Molecular Genetics and Metabolism Reports 39 (2024) 101076

Contents lists available at ScienceDirect

/
Molecular Genetics and Metabolism Reports MGM
Reports

o %

ELSEVIER journal homepage: www.elsevier.com/locate/lymgmr

Case Report

Preventing hyperhomocysteinemia using vitamin Bg supplementation in
Givosiran-treated acute intermittent porphyria: Highlights from a case
report and brief literature review

Isabelle Redonnet-Vernhet > ™, Patrick Mercié "', Louis Lebreton °, Jean-Marc Blouin >,

Didier Bronnimann ¢, Samir Mesli °, Claire Guibet %', Emmanuel Ribeiro ,
Noémie Gensous “", Pierre Duffau ", Laurent Gouya "', Emmanuel Richard > %"

2 Univ. Bordeaux, INSERM, MRGM, U1211, F-33076 Bordeaux, France

b Service de Biochimie, Laboratoire de Biologie Médicale de Référence (LBMR) Métabolisme des acides Aminés et Métabolisme de I'heme, Groupe hospitalier Pellegrin,
CHU de Bordeaux, France

¢ Service de Médecine Interne et Immunologie Clinique, Groupe Hospitalier Saint-André, CHU de Bordeaux, F-33075 Bordeaux, France

d Centre de Compétence Maladies Rares Porphyries et Anémies rares du Métabolisme du fer, CHU de Bordeaux, France

€ Univ. Bordeaux, INSERM, BRIC, UMR1312, F-33076 Bordeaux, France

fLaboratory of Excellence Gr-Ex, F-75015 Paris, France

8 Service de Médecine Interne et Maladies Infectieuses, Groupe Hospitalier Saint-André, CHU de Bordeaux, F-33075, France

h Univ-Bordeaux, CNRS UMR5164 Immunoconcept, Bordeaux, France

T Centre de Référence Maladies Rares Porphyries et anémies rares du métabolisme du fer, Centre Frangais des Porphyries, Hopital Louis Mourier, AP-HP, Paris, France

ARTICLE INFO ABSTRACT
Keywords: Acute hepatic porphyrias are inherited metabolic disorders of heme biosynthesis characterized by the accumu-
Acute hepatic porphyria lation of toxic intermediate metabolites responsible for disabling acute neurovisceral attacks. Givosiran is a
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newly approved siRNA-based treatment of acute hepatic porphyria targeting the first and rate-limiting &-ami-
nolevulinic acid synthase 1 (ALAS1) enzyme of heme biosynthetic pathway. We described a 72-year old patient
who presented with severe inaugural neurological form of acute intermittent porphyria evolving for several years
which made her eligible for givosiran administration. On initiation of treatment, the patient developed a major
hyperhomocysteinemia (>400 pmol/L) which necessitated to discontinue the siRNA-based therapy. A thorough
metabolic analysis in the patient suggests that hyperhomocysteinemia could be attributed to a functional defi-
ciency of cystathionine p-synthase (CBS) enzyme induced by givosiran. Long-term treatment with vitamin Be, a
cofactor of CBS, allowed to normalize homocysteinemia while givosiran treatment was maintained. We review
the recently published cases of hyperhomocysteinemia in acute hepatic porphyria and its exacerbation under
givosiran therapy. We also discuss the benefits of vitamin Bg supplementation in the light of hypothetic path-
ophysiological mechanisms responsible for hyperhomocysteinemia in these patients. Our results confirmed the
importance of monitoring homocysteine metabolism and vitamin status in patients with acute intermittent
porphyria in order to improve management by appropriate vitamin supplementation during givosiran treatment.

1. Introduction (AIP; OMIM 176000), the most common form of AHP, is an autosomal
dominant disease caused by a partial deficiency of hydroxymethylbilane

Acute hepatic porphyrias (AHP) are inherited metabolic diseases due synthase (HMBS; EC 2.5.1.61), the third enzyme of heme biosynthesis

to hepatic heme synthesis dysfunction [1]. Acute intermittent porphyria pathway [2]. In patients carrying deleterious HMBS gene mutations, the
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enzymatic deficiency combined with triggering factors lead to upregu-
lation of hepatic 5-aminolevulenic acid (ALA) synthase 1 (ALAS1; EC
2.3.1.37), the first and rate-limiting step of heme synthesis, resulting to
the accumulation of heme precursors ALA and PBG (porphobilinogen).
The excess production of these neurotoxic intermediate products can
precipitate acute neurovisceral attacks characterized by intense
abdominal pain accompanied by digestive (e.g nausea, vomiting, con-
stipation, diarrhea) and cardiovascular (e.g. hypertension, tachycardia)
disorders related to disturbance of the neurovegetative system. Severe
crisis may be further complicated by central nervous system involve-
ment (e.g. seizures, confusion, hallucinations) and hyponatremia [2,3].
Standard treatment of an acute attack relies on symptomatic measures,
including analgesia, antihypertensive and anti-vomiting medication as
well precipitating factors eviction [4]. Severe acute attacks are usually
treated with intravenous hemin administration, which is also frequently
used off-label as prophylaxis in patients with recurrent attacks [4].
However, repeated hemin administration can lead to chronic compli-
cations such as secondary hemochromatosis, tachyphylaxis and venous
thrombosis [3,4]. Givosiran is a therapeutic small interfering RNA tar-
geting hepatic ALAS1, which was recently approved in the United States
and Europe for the treatment of AHP in adults and adolescents aged >12
years [5,6]. Results from a double-blind study followed by an open-label
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extension period in 94 patients with AHP and recurrent attacks,
confirmed that monthly subcutaneous givosiran injection (2.5 mg/kg)
leads to continuous and sustained reductions in annualized attack rate
and use of hemin over time, as well as improved quality of life, with an
acceptable safety profile [6]. Serious adverse effects (SAE) were re-
ported in 39% of the patients and especially elevated blood homocys-
teine, retinal vein occlusion, injection-site reaction, pancreatitis,
worsening of chronic renal failure, pulmonary embolism, right iliac
thrombophlebitis, and worsening of liver function [6,7]. Moderate or
intermediate hyperhomocysteinemia (HHcyt) has been previously re-
ported in AHP with more marked trend in symptomatic patient or those
with high excretion of ALA and PBG [8-12]. Homocysteine is an inter-
mediate of sulfur amino acid metabolism, which is further metabolized
via re-methylation or transsulfuration pathways (Fig. 1). Vitamins Bg, Bg
and Bp, are involved in homocysteine metabolism as enzymatic co-
factors [13]. HHcyt is widely considered as a risk factor of vascular
diseases but suspect to be associated with neurodegeneration and neu-
rocognitive impairment, inflammatory diseases, osteoporosis [13,14]. A
variety of congenital and acquired conditions lead to HHcyt, including
inherited metabolic diseases of Hcyt catabolism, cofactor deficiencies
and kidney or liver failure [15]. In AHP patients, various factors may
contribute to HHcyt [12]. Although vitamins Bg and B, levels are within
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Fig. 1. Pathways of homocysteine and heme metabolisms.
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MAT, methionine adenosyltransferase; MT, methyltransferase; SAHH, S-adenosylhomocysteine hydrolase; BHMT, betaine-homocysteine methyltransferase; MS,
methionine synthase; THF, tetrahydrofolate; SHMT, serine hydroxymethyltransferase; MTHFR, methylenetetrahydrofolate reductase; HMBS, hydroxymethylbilane
synthase; TDO, tryptophane 2,3-dioxygenase; CBS, cystathionine p-synthase; CyL, cysthationine y-lyase; ALAS1, aminolevulinate synthase 1; ALA, acid amino-
levulinic; PBG, porphobilinogen. Putative links between heme and homocysteine metabolism pathways are heme and pyridoxal-5’phosphate (active form of vitamin
Be). Heme exerts negative feedback on ALAS1 and may activate the CBS enzyme via binding to a heme-binding motif. Both ALAS1 and CBS use vitamin Bg as cofactor.

TDO is a hemoprotein involved in tryptophan metabolism.
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normal values, vitamin Bg deficiency has been reported in almost half of
AHP patients, probably in relation with poor nutritional status and
chronic hyperactivity of ALAS1 which could sequestrate cytosolic
pyridoxal-phosphate (Fig. 2) [8,9,12,16,17]. Furthermore, Cys-
tathionine p-synthase (CBS), a pivotal enzyme of the transsulfuration
pathway, is dependent on heme and vitamin Bg as cofactors [18]. It was
argued that reducing CBS activity by depleting intra-hepatic vitamin Bg
or lowering heme availability might contribute to HHcyt in AHP patients
[12]. Recently, several case series reported exacerbation of HHcyt in
AHP treated with givosiran [10,11,19-21]. Final results of the ENVI-
SION trial indicated that 16% of AHP had significant increase of plas-
matic homocysteine after Givosiran [6]. The concomitant elevation of
plasmatic homocysteine and methionine after treatment by givosiran
probably reflects an impaired transsulfuration pathway catabolism by
CBS (Fig. 2) [18,20,21].

We report a dramatic exacerbation of HHcyt (>400 pmol/L) after
initiation of givosiran-based therapy in a patient affected by a severe
form of acute intermittent porphyria (recurrent neurological form with
late onset type of posterior reversible encephalopathy syndrome, i.a.
PRES). As givosiran therapy was necessary to regulate heme metabolism
and ALA/PBG excretion in the context of recurrent acute crisis, we
treated the patient as a congenital CBS deficiency (congenital homo-
cystinuria) with high doses of vitamin B¢. We highlight the effectiveness
of vitamin Be therapy to normalize Hcyt, allowing the safe renewal
givosiran therapy. We performed genetic screen of genes involved in
homocysteine metabolism as well as blood amino-acid and vitamin
profiling over time in the patient which sustained the hypothesis of an
acquired CBS deficiency associated to givosiran therapy.
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2. Material and methods
2.1. Biochemical studies

Biochemical data for the patient were retrieved since the diagnosis of
AIP and presented in Supplementary Table 1. Urine and blood samples
were collected for biochemical assessment in our French National
Reference Laboratory for inherited metabolic diseases (amino acid and
heme disorders) according to standard protocols. Creatinine was
determined using a standardized enzymatic method and glomerular
filtration rate was estimated with the CKD-EPI formula adjusted for
1,73m?2. Vitamin Bg status was assayed in whole blood as total pyridoxal-
5-phosphate levels by HPLC commercial kit (Chromsystem Instruments
and Chemical GmBH, Miinchen, Germany). Vitamin B;5, By and total L-
homocysteine (Hcyt) were determined in plasma samples (and red blood
cells for vitamin Bg) by automated chemiluminescent microparticle
immunoassay (Architect System, Abbott). Our laboratory's reference
values for homocysteinemia are between 4.40 and 13.6 pmol/L in
women. Classically, HHcyt is considered mild when the plasma Hcyt
level is in the 16-30 pmol/L range, moderate between 30 and 50 pmol/
L, intermediate between 50 and 100 pmol/L and severe above of 100
pmol/L [13-15]. Amino acids were determined in plasma samples by
LC-MS/MS after AccQ-Tag derivatization using commercial kit (AccQ.
Tag® Derivatization Kit Reagent, Waters™, Waters SAS, France). For
ALA, PBG and urinary porphyrin profiling, samples were collected away
from light and stored at —80 °C. Uroporphyrin, heptacarboxyporphyrin,
hexacarboxyporphyrin, pentacarboxyporphyrin, coproporphyrin I and
coproporphyrin III were separated and quantified by HPLC using com-
mercial kit (Urinary porphyrin profiling, Chromsystem Instruments and
Chemical GmBH, Miinchen, Germany). Total porphyrin was determined
as the sum of porphyrin fractions. Urinary ALA and PBG were
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Fig. 2. Mechanisms of homocysteine metabolism disorders in acute hepatic porphyria. (A) In healthy individuals, methionine is metabolized into homocysteine
which is converted into cysteine by the enzyme CBS. ALASI is the first and regulating enzyme of the heme biosynthesis pathway. ALAS1 and CBS use vitamin Bg
(pyridoxal-5"-phosphate) as cofactor. Heme exerts a negative feedback regulation on ALAS1 expression while it stimulates the CBS enzyme. (B) A moderate
hyperhomocysteinemia (HHcyt) is frequently observed in acute hepatic porphyria, (here acute intermittent hepatic porphyria with HMBS deficiency as example)
especially in symptomatic patients. Putative mechanisms of HHcyt are a decreased heme free level in hepatocytes due to triggering factors responsible for ALAS1
hyperactivation and heme biosynthesis pathway runaway. ALAS1 hyperactivity may participate to consume vitamin Bg, which becomes unavailable for CBS activity.
(C) Givosiran is responsible for a significant drop of ALAS1 enzymatic activity in the liver, which could restrict the availability of heme in hepatocytes, which impact
severely CBS activity resulting in HHcyt. Treatment with hemin or vitamin Bg significantly improve CBS activity and reduce HHcyt in patients treated with givosiran.
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determined by ion-exchange chromatography followed by photometry
assay using commercial kit (RECIPE Chemicals + Instruments GmbH,
Germany).

2.2. Next-generation sequencing (NGS) of genes involved in homocysteine
metabolism

Patient samples were analyzed after written informed consent by
NGS using a panel of genes targeting homocysteine metabolism: ABCD4,
AMN, CBLIF, CBS, CD320, CUBN, DHFR, HCFC1, LMBRD1, MMACHC,
MMADHC, MTHFD1, MTHFR, MTR, MTRR, TCN2. Genomic DNA was
extracted from peripheral blood using an automated method (TECAN
Freedom EVO). The capture encompassed exons and flanking regions
(+£25bp) following purification with a SureSelect XTHS2 kit from Agi-
lent Technologies. Sequencing was performed on a Nextseq550 Illumina
platform. The bioinformatic workflow employed Alissa Reporter and
Alissa Interpret, both from Agilent Technologies. Biological interpreta-
tion was carried out according to the ACMG classification [22].

3. Clinical case

We report the case of a 72-year old woman with sporadic AIP as
defined recently in international consensus study [23]. Her history in-
cludes high blood pressure treated with atenolol 50 mg/day, epilepsy
and cerebral sylvian aneurysms. She was diagnosed with AIP at the age
of 62-years following a severe acute inaugural attack with neurological
involvement (seizure and posterior reversible encephalopathy syn-
drome, i.e. PRES) successfully treated with hemin [24]. She is hetero-
zygous for a pathogenic ¢.849G > A (p.Trp283*) mutation in exon 14 of
HMBS gene (transcript NM 000190.4). She relapsed four acute neuro-
visceral attacks in the eight years following diagnosis, clinically defined
by abdominal pain, central nervous system involvement, chronic high
blood pressure and increased urinary PBG/creatinine ratio (>10 times
the upper limit of normal) (Supplementary Table 1). Infectious diseases
(pyelonephritis and gastroenteritis) were identified as triggering factors
for two acute attacks (Supplementary Table 1).

Givosiran is a siRNA-based drug approved for treatment of adult AHP
patients with recurrent neurovisceral crisis [6]. Our patient was given
serial subcutaneous injection with 2.5 mg givosiran and was enrolled in
the ELEVATE study, a global observational longitudinal prospective
registry of patients with AHP (Alnylam Pharmaceuticals, Inc.) which

804
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aims to characterize the natural history and real-world clinical man-
agement of patients with AHP as well as safety and effectiveness of
givosiran. At treatment initiation, biological assessment showed
persistent increase in urinary ALA (17 pmol/mmol creatinine, nor-
mal<3) and PBG levels (46 pmol/mmol of creatinine, normal<1) and
slightly impairment of renal function with a glomerular filtration rate of
61.5 mL/min (CPK-EPI for 1.73m?) (Supplementary Table 1). As pre-
viously described in AIP patients, Hcyt was also increased (79 pmol/L,
normal<16), vitamin Bg, Bg and B 5 status were not available (Fig. 3 and
Supplementary Table 1).

One month after the first injection of givosiran, we observed a sig-
nificant drop of urinary ALA (2.8 pmol/mmol of creatinine) and PBG
(11.4 pmol/mmol of creatinine) (Fig. 3). However, Hcyt increased
dramatically (447 pmol/L) to reach levels classified as very severe
HHcyt. The analysis of plasmatic amino acids shows abnormal presence
of homocystine (69 pmol/L, normally undetected) and low cystine levels
(19 pmol/L, normal range 32-54) while methionine (156 pmol/L,
normal range 21-36), and tryptophan (136 pmol/L, normal range
30-95) were increased. Vitamin Bg (46.7 nmol/L, normal range
35-110), vitamin B;5 (234 pg/mL, normal range 187-885) and plasma
methylmalonic acid (MA) (< 0.4 pmol/L, normal range < 0.4) were
within the normal range while vitamin Bg were slightly decreased (2.5
ng/mL, normal range 3.1-20.5). Since HHcyt may be favored by
intrinsic genetic factors affecting the transsulfuration or remethylation
pathways, we analyzed 16 genes involved in homocysteine metabolism
by next generation sequencing. We have identified two heterozygous
variants classified as non-pathogenic in the CBS (c.832_833ins68, tran-
script NM 00071.3) and MTHFR (c.1286 A > C, transcript NM 005957.5)
genes.

As reported in the phase III ENVISION clinical, givosiran injection
(2.5 mg/kg) should be performed monthly in AHP patients [6]. Because
ALA metabolite plays a key role in the pathophysiology, some authors
suggested adapting the schedule of givosiran injection in patients by
monitoring urinary ALA levels [25]. This personalized medicine
approach may reduce the occurrence of serious adverse effects associ-
ated to recurrent injection of givosiran. Furthermore, vitamin Bg sup-
plementation was successfully investigated to lower HHcyt in AHP
treated by givosiran. Because urinary ALA and PBG progressively risen
within three months of the second injection, givosiran injections were
spaced approximately 2 to 3 months apart in combination with high-
dose vitamin Be therapy (800 mg/day). In total, the patient received
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11 givosiran injections over a 22-months period (Fig. 3). A significant
reduction of urinary ALA and PBG was obtained while plasmatic ho-
mocysteine progressively returns within normal range two months after
the second injection of givosiran (Fig. 3). Urinary ALA maintained be-
tween 4 and 9 pmol/mmol creat, while PBG remained relatively high at
around 10 to 30 times normal values (Fig. 3 and Supplementary
Table 1). This has already been described in patients whose treatment
with givosiran was initiated late in the disease course [25]. However,
despite this partial biological response, our patient has not experienced
new episodes of acute porphyria since starting givosiran. Despite the
reduction in the dose of vitamin B administered to our patient (starting
from 800 mg/day to 125 mg/day), we maintained a normal level of
plasma homocysteine even though givosiran injections were repeated
(Fig. 3). Plasma homocysteine and methionine levels were also reduced
over time while we repeated givosiran administrations (Supplementary
Table 1). Givosiran therapy was well tolerated with no reaction at the
injection site.

4. Discussion

We report a patient with sporadic AIP who experienced severe acute
neurovisceral attacks and chronic elevation of urinary ALA and PBG.
Hyperhomocysteinemia was also identified concomitantly with initia-
tion of givosiran therapy in this patient. Most subjects with symptomatic
acute hepatic porphyria present HHcyt resulting from alterations in
sulfur amino acid metabolism. To Figueras et al, first reported a group of
twenty-four AHP patients with elevated urinary PBG (10 and 100 pmol/
mmol of creatinine), of which 64% had HHcyt [8]. Similar data of HHcyt
were subsequently reported in Italian (61% of 46 AHP patients [9]),
Spanish (62% of non-recurrent and 82% of recurrent in 37 AIP patients
[10] and 37% of 91 AIP patients [11]) and French (93% of 14 AIP pa-
tients [25]) porphyria groups. The relationship between HHcyt and
urinary excretion of ALA/PBG or clinical status (recurrent acute attack,
prophylactic hemin injection) remains unclear [12]. Our patient's
vitamin status was unknown but an increased prevalence of vitamin Bg
deficiency (< 25th percentile of reference values) associated with HHcyt
has been described in symptomatic AHP patients or those with abnor-
malities in urinary precursors ALA and PBG [9]. When available, plasma
methionine increased in most of these patients as a reflect of CBS defi-
ciency suggesting that all patients to be treated with givosiran should be
monitored for Heyt and methionine levels.

Givosiran is approved for the treatment of AHP in adults allowing
significant reductions in annualized attack rate (AAR), hemin use, uri-
nary ALA and PBG levels, and improvements in daily worst pain [6]. We
observed a significant reduction in urinary ALA and PBG in our patient
after two injections of givosiran one months apart. However, it was
accompanied by a huge increase in HHcyt associated with high methi-
onine and low cystine in plasma while circulating vitamin By and Bis
were normal, suggesting an alteration in transsulfuration rather than
remethylation pathway of homocysteine metabolism. In addition, the
increase in plasma tryptophan, which is exceptional, would be consis-
tent with a deficiency in the hemoprotein tryptophan pyrrolase. Plasma
HHcyt was reported in other cases series of AHP patients treated with
givosiran [8,10,11,19-21,25] and reviewed by Ventura et al [12]. In
cases where homocysteine values were available before and after
treatment with givosiran, HHcyt increased in 3 /4 AIP patients (>100
pmol/L in two patients) in the report of Fontanellas et al [11], in 9/9
AHP patients (>100 pmol/L in five patients) in the case series of Ricci et
al [20], in 4/4 AHP patients (>100 pmol/L in two patients) in the study
by Vassiliou et al [21], and finally in 14/14 AIP patients reported by Poli
et al [25]. Exploratory and final analysis of the ENVISION trial data
demonstrated that at a population level, givosiran increased HHcyt
without being able to correlate it with a change in efficacy or safety
[6,12]. To our knowledge, an HHcyt level of 447 pmol/L observed in our
patient from the first injection of givosiran represents the highest level
described in the literature. This rate of extreme severity is similar to
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those that are observed during genetic enzymatic deficiencies either by
classical CBS deficiency or enzymatic alterations of the remethylation
pathway of homocysteine metabolism. After analysis of 16 genes
involved in homocysteine metabolism in our patient, we have identified
two heterozygous variants classified as non-pathogenic in the CBS
(c.832_833ins68, transcript NM 00071.3) and MTHEFR (c.1286 A > C,
transcript NM 005957.5) genes. The MTHFR variant ¢.1286 A > C (p.
Glu429Ala), considered as polymorphism, is found in 40-50% of in-
dividuals of Northern European ancestry and may be responsible for a
mild to moderate HHcyt in homozygous subjects due to reduced enzy-
matic activity. The CBS variant c¢.832_833ins68 is associated with higher
levels of CBS enzyme activity and is not responsible for HHcyt [26]. In
previously published cases series of HHcyt under givosiran therapy,
analyses of genes involved in homocysteine metabolism revealed only
MTHFR polymorphism (homozygous or heterozygous c.677C > T and
one case of homozygous ¢.665C > T), which is associated with mild to
moderate HHcyt [8,11,19,20,27]. Overall, these results suggest that
HHcyt may be attributed to a secondary cause affecting homocysteine
metabolism and linked to the mechanism of action of givosiran. These
results suggest that siRNA-targeting of the regulatory enzyme ALAS1 by
givosiran may chronically affect heme status and hemoprotein function
in the liver (Fig. 2). CBS is a key enzyme of homocysteine metabolism
which contains heme-binding motif [18]. Although heme does not
participate directly in the catalytic process, it helps binding of the
cofactor pyridoxal-phosphate involved in enzyme stability [18]. This
hypothesis needs to be confirmed since heme-dependent hepatic cyto-
chrome and kynurenine pathway enzymes do not appear to be affected
in patients treated with givosiran [10,20,28].

Pyridoxal-phosphate is a cofactor of CBS enzyme which is able to
reduce plasma Hcyt in vitamin Bg responsive patients with congenital
homocystinuria depending on their genotype [29]. The role of vitamin
Bg status in AIP patients has already been mentioned and the prevalence
of vitamin Bg deficiency is higher in symptomatic AHP patients or those
with abnormal ALA and PBG urinary excretion [9]. Oral vitamin Bg
treatment (80 mg/day) for 8 weeks normalized or significantly
decreased Hcyt levels in nine AIP patients with Heyt >50 pmol/L, as
methionine levels decreased in most patients [21]. Vitamin Bg supple-
mentation (250 mg/day) in 4 AIP patients with homocysteine levels
>100 pM significantly decreased in three of them and normalized in one
patient [25]. Authors obtained a reduction of Hcyt levels after admin-
istration of vitamin Bg [11] or supplementation with a daily mixture of
B-vitamin during 30-45 days (vitamin Bg 400pg, vitamin Bg 3mg,
vitamin Bjg 5 pg, vitamin By 2,4 mg, betain 250 mg and zinc 12,5 mg)
[20]. In all these studies, it is not clear whether the observed reduction
in Heyt under vitamin supplementation was obtained under continuous
treatment with givosiran. In our study, it was surprising to find that the
observed reduction in ALA, but even more so in PBG, was not as great
after starting vitamin supplementation (Fig. 3). As vitamin Bg is also the
cofactor of the ALAS1 enzyme, it is possible that vitamin supplementa-
tion can stimulate residual ALA-synthase enzymatic activity and limits
the effect of givosiran on the production of ALA and PBG precursors. The
vitamin Bg dose generally administered for congenital CBS deficiency
varies from 200 to 500 mg/day, but never exceeds 900 mg/day due to
the iatrogenic risk of sensory neuropathy [30,31]. Owing to the severe
HHcyt, our patient was maintained under high regimen vitamin Bg (800
mg vitamin Bg/day) simultaneously to the second injection of givosiran.
The potentially deleterious effects of long-term administration of very
high doses of vitamin Bg need to be assessed. Insufficiency dietary intake
of vitamin Bg may be responsible for a peripheral sensory poly-
neuropathy [32]. The upper limit of acceptable intake is not clear but
the long-term administration of high doses (>900 mg/day) is considered
to be neurotoxic [29,31,32]. High levels of vitamin Bg may inhibits
pyridoxal kinase (PDXK) enzyme and even though the mechanism
behind PDXK-induced neuropathy is unknown it may be related to
y-aminobutyric acid (GABA) neurotransmission [33]. In our patient, we
were able to reduce HHeyt with low doses of vitamin Bg (125mg/day)
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while maintaining givosiran injections. Twenty-two months after the
start of givosiran therapy in our patient and 11 injections, no sign was
reported in favor of a sensory neurological impairment in absence of
acute neurovisceral attack.

Many observational studies have shown that HHcyt is associated
with cardiovascular risk, cardiovascular mortality, ischemic heart dis-
ease, peripheral arterial disease, and arterial and venous thromboses
[34]. The meta-analyses of prospective and retrospective studies
concluded that HHcyt is a modest independent predictor of CHD and
stroke events and all-cause mortality in healthy populations and acute
coronary syndrome patients [34-36]. However, severe HHcyt (>100
pmol/L) is known to be associated with acute arterial and venous
thromboembolic events. Therapeutic management of HHcyt varies but
vitamin supplementation (usually vitamin Bg and Bj3) is recommended
in case of deficiency, and depending on the mechanism involved or
suspected (vitamin B6 in case of B6-responsive CBS deficiency as in our
case of AIP). In CBS deficiency, current evidence suggests that patients
are unlikely to develop acute vascular events if Hcyt is maintained below
100 pmol/L and a threshold of 50 pmol/L is recommended as thera-
peutic target for B6-responsive CBS patients [31]. Given the potential
vascular risks, it seems reasonable to try to normalize Hcyt level using
vitamin treatment. Interestingly in our patient, although a huge HHcyt,
125 mg/day pyridoxine was sufficient to maintain norm Hcyt levels. The
clinical relevance of HHcyt induced by givosiran remains to be clarified
in order to estimate the risk of renal and vascular involvement in AHP
patients. In our patient treated for high blood pressure, we observed a
slightly disturbed renal assessment which remains stable throughout the
treatment course; the GFR dropped from a baseline value of approxi-
mately 70 ml/min to 45 ml/min after 22 months of givosiran (Supple-
mentary Table 1). It has been shown that HHcyt may alter renal function
in hypertensive patients [37]. Transient creatinine elevation was also
observed in AIP patients treated by givosiran [38]. In the phase III
ENVISION trial, a small decrease in estimated GFR was observed and
remained stable in most patients [6]. Acute pancreatitis was reported in
two patients treated by givosiran (one with HHcyt>100 pmol/L) and
pulmonary embolism in one patient [19,25]. Although in AIP patients
there is no clear evidence of a relationship between HHcyt and these
adverse effects, in untreated patients with congenital CBS deficiency,
thromboembolism is associated with severe HHcyt (>100 pmol/L) [31].
No signs of vascular disease were detected in our patient, liver function
tests were normal, as were oFP and liver ultrasound (not shown).

In addition, the answer to the question concerning the use of an
antiplatelet agent during HHcyt remains debated. The prothrombotic
effects of plasma homocysteine are known. Indeed, Heyt promotes blood
clotting and reduces fibrinolysis [38]. HHcyt produced by methionine
loading is associated with increased platelet aggregation in rats [39] and
platelet-dependent thrombin formation in humans [40]. Heyt is also the
cause of endothelial dysfunction leading to a release of inflammatory
cytokines (IL-6, IL-8 and TNFa) in mice [41]. In the current absence of
suitable studies and official recommendations and based on cases report
it may be possible to consider an antiplatelet agent associated with
appropriate vitamin treatment in cases of major HHcyt (> 100 pmol/L)
until normalization of the homocysteine level [42] especially since
therapeutic approach is recommended in European guidelines for
congenital homocystinuria [31].

5. Conclusion

We report a case of extremely severe HHcyt arriving from the first
injection of givosiran administered as part of the management of
potentially uncontrolled AIP. Thanks to the introduction of long-term
vitamin Bg supplementation with decreasing doses it was possible to
normalize the Hcyt level and to maintain it below the normality
threshold, even during repeated givosiran injections over a 22-months
period. Metabolic analysis confirms that a secondary functional CBS
deficiency induced by givosiran is the most likely mechanism of HHcyt

Molecular Genetics and Metabolism Reports 39 (2024) 101076

which can be counteracted by administering moderate doses of vitamin
Be. This study confirms previously published results that Hcyt should be
carefully monitored in AHP patients treated with givosiran, and shows
that Heyt monitoring should begin from the first injection. We suggest
that the vitaminic nutritional status (vitamin Bg, Bg, B1» and/or meth-
ylmalonic acid) should be monitored in AHP treated with givosiran (pre
and post-treatment) and that vitamin Bg supplementation should be
started early in case of Heyt elevation during the treatment. The use of
antiplatelet remains debated but must be considered in cases of major
elevation of Heyt (>100 pmol/L). Subsequent studies on a larger num-
ber of patients are necessary to define more precisely vitamin Bg dosage
which should be considered at treatment initiation and during long-term
maintenance.
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