bladder (n=4). **P<0.01,**P<0.001. WT, wild type;

D16-PPIX-glu, D16s-protoporphyrin-1-O-acyl-glucouronide.

Next, we treated Abcg2-null mice with D2-ALA and samples were collected post 1 and 4 h of the
treatment. We observed that the levels of Dis-PPIX-glu conjugate significantly increased in the
liver of Abcg2-null mice as compared to WT mice (Figure 21A). We further showed PPIX-glu
conjugate/PP1X levels were also significantly increased in the liver of hPXR/Abcg2-null mice
treated with RIF and Abcg2-null mice treated with DDC or GSF (Figure 22). Thus, Abcg2

deficiency in hepatocytes significantly increased PPIX conjugation pathway.
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Figure 22. Protoporphyrin-1-O-acyl-glucouronide in the liver of drug-induced
porphyria models.

All samples were analyzed by UPLC-QTOFMS in positive mode. (A) PPIX- gh/PPIX in
liver of hPXR and hPXR/Abcg2-null mice treated with RIF and INH for 28 days (n=4) (B)
PPIX- glw/PPIX i liver of WT and Abcg2-null mice treated with DDC for 14 days (n=4). (C)
PPIX- gh/PPIX in liver of WT and Abcg2-null mice treated with GSF for 14 days (n=4)
**¥p<0.01, **P<0.0001. WT, wild type; PPIX-glu, protoporphyrin-1-O-acyl-glucouronide;

RIF, rifimpicin; INH, isoniazid; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; GSF,

griseoful vin.

3.3.8. PPIX-glu conjugate is excreted into bile for fecal elimination

Next, to evaluate the elimination of PPIX-glu conjugate from the liver, we quantified Die-PPIX-
glu in the gall bladder of WT and Abcg2-null mice treated with D2-ALA and samples were
collected 1 hand 4 h post treatment. Interestingly, Dis-PPIX-glu conjugate decreased in the liver
with time but significantly increased with time in the gall bladder of Abcg2-null mice,
suggesting the PPIX-glu conjugate was excreted in bile for excretion (Figure 21A and 21B).
Also, D1s-PPIX-glu conjugate was increased in the gall bladder of Fech-mut/Abcg2-null mice 2

h after D2-ALA treatment (Figure 23A). We also treated Fech-mut/Abcg2-null and Fech-mut
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mice with D2-ALA and collected feces 18 h post D2-ALA treatment. We saw that the levels of
D16-PPIX-glu conjugate significantly increased in the feces of Fech-mut/Abcg2-null mice
compared to Fech-mut mice further confirming fecal elimination of PPIX-glu conjugate. Thus, in
mice with Abcg2 deficiency, PPIX-glu conjugate is eliminated through the bile for fecal

elimination.
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Figure 23. D16-Protoporphyrin-1-O-acyl-glucouronide in the gall bladder and feces of the
genetic porphyria models.

All the samples were analyzed by UPLC-QTOFMS m positive mode. (A) D, -PPIX-glu
quantified from the gall bladder collected 2 h after D,-ALA treatment in Fech-mut and Fech-
mut/Abcg2-null mice (n=3). (B) D,,-PPIX-glu quantified from the feces collected 18h after D,-

ALA treatment in Fech-mut and Fech-mut/Abcg2-null mice (n=3). All data are expressed as

means + S.D.*P<0.05. D, ,-PPIX-glu: D, c-protoporphyrin-1-O-acyl-glucouronide.
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3.4. Discussion

PPIX is an endogenous hepatotoxin, which causes cholestatic liver injury initiated from the
PPIX-mediated blockage of the biliary system [90, 131]. ABCG2 facilitates in PPIX elimination
from hepatocytes by excreting PPIX in the bile for fecal elimination. However, the presence of
excessive PPIX in bile leads to its precipitation inside the bile duct and causes cholestasis. Prior
to our study, little was known about how ABCG2 regulates PPIX-mediated hepatotoxicity. Using
hPXR/Abcg2-null mice we showed that ABCG2 is essential in the hepatotoxicity induced by the
co-treatment of RIF and INH. A previous study using different strains of genetic EPP mouse
models also demonstrated that retention of PPIX in the liver can protect mice from PPIX-induced
liver damage [193]. Thus, to further evaluate the role of ABCG2 on PPIX-induced

hepatotoxicity, we treated Abcg2-null mice with well-established porphyrinogenic drugs DDC or
GSF. Treatment with DDC or GSF in WT mice induced severe hepatic injury with portal
inflammation and bile duct epithelial proliferation. In contrast, Abcg2-null mice were resistant to
DDC or GSF induced hepatotoxicity with no change in liver injury markers of damage to the
biliary system; thus, confirming ABCG2 is an important regulator in drug-induced hepatic

porphyria.

As stated in the introduction, mouse models of drug-induced hepatic porphyria require hepatic
metabolism of DDC or GSF and activation of ALAS1 to induce PPIX accumulation. Thus, we
generated Fech-mut mice in the Abcg2-null background to eliminate the role of ABCG2-
dysfunction on hepatic metabolism of porphyrinogen drugs. We found that PPIX-mediated liver
injury was also abolished in Fech-mut/Abcg2-null mice. Also, liver injury markers in Fech-

mut/Abcg2-null mice were in normal range and no damage to the biliary system was observed.
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Together, results from genetic and drug-induced porphyria models confirmed that ABCG2 is a

key modulator in PPIX-mediated cholestatic liver injury. PPIX is a highly hydrophobic molecule
that precipitates in the bile when in excess [90]. Therefore, deficiency of ABCG2 decreases the
amount of PPIX in the bile; consequently, preventing PPIX-mediated bile duct blockage and

cholestatic liver injury.

In Fech-mut mice, FECH deficiency in the bone marrow is a major contributor for PPIX
accumulation in the liver, and bone marrow transplantation in neonatal Fech-mut mice prevented
liver damage [227]. ABCG?2 is also highly expressed in erythroid progenitor cells [93]. Thus, the
PPIX level in the serum of Fech-mut mice is significantly higher than WT mice [227, 228].
Excess PPIX in serum is collected by the liver for fecal excretion. ABCG2 deficiency prevents
PPIX export from erythroid progenitor cells into the serum. A previous study showed that RBCs
from Abcg2-null mice had around 10-fold higher levels of PPIX as compared to control [27].
Similarly, we also discovered that Fech-mut/Abcg2-null mice had 6-fold higher levels of PPIX in
RBCs and a significantly lower PPIX level in serum as compared to Fech-mut mice, indicating
an ABCG2 deficiency in the erythroid progenitor cells contained PPIX in the RBCs preventing
its export into the serum. Old RBCs in the body are filtered in the body by the spleen for
degradation. Thus, PPIX levels in the spleen of Fech-mut/Abcg2-null mice were increased as
compared to Fech-mut mice. ABCG2 deficiency prevented the escape of PPIX from RBCs into
serum, and part of the PP1X formed in the bone marrow of Fech-mut/Abcg2-null mice was

redistributed in the spleen, decreasing available PPIX to be collected by the liver.
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Due to the importance of ABCG2 in PPIX excretion, Fech-mut/Abcg2-null mice had the
significantly higher amount of PPIX accumulation in the liver as compared to Fech-mut mice 2 h
post D2-ALA treatment. As discussed in the introduction, PPIX accumulation in the drug-
induced porphyria model is mainly caused by the dysregulated heme biosynthesis pathway in the
liver. Also, redistribution of PPIX reduced the amount of PPIX collected by the hepatocytes of
Fech-mut/Abcg2-null mice, but Fech mutation also dysregulates PPI1X homeostasis in
hepatocytes. The hepatocytes are the most important sites in animals for the metabolism of
xenobiotics and endobiotics [229, 230]. We discovered a novel PPIX-glu metabolite of D1s-PPIX
using untargeted metabolomic analysis of liver samples obtained 2 h post D2-ALA treatment. In
Fech-mut/Abcg2-null mice, metabolism of Dis-PP1Xto D1s-PPIX-glu was dramatically induced.
Also, D16-PPIX metabolism to Dis-PPIX-glu was significantly increased in Abcg2-null mice
further supporting the metabolism of PPIX in hepatocytes. Detoxification pathways for PPIX
metabolism in the liver relieve hepatocytes from PPIX accumulation. We also discovered
increased PPIX-gluw/PPIX in drug-induced porphyria models supporting that PP1X metabolism

protects hepatocytes from PPIX-induced toxicity in Abcg2-deficiencient mice.

In general, conjugated metabolites are considered as detoxified metabolites because they are
more hydrophilic and easier to excrete from urine or bile than the parent compound [231, 232].
D16-PPIX-glu was excreted in bile independent of ABCG2 for fecal excretion in Fech-
mut/Abcg2-null mice. Also, in Abcg2-null mice, the decrease in D1s-PPIX-glu in the liver with
time and the increase in D1s-PPIX-glu gall bladder with time further confirmed excretion in the
bile was independent of ABCG2. PPIX-glu is more hydrophilic than PPI1X and does not form

precipitates in the bile duct to block bile flow. Thus, Abcg?2 deficiency in hepatocytes
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metabolizes accumulated PPIX to PPIX-glu conjugate which is eliminated through bile; whereas,
in mice with functional ABCG2, unchanged PPIX is excreted into the bile duct where it

precipitates and blocks the bile flow to cause cholestasis.

In summary, EPP-associated liver injury remains a major concern in the porphyria community
[130, 233]. Although multiple pharmacological approaches have been attempted to manage the
EPP-associated liver injury, none of them is effective in all cases and cannot be used to prevent
final liver failure [90, 131]. Deficiency of ABCG2 increased the metabolism and detoxification
of PPIX. Thus, ABCG2 could serve as a potential target for the management of PPIX-mediated
liver injury. This project extended our knowledge of ABCG2 on PPIX distribution and

metabolism.
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4.  Summary and perspectives

4.1. Major Findings and Implications

PPIX is the final intermediate in the biosynthesis of an important biological prosthetic group.
Normally, PPIX is produced in a very low amount by most of the cells; but, to meet the
excessive requirement of heme in hemoglobin and P450, PPIXis excessively produced by the
bone marrow and the hepatocytes. The majority of PPIX produced in the liver and the bone
marrow is very efficiently converted into the heme. Extra unconverted PPIXis collected by
hepatocytes for fecal excretion. Disease conditions and some xenobiotics disrupt heme
biosynthesis and PPIX homeostasis to cause PP1X accumulation which can lead to liver damage.
During my graduate study, | worked on two projects with the aim to get greater insight into the

mechanism of INH-induced PPIX accumulation and PPIX-mediated liver injury.

In the first part of my thesis work, we revealed porphyrinogenic properties of INH. Previously,
INH was shown to potentiate porphyrinogenic properties of drugs like RIF and GSF. Moreover,
INH was also contraindicated in EPP patients, but mechanisms by which INH potentiates liver
toxicity in EPP patients was not clear. We showed for the first time that chronic INH treatment
alone induces PPIX accumulation in the liver. INH-induced PPIX accumulation in the liver can
disturb liver homeostasis which combined with other underlying problems or second hit to the
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liver can result in the liver injury. INH is used as the first line of treatment to treat TB and could
be potentially used by EPP patients suffering from TB. In EPP patients, INH can potentiate PPIX
accumulation and liver injury. Furthermore, INH is commonly used with RIF for TB treatment.
Our results, explained how INH could potentiate porphyrinogenic properties of RIF to cause
liver injury. We also showed that INH causes PP1X accumulation in the liver but not in bone
marrow cells. We further demonstrated that INH induces PPIX accumulation by inducing
ALAS1 protein and downregulating FECH protein to potentiate PPIX accumulation (Figure 24).
We showed that INH disturbs PPI1X homeostasis only in the liver without disturbing bone
marrow. Similar to previously reported INH-mediated CYP2EL stabilization, we showed INH

directly targets ALAS1 and FECH protein without affecting their mRNA level.

INH

LAS1 ECH
= | PPix | =5 Heme

PPIX accumulation

Figure 24. A scheme showing mechanism of INH-induced PPIX accumulation.
Isoniazid dysregulates heme biosynthesis pathway in the liver by stabilizing ALAS1 and

downregulating FECH to cause PP1X accumulation.
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In the second part of my thesis work, we revealed that ABCG2 plays a critical role in PPIX-
mediated hepatotoxicity. The role of ABCG2 in excreting PPIX from the liver to bile for fecal
elimination was already well established. Thus, it was believed that ABCG2 dysfunction would
potentiate PP1X accumulation in hepatocytes and promote liver injury. However, for the first
time we showed that ABCG2 is responsible for PPIX-mediated hepatotoxicity by pumping
excessive PPIX in the bile duct, where PPIX precipitates to block bile flow to cause liver
damage in PPIX-mediated liver injury. Using pharmacologic and genetic approaches we
generated four different models with PPIX-mediated liver injury and showed that ABCG2
deficiency abolished PPIX-mediated hepatotoxicity. This work is important as it shows that
ABCG2 is a key factor for PPIX-mediated liver injury. Thus, this work will greatly help in
increasing the understanding of PPIX-mediated hepatotoxicity. This study will assist in
developing a new treatment approach for the management of liver injury in EPP patients which

will significantly improve their quality of life.

In EPP patients, excessive PPIX is produced from bone marrow during erythropoiesis, which is
primarily responsible for PPIX-mediated hepatotoxicity. Bone marrow transplantation along with
a liver transplant has shown to be effective in preventing recurrent PPIX-mediated liver injury,
but this invasive treatment is limited by the availability of donors [100, 130, 136, 137]. The
excessive PPIX produced by bone marrow during erythropoiesis in EPP patients is continuously
pumped into the serum by ABCG2 and the liver collects PPIX from the serum to cause PPIX
accumulation and liver injury. We showed that ABCG2 deficiency in erythroid progenitor cells

redistributes PPIX in the RBCs to the spleen (Figure 25).
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Furthermore, we showed that the deficiency of ABCG2 altered the excretion pathway of PPIX
and increased PPIX metabolism and detoxification. We also showed that PPIX in the hepatocytes
with ABCG2 deficiency was metabolized into detoxified PPIX-glu conjugate and excreted in
bile for fecal elimination (Figure 25). Since conjugates are more hydrophilic as compared to the
parent molecule, we believe PPIX-glu conjugate is easily excreted independently of ABCG2

from hepatocytes for fecal excretion without blocking the bile duct.

H.
/ De novo epatocyte\

synthesis
ALASI
@ Bile duct
_ —, PPIXin - - _a° No blockage
CG2 g serum | _>PI,)IX' ABCG2 > o 181 1 and no liver
1

RBCs injury
FECH : \®
@ v

Heme | Detoxified
PPIX redistribution metabolites

in spleen

Figure 25. A scheme showing mechanism by which Abcg2-deficiency prevents PPIX-
mediated liver injury.

ABCG2 deficiency prevents PPIX-mediated liver injury by (1) suppression of ABCG2 will
decrease the transport of PPIX from RBCs to plasma, and sequentially reduce the delivery of
PPIX to hepatocytes; (2) PPIX in RBCs will end up with RBC recycling in the spleen; (3)
deficiency of ABCG2 in hepatocytes altered the excretion pathway of PPIX and increased its

metabolism and detoxification.
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Altogether, this thesis work has highlighted important aspects of mechanism and management of
PPIX accumulation in the liver. We have developed two new Abcg2-deficient mouse models,
namely hPXR/Abcg2-null mice and Fech-mut/Abcg2-null mice. The hPXR/Abcg2-null mouse
model could be used to study the role of ABCG2 on hPXR ligands. The Fech-mut/Abcg2-null
mouse model would aid in further studies on EPP-mediated toxicity. We also hope our results
could aid in developing a new therapeutic approach for the management of PPIX-mediated

hepatotoxicity.

4.2. Limitations and future directions

In the first part of my thesis we showed that INH causes PPIX accumulation but no liver injury
was observed. Further studies are needed to correlate INH-induced PPIX accumulation to liver
injury. Previous studies have also shown that INH can cause sideroblastic anemia [234].
Therefore, further studies are needed to evaluate the role of INH in disturbing heme homeostasis
in bone marrow. The role of INH treatment on gene expression regulating heme biosynthesis in
bone marrow also needs to be further evaluated . The present study does not explain the
mechanism by which INH induces ALAS1 and downregulates FECH only at the protein level.
Therefore, future studies are needed to identify the mechanism by which INH selectively affects
the protein levels of ALAS1 and FECH. These studies could potentially unveil new pathways
regulating heme biosynthesis and will provide a greater understanding of INH-induced
hepatotoxicity. Since INH induced PPIX accumulation only occurs in the liver the role of INH
hepatic metabolism and/or INH concentration in the liver needs to be further evaluated in

upregulating ALAS1 and downregulating FECH.
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In the second part of my thesis research, all the experiments were conducted in mice with
ABCG2-null background. Constitutive ABCG2-deficiency can result in upregulation of other
compensatory mechanisms. Therefore, further studies using ABCG2 inhibitor are needed to
confirm the therapeutic potential of this work. Another major limitation of this work is that only
a mice model was used; therefore, clinical studies are also required to evaluate the therapeutic

potential of this research.

We observed that ABCG2 deficiency in bone marrow causes PPIX redistribution to the spleen,
but the role of PPIX redistribution in mitigating PPIX-induced liver injury needs to be further
evaluated. We need to perform a splenectomy in Fech-mut/Abcg2-null mice to see whether
PPIX-induced hepatotoxicity reappears. Moreover, to evaluate the role of Abcg2 deficiency in
bone marrow we could also transplant the bone marrow of Fech-mut/Abcg2-null mice in Fech-
mut mice and vice versa, and assess liver injury in transplanted mice in order to confirm the role
of Abcg2-deficiencey in preventing PPIX-induced liver injury. In the present study, we did not
explore elimination pathways of PPIX from the spleen. Further studies are needed to evaluate the
role of PPIX degradation or elimination pathways in the spleen. Decreased PPIX in serum by
Abcg2-deficiency could also help in attenuating PPIX-mediated photo-toxicity in EPP patients.
PPIX-mediated photo-toxicity is caused by photoactivation of PP1X deposit from serum in the
skin. Further studies are needed to evaluate the role of ABCG2 deficiency in bone marrow on

PPIX-mediated photo-toxicity.
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Present work did not elucidate transporters responsible for PPIX-glu excretion. Therefore,
further studies are required to elucidate the mechanism of excretion of PPIX metabolites in
hepatocytes. In the present study, the mechanism of PPIX metabolism was not explored. Further
studies using liver microsomes or recombinant UDP-glucuronosyltransferase (UGT) enzymes
need to be conducted to identify the mechanism of PPIX elimination. Furthermore, the present
study did not elucidate the mechanism for elimination of PPIX-glu conjugate from the liver to
bile. Further studies using mouse models with specific transporter knockout along with ABCG2

need to be conducted to evaluate the role of the transporters in eliminating PPIX-glu conjugates.
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APPENDIX A

SEQUENCES OF REAL-TIME PCR PRIMERS

Primer Name Primer Sequence
ALSAl-F TCGCCGATGCCCATTCTTATC
ALSAL-R GGCCCCAACTTCCATCATCT

FECH-F CAGACAGATGAGGCTATCAAAGG

FECH-R CACAGCTTGTTGGACTGGATG
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