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Variegate porphyria (VP) results from haploinsufficiency of pro-
toporphyrinogen oxidase (PPOX), the seventh enzyme in the
heme synthesis pathway. There is no VP model that recapitulates
the clinical manifestations of acute attacks. Combined adminis-
trations of 2-allyl-2-isopropylacetamide and rifampicin in rabbits
halved hepatic PPOX activity, resulting in increased accumulation
of a potentially neurotoxic heme precursor, lipid peroxidation,
inflammation, and hepatocyte cytoplasmic stress. Rabbits also
showed hypertension, motor impairment, reduced activity of crit-
ical mitochondrial hemoprotein functions, and altered glucose
homeostasis. Hemin treatment only resulted in a slight drop in
heme precursor accumulation but further increased hepatic
heme catabolism, inflammation, and cytoplasmic stress. Hemin
replenishment did protect against hypertension, but it failed to
restore action potentials in the sciatic nerve or glucose homeosta-
sis. Systemic porphobilinogen deaminase (PBGD) mRNA admin-
istration increased hepatic PBGD activity, the third enzyme of the
pathway, and rapidly normalized serum and urine porphyrin pre-
cursor levels. All features studied were improved, including those
related to critical hemoprotein functions. In conclusion, the VP
model recapitulates the biochemical characteristics and some clin-
ical manifestations associated with severe acute attacks in humans.
Systemic PBGD mRNA provided successful protection against the
acute attack, indicating that PBGD, and not PPOX, was the crit-
ical enzyme for hepatic heme synthesis in VP rabbits.

INTRODUCTION
Porphyrias are a group of rare diseases caused by a deficiency in one
of the eight enzymes of the heme biosynthesis pathway. Based on their

clinical features porphyrias are classified into three types: cutaneous,
acute, or mixed.' Variegate porphyria (VP, MIM:176200) is classi-
fied as a mixed porphyria due to the accumulation of both porphyrins
and porphyrin precursors. It is an autosomal dominant metabolic dis-
ease that results from deficiency of protoporphyrinogen oxidase
(PPOX, EC 1.3.3.4), the seventh enzyme of the heme pathway. As a
consequence, there is hepatic accumulation of protoporphyrinogen,
the substrate of PPOX. This, as well as other heterocyclic porphyrins,
undergoes chemical oxidation, which is related to the phototoxic
lesions affecting sunlight-exposed areas of the skin. VP is also charac-
terized by the accumulation of porphyrin precursors, 3-aminolevu-
linic acid (ALA), and porphobilinogen (PBG), which are associated
with the neurovisceral acute attacks of porphyria.* However, the rela-
tionship between high ALA and PBG levels and the prodrome is still
unclear.

Acute neurovisceral attacks involve abdominal pain, nausea, vomit-
ing, and hypertension, among other nonspecific symptoms. Periph-
eral neuropathy can be manifested as paresis in the upper and lower
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extremities. Central nervous system involvement (seizures, insomnia,
anxiety, confusion, and depression) can also be present during an
acute attack."” Porphyria attacks can be triggered by exogenous
(such us medications/chemicals, excess alcohol intake, smoking,
infection) or endogenous (steroid hormones, stress, or fasting) factors
that strongly induce the expression of ALA synthase (ALAS, EC
2.3.1.37)."” ALAS1 is the first and rate-limiting enzyme of the
pathway in the liver and can be upregulated after the administration
of certain drugs,” or during starvation via the peroxisome prolifera-
tor-activated receptor y co-activator lo (PGC1a).” Additional regu-
lation of ALASI occurs with the negative feedback mechanism of
heme caused by increased demand for hepatic hemoproteins or
degradation through induction of heme oxygenase-1 (HO-1) gene
(EC 1.14.14.18).%° Furthermore, heme also decreases the stability of
ALASI mRNA,'? inhibits uptake of pre-ALASI into the mitochon-
dria,"" and reduces the stability of the mitochondrial ALAS1 protein
via Lon peptidase 1-mediated degradation.'”

Current treatment of acute attacks relies on i.v. hemin infusion, which
restores the hepatic heme pool, thereby initiating the inhibitory feed-
back mechanism to hepatic ALASI1 and thus reduces heme precursor
production and excretion."” Recently, givosiran, an RNA interference
agent targeting hepatic ALASI, has received US Food and Drug Admin-
istration (FDA) approval for the prevention of recurrent porphyric at-
tacks in severely affected patients.'*'> Liver transplantation has been
proven to cure the disease,'® suggesting that liver is the major etiologic
site of the disease and thus a primary target for a therapeutic agent.'”

A mouse model of VP (R59W*'~ mice) has been developed and reca-
pitulates porphyrin accumulation in a pattern similar to that in hu-
man VP patients.'® However, this model fails to recapitulate ALA
and PBG accumulation and the clinical manifestations associated
with an acute attack.

The aim of this study was to characterize from a biochemical and clin-
ical perspective a novel model of chemically induced porphyrin precur-
sor accumulation in rabbits. Previous work reported that administra-
tion of 2-allyl-2-isopropylacetamide (AIA) in female New Zealand
rabbits caused a moderate accumulation of porphyrin precursors.'’
However, it did not reproduce the clinical features associated with
acute attacks, and both urinary ALA and PBG levels spontaneously
normalized a few hours after drug administration. In an attempt to
extend ALA and PBG accumulation and reproduce the clinical symp-
toms of the porphyric acute attacks, we administered the antibiotic
rifampicin together with AIA to synergistically increase heme demand
and decrease PPOX activity, as previously reported in healthy volun-
teers.”" Finally, we evaluated the therapeutic efficacy against acute at-
tacks of the administration of hemin, the common treatment in acute
porphyrias, and of a human PBG deaminase (hPBGD) mRNA deliv-
ered in lipid nanoparticles (LNPs). Systemic administration of hPBGD
mRNA has been shown to quickly increase hepatic PBGD activity and
effectively normalize ALA and PBG accumulation in a mouse model of
PBGD deficiency,”' and in the present study we demonstrate its effec-
tiveness in preventing acute attacks in a rabbit model of porphyria.
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RESULTS
Biochemical characterization of a novel rabbit model of VP

Repeated administrations of AIA and rifampicin in rabbits during
20 days halved PPOX activity (Figure 1A) and strongly induced
Alasl and Ho-1 gene expression in the liver (Figures 1B and 1C)
and increased ALAS] protein level, as measured by immunoblot (Fig-
ure S1A). As a consequence, total urinary excretion of heme precur-
sors on the last day of the study increased by 80-fold in challenged
rabbits when expressed as moles of ALA (2 mol of ALA are required
to form 1 mol of PBG and 8 mol of ALA form one porphyrin) (Fig-
ure 1D). High levels of urinary PBG (Figures 1E and 1F) and porphy-
rins (Figures 1G, 1H, and S1B) were measured throughout the study.
No significant increase of urinary ALA levels (Figures 1F and S1C)
occurred until the third challenge (days 15-19 [D15]), which was
the longest (5 days of challenge). Porphyrin precursor determination
in cerebrospinal fluid extracted on day 20 did not show ALA accumu-
lation (<0.05 pM), but high PBG levels were detected in two rabbits
treated with AIA and rifampicin (0.47 + 0.28 pM versus <0.05 uM
in control rabbits, n = 2). Thus, the accumulation of the ALA metab-
olite requires an extended induction of the heme synthesis pathway in
this model.

While recurrent co-administration of AIA and rifampicin induced
both gene expression and activity of the hepatic ALAD enzyme (Fig-
ure S2B, left and right panels, respectively), the other cytoplasmic en-
zymes of the pathway, that is, PBGD, UROS, and UROD (Figure S2A),
remained unchanged (Figures 1I and S2C-S2E). Enzymatic ALAD
activity was increased nearly 3-fold in the VP rabbits compared
with non-injected animals. This may explain the higher PBG/ALA ra-
tio in the urine samples of VP rabbits (Figure 1F).

A significant inhibition was observed in the activity of the three mito-
chondrial enzymes, that is, CPOX, PPOX, and FECH (Figures S2F-
S2H, right panels). However, the expression of their respective genes
was repressed, unchanged, and induced, respectively (Figures S2F-
S2H, left panels). These data suggest that metabolites derived from
ATA and rifampicin directly interfere with the activity of the last three
enzymes of the pathway, mainly PPOX.

Highly carboxylated porphyrins, that is, the octocarboxylated uropor-
phyrin and heptacarboxylporphyrin fractions, predominated when
compared to tetracarboxylated coproporphyrin and pentacarboxyl-
porphyrin (Figure 1G). Plasma porphyrin levels were also very high
(Figure 1H), with a specific plasma fluorometric emission maximum
around 622-623 nm for most of the samples. In VP patients, plasma
fluorescence emission maximum wavelengths are characteristically
between 624 and 627 nm, whereas they are around 618-620 nm in
acute intermittent porphyria (AIP, MIM: 17600) patients."** After
plasma protein precipitation in samples from two animals challenged
with AIA and rifampicin, porphyrin concentrations dropped by a half
(from 2,276 + 234 nmol/L total porphyrin to 1,057 + 59 nmol/L free
porphyrin), which suggests a major accumulation of protoporphyri-
nogen bound to proteins.
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Figure 1. Biochemical characterization of the variegate porphyria model in rabbits and the effects of common and emerging therapies for acute attacks,

hemin, and hPBGD mRNA, respectively

Eleven doses of AIA (350 mg/kg, s.c.) and twelve doses of rifampicin (200 mg/kg, i.p.) were administered to 13 female New Zealand rabbits during 20 days. Of these, hemin

(8 mg/kg) was i.p. injected into four animals on days 15-18 (brown arrows) and hPBGD mRNA (0.5 mg/kg) was i.v. administered on day 16 (blue arrow) in another three

rabbits. Seven un-injected rabbits were used as a reference group. (A) PPOX activity and the expression of the two regulatory enzymes of heme metabolism and catabolism,
(legend continued on next page)
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Finally, repeated administration of AIA and rifampicin increased
fecal porphyrin excretion (132 + 74 nmol/g, n = 2; normal values
<30 nmol/g). Fecal porphyrin fractionation showed a major peak
of dicarboxylic protoporphyrin (84% protoporphyrin, 2.6% hardero-
porphyrin, 7.9% coproporphyrin, 1.5% isocoprophyrin, 3.0% penta-
porphyrin, 0.2% hexaporphyrin, 0.1% heptaporphyrin, and 0.6%
uroporphyrin) (Figure S3). Tetracarboxylic coproporphyrin can be
excreted in both urine and feces. Preferential urinary excretion of
the coproporphyrin in this model (31.6% + 16.8% in urine versus
9.4% + 4% in feces, p < 0.03) may be due to energy metabolism saving
compared to the biliary secretion, which is energetically more expen-
sive. All of these results suggest that this model recapitulates the
biochemical characteristics of VP.

Effects of hemin and hPBGD mRNA administration on heme
precursor accumulation

The administration of four doses of hemin, the current standard of
care for acute attacks in humans, only showed a slight reduction in
hepatic Alasl gene expression (Figure 1B) and protein level (Fig-
ure S1A), but further increased Ho-1 expression (Figure 1C). For
the rest of the enzymes of the heme synthesis, their hepatic activity
was not modified after hemin or hPBGD mRNA treatment although
their expression increased after hemin administration (Figure S2). As
a result of the hemin treatment, the urinary excretion of porphyrin
precursors (Figures 1D-1F and S1C) and porphyrins (Figures 1G
and S1B), as well as plasma porphyrin levels (Figure 1H), were only
slightly reduced.

Although this model showed significant PBG accumulation, recurrent
challenges with AIA and rifampicin did not modify hepatic PBGD ac-
tivity (Figure 1I). Of note, the administration of a single dose of
hPBGD mRNA on day 16 (D15 challenge) increased hepatic PBGD
activity 2-fold, as measured on day 20 (Figure 1I). As a result, PBG
excretion was normalized (Figures 1E and 1F), and the increase in uri-
nary ALA excretion that occurred in the VP group on day 17 was not
observed (Figure SI1C). The administration of hPBGD mRNA
increased urinary porphyrin levels during the 2 days post-injection
(Figure S1B). This is likely due to the monopyrrole PBG being rapidly
metabolized by exogenous PBGD to form tetrapyrrole porphyrins.
On day 20, 4 days after hPBGD mRNA administration, the liver of
treated rabbits showed normal expression levels of the key regulatory
enzymes of heme synthesis (Alasl, Figure 1B) and catabolism (Ho-1,
Figure 1C), which correlated with the normal urinary excretion of
heme precursors observed (Figure 1D).

In a separate acute treatment study, hPBGD mRNA was administered
when high urinary concentrations of both PBG and ALA were observed.

Molecular Therapy: Nucleic Acids

The administration of a single hPBGD mRNA dose (0.5 mg/kg, intrave-
nously [i.v.]) significantly reduced serum accumulation of PBG (Fig-
ure S4A) and ALA (Figure S4B) within 8 h, and rabbits recovered
normal serum levels of these two precursors by 22 h post-injection.

Liver status and functionality of hepatic hemoproteins

The liver of VP rabbits showed normal weight (93.9 + 5.3 g versus
88.2 + 7.3 g in the control group) and normal histology as stained
by hematoxylin and eosin (data not shown). Regarding liver status,
serum alkaline phosphatase (ALP) levels were normal (Figure 2A),
while a slight increase in liver alanine aminotransferase (ALT) was
observed on day 20 (Figure 2B). Of interest, liver tissue immunostain-
ing for mitochondrial cytochrome ¢ oxidase 1 (MT-CO1 of the respi-
ratory complex IV) protein showed an abnormal distribution on the
periphery of hepatocytes (Figure S5).

Mitochondrial energy metabolism was examined in mitochondria
isolated from the liver of VP rabbits by determining the activity of
the mitochondrial oxidative phosphorylation (OXPHOS) complexes
I-IV and the analysis of the complex protein levels, using an OX-
PHOS antibody cocktail. The activities were measured at the
maximum enzymatic rate with saturation of substrates and were
therefore independent of the contribution of the tricarboxylic acid
(TCA) cycle. Our results suggest that mitochondrial complex I, I,
III, and IV enzyme activities are markedly reduced in VP rabbits (Fig-
ures S6A-S6D and 2C), although only the protein levels of complex
IV, measured by MT-CO1 immunoblot, showed a significant
decrease (Figures 2D and S6E).

Of note, complex IV contains heme a, whereas complex II has type b,
and both heme b and c are present in complex III. Type b and c are
similar to protoheme and they are not chemically modified before
assimilation into the corresponding apoprotein. In contrast, heme a
needs further modifications by addition of farnesyl and formyl groups
to pro'[oheme.23 In the VP rabbits, the administration of AIA and rifam-
picin greatly increased hepatic heme (Figure 2E) and mitochondrial he-
patic heme a (Figure 2F) levels. Of interest, animals that received
hPBGD mRNA further increased heme a levels (Figure 2F), displayed
normal complex IV protein levels (Figure 2D), and partially reversed
the activity deficiency of the four mitochondrial complexes (Figures
S6A-S6D and 2C). Hemin (ferric chloride heme) administration failed
to normalize either the amount of protein in complex IV (Figure 2D) or
the activity of complexes I-IV (Figures S6A-S6D and 2C).

Dysregulation of the mitochondrial respiratory chain and a high
accumulation of porphyrin precursors are related to the induction
of oxidative stress. The expression of the hepatic Hepcidin gene, a

(B) Alas7 and (C) Ho-1, respectively, were measured in liver samples 16 h after the last rifampicin administration. Rabbits were housed in individual cages, and 24-h urine
samples were collected during challenges. (D) Total urinary loss of heme precursors on day 20 reported as nmol ALA per 24 h (two ALA molecules are required to synthesize a
PBG monopyrrole, and eight ALA molecules are required to synthesize one porphyrin). (E) Urinary PBG excretion over time. (F) Quantification of the total peak area of the
urinary PBG and ALA excretion between days 17 and 20. (G) Urinary excretion of individual porphyrins and (H) total plasma porphyrin levels on day 20. (l) Hepatic PBGD
activity measured at sacrifice. Data are means + SD. *p < 0.05, **p < 0.01, **p < 0.001 against the non-injected group. VP, variegate porphyria; AlA, allyl-2-iso-
propylacetamide; rif, rifampicin; PPOX, protoporphyrinogen oxidase; ALA, 3-aminolevulinic acid; ALAS1, ALA-synthase 1; PBG, porphobilinogen.
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Figure 2. Liver status and function in rabbits challenged with AIA and rifampicin (n = 6) and the effects of the administration of hemin (n = 4) and hPBGD
mRNA (n =3)

Serum (A) ALP and (B) ALT levels from cardiac-puncture blood samples taken at sacrifice (day 20). (C) Cumulative activity of the mitochondrial respiratory complexes I-IV. (D)
Mitochondrial complex IV content as quantified by western blot from liver samples. (E) Total heme and (F) mitochondrial heme a content measured in liver samples. Control
group corresponds to non-injected rabbits (n = 6). Data are means + SD. *p < 0.05, **p < 0.01, **p < 0.001 versus the non-injected group.
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Figure 3. Protective efficacy of a single i.v.
administration of hPBGD mRNA on hepatic
oxidative stress and inflammation in a chemically
induced rabbit model of variegate porphyria

(A and B) Fold change expression levels of (A) Hepcidin
and (B) Hsp70 genes determined by gRT-PCR in the
rabbits’ livers are shown. (C and D) Protective efficacy of
hPBGD mRNA against lipid peroxidation was deter-
mined by (C) urine TBARS excretion over time and (D)
quantification of the total peak area of urinary TBARS
levels after treatment with hemin and hPBGD-mRNA
(days from 17 to 20). Data are means + SD. *p < 0.05,
**p < 0.01, **p < 0.001 against the non-injected group.

in potential evoked in the sciatic nerve (Fig-
ure 4C). Whereas the administration of four
doses of hemin only partially protected against
gait abnormalities, rabbits injected with a sin-
gle dose of hPBGD mRNA showed normal
gait (Video S2) and amplitude values in the
normal range (Figure 4C).

peptide hormone involved in iron homeostasis and used as a
biomarker of oxidative stress and inflammation,”* was strongly
induced in rabbits injected with AIA and rifampicin (Figure 3A).
Another biomarker of oxidative stress is the Hsp70 gene, which was
also overexpressed in rabbits challenged with AIA and rifampicin
(Figure 3B). Finally, AIA and rifampicin challenges induced a pro-
gressive increase of urinary thiobarbituric acid-reactive substance
(TBARS) excretion (Figure 3C), a biomarker of lipid peroxidation.”
It is noteworthy that the highest TBARS values were obtained in the
D15 challenge (Figure 3D) concomitant with the rise in ALA excre-
tion (Figure S1C). Urinary excretion of TBARS and ALA showed a
remarkably high correlation (r = 0.914, p < 0.001). The administration
of hemin slightly reduced ALA excretion (Figure S1C) and protected
against urinary TBARS accumulation (Figures 3C and 3D) but failed
to reduce hepatic Hepcidin expression (Figure 3A) and further
increased the expression of Hsp70 (Figure 3B). Rabbits treated with
hPBGD mRNA showed hepatic Hepcidin expression (Figure 3A),
Hsp70 expression (Figure 3B), and urinary TBARS levels (Figures
3C and 3D) within the normal range determined in the non-injected
control group.

Clinical characterization of a VP model in rabbits

Systolic blood pressure in rabbits during the days 8-10 (D8) challenge
(Figure 4A) was outside the normal range calculated with results ob-
tained from the non-injected group and significantly increased as
compared with the corresponding baseline values (Figure 4A). Both
hemin and hPBGD mRNA protected these rabbits against hyperten-
sion in the D15 challenge (Figure 4B).

Challenge with AIA and rifampicin induced transient motor distur-
bances as measured by gait difficulties (Video S1) and abnormalities

212 Molecular Therapy: Nucleic Acids Vol. 25 September 2021

AIARif

Finally, rabbits challenged with AIA and
rifampicin yielded abnormal glucose tolerance test (GTT) results
(Figures 4D and 4E) and reduced tissue uptake of glucose after fasting,
as measured by biodistribution of the glucose analog '*F-fluorodeox-
yglucose (FDG) in positron-emission tomography (PET)/computed
tomography (CT) imaging (Figures S7 and S8). Specific quantification
of "®F-FDG uptake in the brain (Figure 4F) confirmed significant
reduction of glucose uptake in chemically induced fasted rabbits
when compared to the non-injected control group (D8 challenge).
In the D15 challenge, while hemin treatment failed to protect against
these alterations, a single administration of hPBGD mRNA fully
normalized GTT, measured by the time at which glucose is cleared
from the blood (Figure 4D) and total peak area (Figure 4E) following
glucose challenge. hPBGD mRNA also restored brain glucose uptake
(Figures 4F and S8).

DISCUSSION

Pharmacological models in large animals are valuable tools to facili-
tate the translation of experimental therapies from the laboratory to
patients.*® Given that the only murine model described for VP fails
to recapitulate the biochemical and clinical manifestations associated
with acute attacks, we developed a pharmacological model in rabbits
that reproduces the characteristics of acute attacks observed in pa-
tients with severe VP.' ™

The combined administration of AIA'® and rifampicin resulted in a
strong induction of hepatic heme synthesis, as shown by the rise in
ALASI gene expression and protein levels, and total hepatic heme
levels. These changes may reflect an adaptive response of the hepato-
cyte to allow metabolism of the injected drugs and/or the inactivation
of a heme fraction probably caused by a change in its conformation by
the binding of an allyl group.””** AIA has long been known to be a
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LY AlasI mRNA and protein levels. These data indi-

cate that PBGD is the limiting step of hepatic
heme synthesis in these chemically induced VP
rabbits.

Moderate and transient changes in liver status

Non VP + VP+hPBGD Non D8 D15 D8 D15 D8 D15
Injected Hemin  mRNA injected  yp HVP + VP+|:Q|:;GD could be related to drug administration, as previ-
Challerige smin__® ly reported.’”*>> The hepatic parenchyma w.
AR Challenge ously epo. ted. ? epatic pare c. y a was
AIARf normal, without necrotic areas but exhibiting co-

suicide substrate for CYP450s,>*" supporting the observation that
VP rabbits showed unchanged Ppox gene expression but decreased
enzyme activity. Our findings agree with a previous report describing
reduced leucocyte PPOX activity in seven healthy volunteers after
daily administration of rifampicin (600 mg) for a week.”’ Rifampicin
together with AIA have been described as strong inducers of CYP3A4
and CYP3AS5, and moderate inducers of CYP2B6, CYP2CS8, CYP2C9,
and CYP2C19,”"** thereby further increasing heme demand and
inducing hepatic Alas! transcription. As a result, VP rabbits showed
high porphyrin and porphyrin precursor accumulation, in a pattern
similar to patients with VP.>” Our animals were only exposed to
soft light and they did not show any type of skin photosensitivity
(data not shown). The accumulation of PBG and ALA is a biochem-
ical hallmark of patients with VP, although the cause is not
well known. Some authors suggest potential PBGD inhibition by

lor changes probably due to the formation of

green pigments as previously described.”” ** A
MT-COI immunoblot also revealed abnormal mitochondrial distri-
bution on the periphery of hepatocytes. This is probably caused by
cytoskeleton restructuring due to an undetermined response to
drug administration (see Web resources).

Previous studies have reported disturbances of the redox state and
glutathione metabolism in rats administered a large single dose of
AIA.*® The expression of the Ho-1, Hsp70, and Hepcidin genes, all
biomarkers of oxidative stress, was strongly induced after recurrent
AIA and rifampicin challenges. Of note, while the administration of
hPBGD mRNA normalized the expression of these genes, hemin
treatment further increased Ho-1 and Hsp70 mRNA levels and main-
tained high Hepcidin expression. Although hemin normalized liver
transaminases, cytoplasmic stress and inflammation remained higher
in the liver of VP rabbits, as similarly reported in AIP mice.®
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The kinetics of lipid peroxidation throughout the study was deter-
mined by measuring urinary TBARS levels. A significant increase in
TBARS excretion was observed at the end of the day 15 challenge,
which was associated with an increased urinary excretion of ALA.
The administration of a single dose of hPBGD mRNA normalized
the regulatory steps of the synthesis (AlasI) and catabolism (Ho-1)
of the hepatic heme pathways and fully protected against ALA and
TBARS accumulation.

Heme availability for important hemoprotein functions was analyzed
in the liver of this rabbit model. Four types of heme are described in
eukaryotes, that is, protoheme and heme g, b, and ¢.>% Protoheme is
the precursor of the different types of heme and constitutes a pool of
“free heme.” The mitochondrial complexes II and III use heme b,
whereas heme c is used by cytochrome ¢l of complex III, and two
groups of heme a are part of the MT-CO1 (complex IV). The analysis
of complexes I-V protein subunit levels in isolated liver mitochondria
showed that the protein content of the MT-CO1 declines after recur-
rent challenges with AIA and rifampicin, whereas mitochondrial
complexes I-III were much less affected. Given that heme a needs
chemical modifications that differ from b and ¢, we hypothesize
that the protein content of mitochondrial complex IV is primarily
affected under conditions with reduced heme availability.”* Although
hemin administration partially corrected omplex IV heme content,
only rabbits treated with hPBGD mRNA showed normal values.

Although the protein content of the mitochondrial respiratory chain
complexes I-III remained unchanged in the liver of VP rabbits, their
enzymatic activities were markedly reduced. A previous study using
a mouse model of AIP also revealed a failure of hepatic mitochondrial
energy metabolism and TCA cycle after phenobarbital challenge.”®
Given the close interconnection between TCA and the activity of the
respiratory complexes I-III, the authors suggested that the TCA cycle
is unable to supply the reduced cofactors to the respiratory chain due to
the high demand for succinyl-coenzyme A (CoA) to form ALA. How-
ever, in our rabbits, respiratory chain activities were measured inde-
pendently of the contribution of the TCA cycle. Another difference
with this study was that in the AIP mouse model, the activity of the
complexes returned to normal after the administration of hemin, but
this effect was not seen in our rabbits. We suggest that the high oxida-
tive stress observed in VP rabbits, especially in those treated with he-
min, may affect the iron-sulfur clusters that contain complexes I-IIL
Such clusters containing enzymes are known to represent critical tar-
gets for the oxygen free radicals® that contribute to the pathophysi-
ology of the acute attack.*” Of interest, the administration of a single
dose of hPBGD mRNA prevented the induction of oxidative stress
and tended to normalize the activity of the respiratory complexes.

Recurrent AIA and rifampicin challenges reproduced some of the
signs and symptoms associated with the acute attacks of porphyria,
such as motor impairment,*' hypertension,** and altered glucose ho-
meostasis.*’ Hypertension is a common symptom in acute porphyrias
and was previously described in a PBGD-deficient mouse model dur-
ing a challenge with phenobarbital.”' In our rabbits, both hemin and
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hPBGD mRNA administration protected against hypertension. These
data suggest that this parameter is not affected by the accumulation of
porphyrins and porphyrin precursors that still persist after hemin
replacement therapy.

Motor impairment is also described in severely affected patients with
acute porphyrias*' and mouse models with PBGD deficiency, as
measured by the rotarod test, reduced stride length, and decreased
amplitude of the action potentials in the compound muscle after
phenobarbital-induced attacks.*>** While both hemin and hPBGD
mRNA administration protected against gait problems in our VP rab-
bits (Videos S1 and S2), only hPBGD mRNA efficiently restored the
compound motor action potential of the sciatic nerve. Thus, the
amplitude parameter is probably affected by the accumulation of
heme precursors that still persist in hemin-treated VP rabbits.

Early studies reported abnormal oral GTT results and hyperinsuline-
mia in patients with AIP,*>***7 which resemble the findings in
cellular insulin resistance. More recently, we reported a high preva-
lence of insulin resistance and hyperinsulinemia in patients with
AIP.* We also reported serum hyperinsulinemia, delayed GT'T,
and a different response to fasting between AIP and wild-type
(WT) mice.*” Glucose homeostasis in these fasted AIP mice was effi-
ciently normalized after restoration of PBGD by gene therapy in the
liver.** Altered GTT and reduced brain glucose uptake were also re-
produced in our rabbit model, and only hPBGD mRNA administra-
tion efficiently restored both parameters. These data highlight that
porphyrin precursor accumulation, but not porphyrins, are associ-
ated with altered glucose homeostasis.

In conclusion, recurrent AIA and rifampicin challenge in rabbits
induced biochemical disturbances that were similar to those of severe
VP in humans and reproduced some symptoms associated with acute
porphyria attacks. The increase in Alas expression can be explained
by the combination of increased heme demand for hemoprotein func-
tion and a partial block in the synthesis pathway due to reduced
PPOX activity. High accumulation of the early heme precursors up-
stream of the PBGD enzyme, mainly PBG, indicated that this is the
limiting step in the liver of challenged rabbits. Of interest, i.v. admin-
istration of hPBGD mRNA improved mitochondrial hemoprotein
functions and normalized hepatic AlasI induction as well as protein
levels, indicating that PBGD, and not PPOX, was the critical enzyme
for hepatic heme synthesis in VP rabbits.

Blood pressure and the function of important hepatic hemoproteins
were closely associated with heme availability, while the accumulation
of porphyrin precursors interfered with metabolic and physiological
functions, such as glucose homeostasis, liver oxidative stress, motor
coordination, and compound muscle action potential. Lipid peroxi-
dation was closely associated with high ALA accumulations in rabbits
challenged with AIA and rifampicin. Although most symptoms have
been associated with high ALA accumulation,™ this model also sup-
ports the involvement of PBG in the behavioral disturbances and
pathophysiology associated with acute attacks.
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MATERIALS AND METHODS

mRNA production and formulation

Codon-optimized mRNA encoding hPBGD was synthesized in vitro
by T7 RNA polymerase-mediated transcription. The mRNA was
initiated with a cap, followed by a 5" untranslated region (UTR), an
open reading frame (ORF) encoding hPBGD, a 3’ UTR, and a poly-
adenylated tail. Uridine was globally replaced with 1-methylpseu-
douridine. For in vivo i.v. delivery, LNP formulations were generated.
Briefly, mRNA was mixed with lipids at a molar ratio of 3:1 (mRNA/
lipid), with lipids composed of a molar ratio of 30:30:38.5:1.5 (ioniz-
able cationic lipid/fusogenic lipid/structural lipid/PEG lipid). mRNA-
loaded nanoparticles were exchanged into final storage buffer and had
particle sizes of 80-100 nm, >80% encapsulation of the mRNA by a
RiboGreen assay, and <10 endotoxin units (EU)/mL.

Chemically induced VP rabbit model

Thirteen female wild-type New Zealand rabbits (Granja de San Ber-
nardo, Tulebras, Spain) were injected subcutaneously (s.c.) with
325 mg/kg AIA in the morning and 200 mg/kg (intraperitoneally
[i.p.]) rifampicin in the afternoon. A total of 11 AIA and 12 rifampicin
doses were administered during 20 days in three challenges, that is,
days 1-3 (D1), D8, and D15. An additional dose of rifampicin was
administered on day 20. Four rabbits were injected with four hemin
doses of 8 mg/kg i.p. (Normosang, Recordati, Puteaux, France)
from day 15 to 18, and three rabbits received a single dose of
0.5 mg/kg (i.v.) hPBGD mRNA on day 16. The hemin dose adminis-
tered in rabbits is double the highest “standard dose” used in human
acute porphyria patients (4 mg/kg). Given that i.p. administration of
8 mg/kg in mice reproduces the effects of i.v. hemin infusion in hu-
mans,>”' we used i.p. administration to preserve auditory pinna veins
in the rabbits to carry out the GTTs and the administration of the
hPBGD mRNA. Experimental protocols were approved by the Ethics
Committee of the University of Navarra (CEEA142-16E1), according
to European Council guidelines.

Biochemical and molecular parameters

24-h urine samples were collected daily over the three challenges. Uri-
nary PBG and ALA levels were determined by ion-exchange chroma-
tography (M11017¢-0509, BioSystems, Barcelona, Spain) according
to the manufacturer’s instructions. Serum ALA and PBG were quan-
tified by liquid chromatography-mass spectrometry (LC-MS) using a
Waters XBridge BEH C18 column (2.5 um, 2.1 x 50 mm). Calibra-
tion standards were prepared by adding diluted solutions of ALA
(A3785-500MG), ALA-13C5 (711187, both from Sigma-Aldrich
[now Merck], Darmstadt, Germany), PBG (P226-10MG, Frontier
Scientific, Newark, NJ, USA), and C13-PBG (P41393, Inochem, Carn-
forth, UK) in acetonitrile/water (50:50, v/v) internal standard solution
(100 uM) to blank serum. Standards were then purified using an
OASIS PRiME HLB pElution plate (186008052, Waters Chromatog-
raphy Europe, Etten-Leur, the Netherlands). The recoveries calcu-
lated for PBG and ALA in rabbit serum were between 88% and
98% and between 87% and 100%, respectively. ALA and PBG in
the cerebrospinal fluid were measured by LC coupled to a triple-quad-

rupole MS system (Xevo TQMS, Waters, Milford, MA, USA),
following a metabolite derivatization process (AccQTag, Waters, Mil-
ford, MA, USA).

Porphyrins were quantified in a PerkinElmer LS50B spectrofluorom-
eter (excitation wavelength [Aey], 409; emission wavelength [Ap]
600 nm; PerkinElmer, MA, USA) after oxidation with Lugol’s
iodine.”" Total urinary porphyrins were determined by spectropho-
tometry (UV 1800, Shimadzu, Kyoto, Japan) between 350 and
450 nm after acidification, according to the method of Elder et al.>*
The different urinary porphyrins were separated by reverse-phase
high-performance liquid chromatography (HPLC) with fluorometric
detection (Ultimate 3000, Thermo Fisher Scientific, Waltham, MA,
USA). Plasma porphyrins were measured by dilution of the plasma
in phosphate buffer as already described.”® The solution was
compared with a standard by scanning the fluorescence emission
signal from 570 to 750 nm (excitation at 405 nm), using a RF6000
spectrofluorometer (Shimadzu, Kyoto, Japan) fitted with a red-sensi-
tive photomultiplier. Total fecal porphyrins were determined by
spectrophotometry (UV 1800, Shimadzu, Kyoto, Japan) after hydro-
chloric acid extraction in the presence of ether.”* The fractionation of
fecal porphyrins was performed after formation of methyl ester por-
phyrins, which were then extracted with chloroform and finally sepa-
rated by normal-phase HPLC with fluorometric detection.”

Lipid peroxidation was determined using the TBARS kit (Bio-Techne
KGEO013, R&D Systems, MN, USA) according to the manufacturer’s
instructions. Briefly, a colorimetric product formed by the reaction of
malondialdehyde (end products of polyunsaturated lipids oxidation)
with thiobarbituric acid was measured at A of 532 nm in a Multiskan
Ascent 96 plate reader photometer (Thermo LabSystems, CT, USA).
Urinary parameter data were normalized per creatinine excretion
rate. Creatinine levels were measured in a Cobas Hitachi c311
Analyzer (Roche Diagnostics International, Mannheim, Germany).

At sacrifice, rabbits were exsanguinated by intracardiac perfusion at
room temperature before organ removal. Serum samples were stored
at —20°C until analyzed. Liver status (ALT and ALP) was analyzed in
a Cobas Hitachi c311 Analyzer (Roche Diagnostics International).
PBGD activity was determined in each liver lobe by the conversion
ratio of PBG to uroporphyrin in a PerkinElmer LS50B spectrofluo-
rometer (PerkinElmer, MA, USA).* Liver tissue samples were also
stored at —80°C for further analysis as follows: (1) Enzyme activities
were determined in homogenates from a mix of liver lobes (ALAD as
already described).”® UROS III synthase activities were determined by
an enzyme-coupled assay as described.”” For UROD activity mea-
surement, pentacarboxylporphyrinogen III was used as the substrate
and its decarboxylation was quantified by HPLC as coproporphyrino-
gen III formation.”® CPOX activities were determined as already
described.”® PPOX activities were quantified as described,” and
FECH activities were measured fluorometrically by zinc-mesopor-
phyrin formation according to Li et al.*’
chain were measured in isolated liver mitochondria according to pre-

Activities of the respiratory

viously described methods for spectrophotometric assays,”' using
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between 6 and 30 pg of mitochondrial protein. (2) Total heme levels
were measured in liver homogenates using a heme assay kit
(MAK316, Sigma-Aldrich, St. Louis, MO, USA). Mitochondrial
heme a levels were measured using a colorimetric method. Briefly,
900 pg from isolated liver mitochondrial proteins were incubated
on ice for 30 min with sodium phosphate buffer solution (23.8 mM
final, pH 7.4) with 1.9% Triton X-100 (T9284, Sigma-Aldrich).
Absorbance was measured at 445 nm in a Multiskan Ascent 96 plate
reader photometer (Thermo LabSystems, CT, USA) at baseline
(oxidized condition), and after adding 10 mg of ascorbic acid
(reduced condition) (50-81-7, Sigma-Aldrich). Mitochondrial heme
a levels were calculated by the absorbance increase between the
reduced and oxidized condition taking into account the molar extinc-
tion coefficient (€ 445nm, 164 mM ' cm™!). (3) Gene expression was
measured by real-time PCR with an iCycler IQ real-time PCR thermal
cycler (170-8740, Bio-Rad, CA, USA) using iQ SYBR Green supermix
(1708880, Bio-Rad, CA, USA). Briefly, mRNA was extracted from
liver tissues using Maxwell RSC simplyRNA Tissue (Promega, Mad-
ison, WI, USA) and then converted into cDNA by reverse-transcrip-
tase PCR (RT-PCR). qPCR was performed using specific primers for
Alasl (sense, 5’-GCAGCAGTGTCGTCCGCAAA-3'; antisense, 5'- C
GGAGAGGACCCCAGTGGAC-3'; product length, 141 bp); Alad
(sense 5'-CTACCCCATCTTCGTCACGG-3/, antisense 5-GCCTG
GAATGCTCCGTTTTC-3/, product length: 333 bp), Pbgd (sense,
5'-AGCCCCAGGATGAGAGTGAT-3; antisense, 5'- GCTGGTTC
CCACTACACTCC-3'; product length, 396 bp), Uros (sense, 5'-GC
CAGGATCCATACGTCAGG-3'; antisense, 5-GCAGGCCGATTC
TACTCACT-3'; product length, 294 bp), Urod (sense, 5'-GCCTG
CTGTGAACTGACTCT-3'; antisense, 5-ATGTCATCAGAGTCC
ACGGG-3'; product length, 301 bp), Cpox (sense, 5'-GTGGGAGAG
GAAGGAAGGAG-3'; antisense, 5-GGATAGTGGGAGCATGAG
GA-3’; product length, 236 bp), Ppox (sense, 5'-TCTGGCTCGTG
TCCTGAGTA-3'; antisense, 5-TGGCTCCTTCAGTCCTAGCT-3;
product length, 316 bp), Fech (sense, 5'-AGCACTATTGACAGGT
GGCC-3', antisense, 5'-GCATGCGCACATACAGTCAG-3/, prod-
uct length, 511 bp), Ho-1 (sense, 5'-AACCCGGTCTACGCCCC
GCT-3'; antisense, 5'- CCATCCCCTACACGCCGGCC-3’; product
length, 120 bp), Hepcidin (sense, 5'-GTTCTCCAGCAGCAGAC
ACA-3'; antisense, 5-TCAAAATGTGGGATCTGCTG-3'; product
length, 170 bp), and Hsp70 (sense 5'-TGGTGCTGACGAAGATG
AAG-3'; antisense, 5'-AGGTCGAAGATGAGCACGTT-3'; product
length, 235 bp). B-actin was used as control housekeeping gene (sense,
5'-CTGGAACGGTGAAGGTGACA-3'; antisense, 5'- AAAGTTCT
GCAATGTGGCCG-3'; product length, 73 bp). Results are expressed
according to the formula QACHEctim —ACHgene) \whare ACE represents
the difference in threshold cycle between the target and control genes.
(4) For the western blot assay, liver samples were homogenized in ra-
dioimmunoprecipitation assay (RIPA) lysis buffer containing prote-
ase inhibitors and sodium orthovanadate and sonicated for protein
extraction. 30 pg of protein was loaded for a room temperature elec-
trophoresis procedure at constant 120 V in running buffer (192 mM
glycine, 25 mM Tris, and 0.1% SDS). Then, separated proteins were
transferred onto a nitrocellulose 0.45-um or polyvinylidene fluoride
(PVDF) membrane by a 4°C electrophoretic transfer at constant
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120 V in a transfer buffer (192 mM glycine, 25 mM Tris, and 20%
methanol). The primary antibodies used were as follows: anti-
ALAS] antibody (ab84962, dilution 1:750, Abcam, Cambridge,
UK), total OXPHOS rodent western blot (WB) antibody cocktail
(ab110413, dilution 1:500, Abcam, Cambridge, UK), and anti-actin
antibody (A2066, dilution 1:4,000, Sigma-Aldrich). Anti-mouse
(A0168, 1:10,000, Sigma-Aldrich) and anti-rabbit (7074, 1:10,000,
Cell Signaling Technology, MA, USA) were used as secondary anti-
bodies. Primary antibodies were incubated overnight at 4°C and sec-
ondary antibodies for 1 h at room temperature. Signals were detected
using a Western Lightning Plus ECL kit (NEL103EO01EA, Perki-
nElmer, MA, USA) in a ChemiDoc MP imaging system (Bio-Rad,
CA, USA). Specific western blot signals for each OXPHOS complex
were quantified with Imagen Lab software 6.01 (Bio-Rad, CA, USA)
using actin protein for loading normalization.

Mitochondrial staining was performed in formalin-fixed liver
sections using anti-mitochondrially encoded MT-CO1 (P00395, Uni-
Prot) (1ID6E1A8, Abcam, Cambridge, UK) according to the manufac-
turer’s instructions.

Physiological parameters

Blood pressure was measured at baseline (day —4) and on days 10 and
18, and the GTT was administered to fasted animals 1 day later. Blood
pressure was determined by a non-invasive leg-cuff system in awake
animals using a Hewlett-Packard M1165A model 56S apparatus. For
the GTT assay, serum glucose levels (mg/dL) were measured at 0, 5,
10, 20, 30, 45, 60, 75, and 90 min post-injection of 0.5 g/kg (i.v.) of
glucose solution (0.5 mg/mL) using a Accu-Chek AVIVA apparatus
(Accu-Chek, Mannheim, Germany).

Brain and heart glucose uptake and electrophysiological studies were
performed under inhaled isoflurane anesthesia at the end of the sec-
ond and the third challenge (days 11 and 20, respectively). I vivo '°F-
FDG uptake in the brain was determined by positron PET after a fast-
ing period of 16 h.*” Rabbits were injected i.v. with 18.4 + 0.1 MBq of
8E_FDG. After a conscious uptake period of 45 min, animals were
analyzed in a microPET (Philips Mosaic) tomograph (with 2-mm res-
olution, 11.9-cm axial field of view (FOV) and 12.8-cm transaxial
FOV) (Cleveland, OH, USA), and a computed tomography Biograph
Duo PET/CT (Siemens Healthineers, Knoxville, TN, USA).

Motor-evoked potentials in the sciatic nerve were recorded in anes-
thetized rabbits (0.3 mL/kg intramuscularly [i.m.] ketamine). The
electrical stimuli were delivered using pairs of needles placed s.c.
near the exit point of the sciatic nerve at the hip, with a separation
of 0.5 mm and the cathode located distally. Stimuli were delivered
by a Grass S180 stimulator (Grass-AstroMed, West Worwick, RI,
USA). Motor potentials were recorded using steel needle electrodes
(Viasys Healthcare, Lancaster, PA, USA) located at the center of
the tibialis anterior muscle, midway between the ankle and the knee
(active electrode), and at the dorsum of the foot (reference electrode).
The responses were amplified by a Grass P511 amplifier (Grass-As-
troMed), digitized using a CED power 1401 A/D converter
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(Cambridge Electronic Design, Cambridge, UK), and stored in a PC
using Signal 3 software (Cambridge Electronic Design). Stimulation
intensity was increased gradually to ensure the maximal response
amplitude. The largest response out of 10 biphasic negative-positive
potentials was selected for analysis.

Statistical analysis

Statistical analyses were performed using GraphPad Prism v6.01
(GraphPad). Before statistical analysis, data were transformed using
the formula log(1 + x) to normalize the variances. Comparisons be-
tween two groups were made by two-sided Student’s t tests. In the
case of comparisons between more than two groups, data were
analyzed using a one- or two-way ANOVA, and pairwise compari-
sons were made using Bonferroni’s multiple comparison tests. p <
0.05 was used to indicate statistically significant differences. Data
are means = standard deviation (SD). Confidence intervals were con-
structed as the normal-based 95% CI: mean =+ 2 SD.

Availability of data and materials
The datasets supporting the conclusions of this article are included
within the article and in the Supplemental information.

Web resource

National Institute of Diabetes and Digestive and Kidney Diseases, Be-
thesda, MD, USA. LiverTox: Clinical and research information on
drug-induced liver injury. https://www.ncbinlm.nih.gov/books/
NBK547852/.
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