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REVIEW
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ABSTRACT
Introduction: Homocysteine is a sulfur-containing amino acid formed in the intermediary metabolism of 
methionine. Amino acid metabolism and heme biosynthesis pathways are complexly intertwined. Plasma 
homocysteine elevation, hyperhomocysteinemia (HHcy), has been reported in patients with acute hepatic 
porphyria (AHP), a family of rare genetic disorders caused by defects in hepatic heme biosynthesis.
Areas covered: This article summarizes published case series in which givosiran, a subcutaneously 
administered small interfering RNA approved for AHP treatment, appeared to exacerbate dysregulated 
homocysteine metabolism in patients with AHP. A comprehensive exploratory analysis of ENVISION trial 
data demonstrated that on a population level, givosiran increased homocysteine but with wide 
interpatient variations, and there is no proof of correlations between HHcy and changes in efficacy or 
safety of givosiran.
Expert opinion: The strong correlation and co-increase of homocysteine and methionine suggest that 
HHcy associated with givosiran is likely attributable to the impaired trans-sulfuration pathway catalyzed 
by cystathionine β-synthase, which uses vitamin B6 as a cofactor. Data-based consensus supports 
monitoring total plasma homocysteine and vitamin B6, B12, and folate levels before and during 
givosiran treatment; supplementing with pyridoxine/vitamin B6 in patients with homocysteine levels 
>100 μmol/L; and involving patients with homocysteine levels >30 μmol/L in decisions to supplement.
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1. Introduction

Acute hepatic porphyria (AHP) is a family of rare genetic disorders 
caused by defects in hepatic heme biosynthesis enzymes, with 
acute intermittent porphyria (AIP) being the most common form 
[1,2]. The enzyme deficiencies, combined with triggering factors, 
lead to upregulation of hepatic 5’-aminolevulinic acid (5-ALA) 
synthase 1 (5-ALAS1), the first and rate-limiting step in heme 
biosynthesis, and to the resulting accumulation of heme inter-
mediates 5-ALA and porphobilinogen (PBG). Overproduction of 
neurotoxic 5-ALA and PBG can precipitate acute neurovisceral 
attacks in patients with AHP [1–3]. Standard of care for acute 
attacks includes intravenous hemin, which is also used off-label 
for prophylaxis; long-term and regular use of prophylactic hemin 
can be associated with chronic complications such as iron over-
load, tachyphylaxis, and venous obliteration [4].

Givosiran, a subcutaneously administered 5-ALAS1-directed 
small interfering RNA selectively delivered to the liver [5,6], 
was recently approved for the treatment of AHP in adults in 
the United States and in adults and adolescents aged ≥12 years 

in the European Union [7,8]. In clinical trials, givosiran treat-
ment resulted in sustained lowering of urinary 5-ALA and PBG, 
and in reduced frequency of acute attacks compared with 
placebo in AHP patients experiencing recurrent attacks. 
Givosiran had an acceptable safety profile, with hepatic and 
renal events and injection-site reactions as the main safety 
events in the phase 3 ENVISION trial [9–11].

Elevated plasma homocysteine has been previously reported 
in patients with AHP [12–14]. Homocysteine is a metabolic inter-
mediate of sulfur amino acid metabolism. The clinical signifi-
cance of homocysteine elevation in plasma is not well 
understood but potentially associated with increased risk for 
thromboembolism and vascular disease; cognitive and neurolo-
gical diseases have also been reported in severely affected 
patients with genetic defects in the homocysteine metabolic 
pathway [15–19]. The first observations that treatment with 
givosiran may induce exacerbation of dysregulated homocys-
teine metabolism in patients with AHP were reported in 2020 
and published in 2021 [20] by the Munich EPNET group and 
confirmed by several international investigators [14,21–24].
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This article reviews the mechanisms and potential clinical 
implications of homocysteine elevation in patients with AHP 
and in those treated with givosiran. In addition, it provides an 
overview of current approaches to managing homocysteine 
elevation in patients treated with givosiran – an overview 
informed by expert clinical opinion based on the available 
findings on this emerging issue.

2. Background on hyperhomocysteinemia

2.1. Homocysteine Metabolism

Homocysteine is a sulfur-containing amino acid not used in 
protein synthesis; it is a product of methyl-transfer reactions in 
methionine metabolism (Figure 1) [18,25–27]. Homocysteine 
can be metabolized via two major pathways: re-methylation 
and trans-sulfuration (Figure 1).

In the re-methylation pathway, homocysteine is re- 
methylated into methionine through vitamin B12- and methyl-
folate-dependent methionine synthase or through betaine- 
homocysteine methyltransferase that is highly expressed in 
the liver. Deficiencies in these enzymes or cofactors (e.g. folate 
or vitamin B12) are associated with increased plasma 

Article highlights

● Homocysteine Plasma homocysteine elevation, hyperhomocysteine-
mia (HHcy), has been reported in patients with acute hepatic por-
phyria (AHP), a family of rare genetic disorders caused by defects in 
hepatic heme biosynthesis.

● Givosiran, a subcutaneously administered small interfering RNA 
approved for AHP treatment, appeared to exacerbate dysregulated 
homocysteine metabolism in patients with AHP in published case 
series.

● A comprehensive exploratory analysis of data from the givosiran 
ENVISION trial demonstrated that on a population level, givosiran 
increased homocysteine but with wide interpatient variations, and 
there is no proof of correlations between HHcy and changes in 
efficacy or safety of givosiran.

● The strong correlation and co-increase of homocysteine and methio-
nine suggest that HHcy associated with givosiran is likely attributable 
to the impaired trans-sulfuration pathway catalyzed by cystathionine 
β-synthase, which uses vitamin B6 as a cofactor.

● Data-based consensus supports monitoring total plasma homocys-
teine and vitamin B6, B12, and folate levels before and during 
givosiran treatment; supplementing with pyridoxine/vitamin B6 in 
patients with homocysteine levels >100 μmol/L; and involving 
patients with homocysteine levels >30 μmol/L in decisions regarding 
use of supplements.

● The management of HHcy in patients with AHP treated with givosiran 
will require involvement of patients in the decision to treat and 
careful consideration of potential benefits and risks.

Figure 1. Pathways of homocysteine metabolism [25]. 
Adapted from Acta Informatica Medica, Volume 20, Issue 3, Algherbawe Mushtak, Fahmi Yousef Khan, Baidaa Aldehwe, and Ahmed Abdulrahman Al-Ani, ‘Three 
Different Presentation of Same Pathophysiology,’ pp. 190–191, Copyright 2012, with permission from AVICENA. doi:10.5455/aim.2012.20.190–191. License notice: 
https://creativecommons.org/licenses/by-nc/3.0/.B2, riboflavin; BHMT, betaine-homocysteine methyltransferase; CBS, cystathionine β-synthase; CL (or CGL), 
cystathionine γ-lyase; DMG, dimethylglycine; 5-methyl THF, 5-methyltetrahydrofolate; 5,10-methylene THF, 5,10-methylenetetrahydrofolate; MS, methionine 
synthase; MTHFR, methylenetetrahydrofolate reductase; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; THF, tetrahydrofolate.
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homocysteine and low methionine levels [18,25–27]. In the 
folate cycle of the re-methylation pathway, homocysteine 
receives a methyl group from 5-methyltetrahydrofolate (circu-
lating folate), which is synthesized by methylenetetrahydrofo-
late reductase (MTHFR). As a result, MTHFR gene 
polymorphisms or defects may also affect homocysteine levels 
[28].

In the trans-sulfuration pathway, homocysteine is irreversi-
bly metabolized to produce endogenous cysteine, a non- 
essential amino acid; under conditions of excess methionine, 
this pathway can be over-induced. The first reaction is via 
cystathionine β-synthase (CBS), using vitamin B6 (metabolized 
to its active form, pyridoxal-5-phosphate) as a cofactor and 
also binding heme in its non-catalytic domain. Defects in CBS 
or its cofactors (e.g. vitamin B6) in the trans-sulfuration path-
way are associated with increased plasma homocysteine and 
high or high–normal methionine levels [18,19,25,26,29].

2.2. Hyperhomocysteinemia

Homocysteine elevation or hyperhomocysteinemia (HHcy) 
refers to an elevated level of total homocysteine in plasma, 
defined as the pool of free reduced form, protein-bound 
forms, and oxidized forms such as the disulfide homocys-
teine (homocysteine dimer) [30]. The normal levels of total 
plasma homocysteine in humans range from 5 to 10 μmol/L, 
not exceeding 15 μmol/L under normal conditions [30]. 
HHcy is typically classified as mild when plasma total homo-
cysteine is at 16–30 μmol/L, as intermediate or moderate at 
31–100 μmol/L, and as severe at >100 μmol/L [30,31]. 
However, the classification threshold can vary, with mild 
HHcy defined at 15–25 μmol/L, intermediate at 25– 
50 μmol/L, and severe at >50 μmol/L [12,13]. Mildly ele-
vated homocysteine (16–30 μmol/L) is common, present in 
up to 5–7% of the general population. The severe form 
(>100 μmol/L) is rare [32].

HHcy can be caused by genetic and/or acquired condi-
tions (Table S1) [18,26,31,33]. Enzyme defects in homocys-
teine metabolic pathways are considered to be the most 
prevalent cause of HHcy [31]. MTHFR gene variants affecting 
homocysteine re-methylation, such as c.C677T or c.A1298C, 
are found in up to 40% of the US population. These variants 
may decrease MTHFR enzyme activity to 30–60% of normal, 
which, combined with other genetic and/or environmental 
factors, may lead to mild-to-moderate HHcy in some 
affected individuals [32]. Severe MTHFR deficiency and 
severe HHcy due to inherited homozygous or compound 
heterozygous loss-of-function variants in MTHFR are very 
rare [27,34–37]. The most frequent genetic cause of severe 
HHcy is CBS deficiency in classic homocystinuria due to 
pathogenic variants in the gene encoding the CBS enzyme 
affecting the trans-sulfuration pathway [19,27,31] (world-
wide prevalence, 1:100,000 to 1:344,000; detailed below). 
In addition to genetic defects, acquired conditions can 
cause HHcy, mostly mild to moderate forms [33]. These 
conditions include nutritional deficiencies of folate, vitamin 
B12, or vitamin B6 within the context of genetic polymorph-
isms in MTHFR [31,33]; common diseases, such as chronic 
kidney disease, anemia, hypothyroidism, malignant tumors, 

etc. [18,31,33]; certain medications, such as lipid-lowering 
drugs, diabetes drugs (e.g. metformin), anti-rheumatic drugs 
(e.g. methotrexate), etc. [26,31]; and lifestyle or other con-
ditions (Table S1) [26,31]. The mechanisms through which 
certain medications affect plasma homocysteine levels vary; 
for example, metformin interferes with vitamin absorption 
from the gut, while methotrexate interferes with folate and 
homocysteine metabolism directly [26,31].

2.3. Clinical Relevance of Hyperhomocysteinemia

Severe HHcy as seen in individuals with rare inborn errors of 
metabolism, such as classic homocystinuria, is usually asso-
ciated with neurologic, cognitive, skeletal, ocular, or vascular 
complications and is included in current newborn screening 
panels for early diagnosis and treatment [18,19,27,38]. Patients 
with classic homocystinuria have elevated methionine and 
presence of free homocysteine in the plasma amino acids, 
and total plasma homocysteine is extremely elevated (usually 
>100 μmol/L) [18]. In animal models of CBS-deficient homo-
cystinuria, hepatic total homocysteine and hepatic methionine 
are also significantly increased [39]. Severely affected patients 
with classic homocystinuria, if not detected during screening, 
usually present between 3 and 5 years old with intellectual 
disability and dislocated optic lenses, and may also develop 
skeletal abnormalities (marfanoid habitus and radiologic evi-
dence of osteoporosis). Life-threatening vascular (coronary, 
renal, and cerebral arteries) complications may occur during 
the first decade of life. However, patients vary widely in symp-
tom severity, age at onset, and rate of progression. For mildly 
affected patients, it could be decades before any apparent 
clinical manifestation of vascular problems, and patients may 
also remain asymptomatic throughout life with adequate vita-
min B6 supplementation [18,19].

In the general population, the clinical relevance of mild-to- 
moderate HHcy is less conclusive. Elevated homocysteine may 
be associated with incidence and progression of vascular cal-
cification, but its role in atherosclerosis is unclear, and results 
of meta-analyses of observational studies suggest that ele-
vated homocysteine is only a modest predictor of vascular 
disease, including ischemic heart disease, deep vein thrombo-
sis (with or without pulmonary embolism), and stroke in 
healthy populations [15–17]. In addition, data on the associa-
tion between elevated homocysteine and vascular morbidity 
and mortality have been inconsistent across different observa-
tional studies [40–42]. It has even been argued that HHcy 
could be an effect or marker rather than a cause of cardiovas-
cular disease because elevated homocysteine is also asso-
ciated with the most standard vascular risk factors [43,44].

The clinical relevance of homocysteine elevation in the 
general population is further challenged in randomized con-
trolled trials of homocysteine-lowering interventions, which 
did not prevent or reduce the occurrence of vascular events 
[45,46]. In response, current guidelines on cardiovascular dis-
ease prevention (American College of Cardiology/American 
Heart Association; European Society of Cardiology and 
European Association for Cardiovascular Prevention & 
Rehabilitation) do not include homocysteine as a causal risk 
factor for cardiovascular disease [47,48]. Most if not all of these 
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trials, however, were conducted in individuals with mild HHcy 
(15–30 µmol/L) [15–17,42,45,46]. In a recent consecutive case 
study, patients who had been hospitalized for thromboem-
bolic and other cardiovascular manifestations and undergone 
a homocysteine assay were retrospectively evaluated; 81% 
had moderate HHcy (30–100 µmol/L) and 3% had severe 
HHcy (>100 µmol/L), raising the issue of whether the clinical 
relevance of homocysteine elevation should be reevaluated in 
patients with at least moderate HHcy [49,50].

3. Hyperhomocysteinemia in patients with AHP and 
in those receiving givosiran

3.1. Hyperhomocysteinemia in Patients with AHP

Elevated plasma homocysteine has been reported in patients 
with AHP [12–14,24] (Table 1). The original observation of 
elevated homocysteine was reported by To-Figueras et al. 
[12] in 24 patients with AIP, all of whom had high excretion 
of PBG (10–100 nmol/mmol creatinine [normal limit, 
<0.8 nmol/mmol]). Homocysteine was found to be elevated 
in 62% of patients, most with mild or intermediate HHcy 
(Figure 2, Table 1). Treatment of one patient with hemin 
decreased homocysteine transiently.

In a study of 46 patients with AHP, Ventura et al. [13] found 
plasma homocysteine elevations in 61% of all patients and in 
86% of patients classified as chronic high excreters of 5-ALA/ 
PBG (5-ALA, 8–14 μmol/mmol creatinine [normal limit, 
<5 μmol/mmol]; PBG, 19–34 μmol/mmol creatinine [normal 
limit, <1.5 μmol/mmol]) or symptomatic (history of hospitali-
zation for treatment of attacks and/or receiving prophylactic 
hemin). Homocysteine elevation was less prevalent in another 
study, by Fontanellas et al. [24], where 34 (37%) of 91 patients 
with symptomatic AIP (≥1 acute attack during clinical course) 
had moderately increased plasma homocysteine levels 
(>15 μmol/L) (Table 1). While To-Figueras et al. [12] did not 
find an association between HHcy and either urinary excretion 
of 5-ALA/PBG or clinical recurrence of attacks, in the study by 
Ventura et al., disease status (symptomatic or high 5-ALA/PBG) 
was established as the only independent predictor of elevated 
homocysteine [13]. Among symptomatic patients, those 
undergoing prophylactic therapy with hemin had significantly 
higher homocysteine plasma levels than those not under-
going prophylactic therapy [13].

Although vitamin B12 and folate levels were mostly normal, 
vitamin B6 deficiency has been reported in almost half of the 
patients with AHP [12,13,51–53], which is substantially higher 
than the incidence in the general population (9–24%) and 
similar to that in elderly hospitalized patients (51%) [54,55]. 
Vitamin B6 deficiency could be due to poor nutrition in 
patients with AHP [56], but it may also be caused by chronic 
hyperactivity of 5-ALAS1 (first step in heme biosynthetic path-
way, a rate-limiting enzyme for 5-ALA formation) in recurrent 
AHP [57]. In a preclinical study, deficiency in vitamin B6, 
a cofactor for 5-ALAS1, did not seem to significantly impair 
its activity [58], suggesting that 5-ALAS1 may have a high 
affinity for vitamin B6 and that hyperactive 5-ALAS1 may 
sequestrate most cytoplasmic B6 and deprive other B6- 
dependent metabolic pathways [13]. Because CBS is 

dependent on heme and also vitamin B6 as cofactors [29], 
investigators [12–14,23] postulated reduced hepatic CBS activ-
ity as the mechanism for homocysteine accumulation in 
patients with AHP, either from low heme availability or con-
sumptive intrahepatic vitamin B6 depletion caused by 
increased 5-ALAS1 activity.

3.2. Hyperhomocysteinemia in AHP Patients Receiving 
Givosiran: Patient Case Series

Several patient case series have reported elevated homocys-
teine in plasma in AHP patients receiving givosiran treatment. 
The first cases were reported by Petrides et al. [20] and 
involved 2 patients with AIP treated with givosiran in the 
phase 3 ENVISION study. These patients responded well to 
givosiran during ~2 years of therapy but experienced severe 
adverse events, generalized skin reactions in one and pancrea-
titis in the other. Both patients discontinued givosiran therapy 
[20]. After HHcy was reported in patients with AHP [12,13], the 
investigators measured plasma homocysteine in these 2 
patients and found it elevated in both (100–400 μmol/L) [20]. 
However, no pre-givosiran measurements were available, and 
the extent to which homocysteine elevation may have caused 
or contributed to the adverse reactions in these two patients 
could not be determined [20]. Plasma methionine was deter-
mined in one patient and shown to be slightly elevated [20]. 
Except when extremely high, such as >~1000 μmol/L (normal, 
<42 μmol/L), elevated methionine has not been reported to 
cause serious toxicity in healthy populations [59,60]. Based on 
its mechanism of action, givosiran inhibition of 5-ALAS1 can 
cause a drop in free heme in the liver that may lead to 
acquired inhibition of heme-dependent CBS. The investigators 
therefore treated the two patients with hemin. Homocysteine 
levels rapidly declined during hemin treatment and then 
increased again after hemin discontinuation [20].

Subsequent to the case report, To-Figueras et al. conducted 
a long-term follow-up analysis of HHcy in the aforementioned 
small group of patients with AIP [12] and also expanded the 
study to include 9 recurrent AIP patients receiving givosiran 
treatment either through ENVISION or an early access program 
[14]. Long-term (up to 9 years) follow-up analysis in 28 
patients (18 nonrecurrent AIP and 10 recurrent AIP) with serial 
measurement of plasma total homocysteine available showed 
a large between-day intrapatient variation in homocysteine 
(range, normal to >100 μmol/L) [14]. Of the nine patients 
with recurrent AIP treated with givosiran, six experienced 
increased total plasma homocysteine levels (>100 μmol/L in 
five patients) after 6–16 months of givosiran treatment, com-
pared with pre-givosiran homocysteine levels. There were co- 
increases in plasma homocysteine and methionine in all six 
patients [14].

Givosiran-induced exacerbation of the homocysteine 
metabolic phenotype in AIP patients receiving prophylactic 
hemin was later confirmed by four other case series [21–24] 
(Table 1). In patients with homocysteine measurements 
available before and after givosiran treatment, homocysteine 
levels were further increased, compared with pre-givosiran 
levels, in 4/4 AHP patients (>100 μmol/L in 2 patients) after 
2 months of givosiran treatment in the study by Vassiliou 
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and Sardh [21], in 9/9 AHP patients (>100 μmol/L in 5 
patients) after 28 months of givosiran treatment in the 
study by Ricci et al. [22], in 3/4 AIP patients (>100 μmol/L 
in 2 patients) during 4–12 months of givosiran treatment in 
the case report by Fontanellas et al. [24], and in 14/14 AIP 
patients (>100 μmol/L in 7 patients) during 4–36 months of 
givosiran treatment in the study by Poli et al. [23]. Vassiliou 
and Sardh [21] also measured methionine in 15 patients with 
AHP and recurrent acute attacks who received givosiran 
treatment for 2–43 months, and, again, methionine levels 
were found to be elevated in 6/15 patients (Table S2).

In these published case series [14,20,23,24], givosiran treat-
ment normalized or significantly decreased 5-ALA and PBG 
urinary excretion and effectively reduced acute attacks, 
despite elevated plasma homocysteine levels. Analysis of 
genes important in homocysteine metabolism revealed only 
MTHFR polymorphisms (c.C677T homozygous or heterozygous 
except one case of c.C665T homozygous) [14,20,22,24], which 
are usually associated with mild-to-moderate HHcy [41], and 
there was no correlation between HHcy and MTHFR c.C667T 
polymorphisms [14]. Vitamins B12, B6, and folic acid were 
deficient in some of the evaluated patients [14,22,24] (Table 1).

Because of the important role of vitamins in homocysteine 
metabolism (Section 2.1), the effectiveness of vitamin supple-
mentation in treating HHcy was explored in AHP patients 
receiving givosiran (Table 1). Vassiliou and Sardh [21] and 
Poli et al. [23] showed that oral pyridoxine 80 mg/day supple-
mentation in 9 patients with homocysteine levels >50 μmol/L 
and vitamin B6 250 mg/day supplementation in 4 patients 

with homocysteine levels >100 μmol/L significantly decreased 
or normalized homocysteine levels during time of observation 
(up to 5 months); methionine levels were also decreased in the 
majority of patients [21]. Fontanellas et al. [24] found the use 
of folic acid decreased plasma homocysteine levels in 1 
patient. Ricci et al. [22] reported on the use of other 
B-vitamin supplementation for the treatment of HHcy in 7 
AHP patients with homocysteine >30 μmol/L. A daily pill con-
taining folate (as 5-methyl-tetrahydrofolic acid) 400 μg, vita-
min B6 (as pyridoxine) 3 mg, vitamin B12 (as cyanocobalamin) 
5 μg, vitamin B2 (as riboflavin) 2.4 mg, betaine 250 mg, and 
zinc 12.5 mg restored homocysteine levels to normal or near 
normal in all patients after 30–45 days of supplementation.

The clinical implications of homocysteine elevation in givo-
siran-treated AHP patients are unclear. It has been previously 
shown that homocysteine elevation may impair kidney func-
tion in patients with hypertension [61]. A transient moderate 
increase in serum creatinine under givosiran treatment was 
reported in a small case study of AIP patients by Lazareth et al. 
[62]. Although there were no signs of kidney injury associated 
with givosiran, a long-term deleterious impact of ALAS1 inhi-
bition on renal function in some patients could not be 
excluded [62]. It will be interesting to evaluate plasma homo-
cysteine levels in givosiran-treated AIP patients with transi-
ently decreased kidney function. Acute pancreatitis has been 
reported in givosiran-treated patients, one in the study by Poli 
et al. [23] (homocysteine levels not reported) and one in the 
case report by Petrides et al. [20] (homocysteine >100 μmol/L), 
both leading to discontinuation of givosiran treatment. A fatal 
event of hemorrhagic pancreatitis occurred in a givosiran 
phase 1 study (homocysteine not measured); the investigator 
considered the event unlikely related to givosiran because 
there was no clear temporal relationship between the event 
and givosiran injections, and gallbladder sludge was identified 
as a plausible cause [9]. Pulmonary embolism occurred in one 
patient with homocysteine levels of 187 μmol/L in the study 
by Poli et al [23]. It has been shown that thromboembolism 
and vascular disease (Section 2.3) and pancreatitis may occur 
in patients with inborn homocystinuria [63–65] and may be 
associated with HHcy [66–68]. However, whether homocys-
teine elevation was related to the adverse events reported in 
these givosiran-treated AHP patients requires further 
investigation.

3.3. Hyperhomocysteinemia in AHP Patients Receiving 
Givosiran: ENVISION Trial

Based on the two cases of HHcy reported in patients treated 
with givosiran [20], the sponsor of the ENVISION trial initiated 
a comprehensive analysis of patients’ plasma homocysteine 
levels in late 2020. By then, all patients had completed at least 
24 months on the ENVISION study. Because plasma homocys-
teine measurement was not included in the original study 
plan, only archived serum samples from patients who con-
sented to exploratory biomarker assessment and had baseline 
samples (N = 92) were analyzed. On a population level, treat-
ment with givosiran led to an increase in plasma homocys-
teine levels, measured by a two-reagent enzymatic assay, 
during the 6-month double-blind period and open-label 

Figure 2. Plasma homocysteine levels in patients with AIP [12].
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extension period up to Month 36 (Figure 3). Median (range) 
plasma homocysteine levels were 17 (6–158) µmol/L before 
givosiran treatment and increased to 85 (7–400) µmol/L, 83 
(8–400) µmol/L, 98 (13–400) µmol/L, 47 (14–345) µmol/L, 44 
(9–269) µmol/L, and 22 (10–207) µmol/L after 6, 12, 18, 24, 30, 
and 36 months of givosiran treatment, respectively. There was 
no accumulation of plasma homocysteine over time. The per-
centage of patients with normal plasma homocysteine levels 
(≤15 µmol/L), mild HHcy (>15 to ≤30 μmol/L), intermediate 
HHcy (>30 to ≤100 μmol/L), and severe HHcy (>100 μmol/L) 
was 36%, 52%, 9%, and 1%, respectively, before givosiran 
treatment, and 2%, 9%, 22%, and 62%, respectively, during 
givosiran treatment (worst post-baseline category). Consistent 
with the reported linear correlation between kidney dysfunc-
tion and increased plasma homocysteine levels [69], patients 
with a baseline estimated glomerular filtration rate (eGFR) 
<60 mL/min/1.73 m2 showed a trend toward higher mean 
plasma homocysteine levels, compared with patients with 
a baseline eGFR ≥60 mL/min/1.73 m2. At the individual level, 
not all patients had elevated homocysteine, and those who 
did had wide interpatient variations (Figure 3). Confounding 
factors (e.g., kidney function impairment at baseline) may have 
contributed to these individual variations. Givosiran dose 
appeared not to have a substantial impact, as homocysteine 
levels were similarly increased in both dose groups (1.25 and 
2.5 mg/kg).

Homocysteine elevation was not associated with changes 
in efficacy or safety of givosiran. There was no correlation 
between changes in homocysteine levels from baseline and 
changes in 5-ALA or PBG levels from baseline at Month 6 of 
givosiran treatment (for both correlations: Pearson correlation 
coefficient, – 0.068; P = 0.54; Figure S1). No correlation 
between changes in homocysteine and average number of 
attacks was observed during givosiran treatment in patients 
with and without significant homocysteine elevations 

(arbitrarily defined as either >2 × upper limit of normal or >2 
× baseline; or >100 µmol/L for >12 months) (Figure 4). 
Similarly, no correlation or trend of adverse events was 
observed with homocysteine status during givosiran 
treatment.

Folate deficiency was detected in 44/79 patients with ≥1 non- 
fasting folate measurement during givosiran treatment (Table 2); 
42/67 patients had a MTHFR c.C677T polymorphism (14 homo-
zygous, 28 heterozygous; Table 2). Folate status did not correlate 
with homocysteine elevations in patients treated with givosiran 
(Table 2); the MTHFR genotype was not associated with homo-
cysteine elevations at baseline or with givosiran treatment 
(Table 2). Serum vitamin B6 was not prospectively measured in 
the ENVISION study. Testing of vitamin B6 using exploratory 
serum samples could not be done because of the specific collec-
tion and processing procedures (eg, protection from light) 
required for assaying vitamin B6. A strong positive correlation, 
however, was found between change in plasma homocysteine 
and change in plasma methionine during givosiran treatment 
(Pearson correlation coefficient, 0.8; P < 0.0001; Figure 5), con-
sistent with the co-increase of homocysteine and methionine 
observed in case series [14,20,21].

3.4. Hypotheses for Mechanism of 
Hyperhomocysteinemia in AHP Patients Receiving 
Givosiran

Current evidence supports the likelihood that an association 
between homocysteine increase and givosiran treatment is 
attributable to an impaired trans-sulfuration pathway cata-
lyzed by CBS [14,20–22]. An altered re-methylation pathway 
seems unlikely based on the lack of correlation between folate 
status or MTHFR genotype and homocysteine elevations in 
patients treated with givosiran in the ENVISION study and 
the lack of reduction in methionine levels (methionine levels 

Figure 3. Plasma homocysteine levels in ENVISION patients with AHP treated with givosiran. 
Exploratory analyses of total plasma homocysteine levels were conducted using archived serum samples from 92 AHP patients who consented to exploratory biomarker 
assessment and had baseline samples. Blood samples were processed to serum within 120 minutes of collection. Homocysteine levels were measured by Medpace 
Reference Labs (Cincinnati, Ohio, USA) using Diazyme’s Dual Reagent Enzymatic Homocysteine Assay on a Beckman Coulter chemistry analyzer. The assay was validated for 
serum samples with an analytical range of 2.00–400.00 μmol/L. On a population level, treatment with givosiran led to an increase in plasma homocysteine levels during the 
6-month double-blind period and open-label extension period up to Month 36. AHP, acute hepatic porphyria; DB, double-blind; OLE, open-label extension.
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should become lower, not higher, in homocysteine re- 
methylation defects). Case reports have also shown that not 
all patients with homocysteine elevations had folate or vita-
min B12 deficiency or MTHFR polymorphisms [14,20,21]. On 
the other hand, the strong correlation and co-increase of 
homocysteine and methionine observed in the ENVISION 
study and case reports support attributing givosiran-related 
homocysteine increases to an alteration in the trans- 
sulfuration pathway [14,20,21]. An effective reduction in 
homocysteine levels via supplementation with a CBS cofactor, 
vitamin B6 [21] or hemin [20], lends additional support to 

a potential causative connection between a reduction in CBS 
activity and HHcy in patients treated with givosiran.

Theoretically, the reduced CBS enzymatic activity could be 
caused by a reduction in the hepatic pool of heme resulting 
from givosiran targeting 5-ALAS1 messenger RNA. 
Administered as consecutive monthly injections, givosiran in 
principle could interfere with a compensative mechanism of 
heme production in patients with AHP, causing a relative 
heme deficiency. Temporary correction of homocysteine levels 
by hemin injection appears to support this argument [14,20– 
22]. However, the effect of givosiran on heme status in the 

a. 

Figure 4. Average number of attacks per patient by every 3-month interval during givosiran treatment in ENVISION patients with and without significant homocysteine 
elevation. 
(a) Significant homocysteine elevation defined as 2 × threshold. Average number of attacks per patient by every 3-month interval is shown separately for the subgroup of 
patients with significant homocysteine elevation (upper panel) and the subgroup of patients without significant homocysteine elevation (lower panel). Significant homocysteine 
elevation was defined as 2 × threshold: when baseline homocysteine was <ULN, a post-givosiran value of >2 × ULN was significant; when baseline homocysteine was ≥ULN, 
a post-givosiran value of >2 × baseline was significant. No correlation was found between changes in homocysteine and average number of attacks during givosiran treatment 
based on this definition of significant homocysteine elevations. (b) Significant homocysteine elevation defined as >100 μmol/L > 12 months. Average number of attacks per 
patient by every 3-month interval is shown separately for the subgroup of patients with significant homocysteine elevation (upper panel) and the subgroup of patients without 
significant homocysteine elevation (lower panel). Significant homocysteine elevation was defined as >100 μmol/L for more than 12 months. No correlation was found between 
changes in homocysteine and average number of attacks during givosiran treatment based on this definition of significant homocysteine elevations. DB, double-blind; OLE, 
open-label extension; ULN, upper limit of normal.
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liver is not clear. In a preclinical pharmacokinetic study, single- 
dose givosiran did not significantly interfere with five major 
heme-dependent hepatic cytochrome functions [22,70], 
although potential cumulative heme depletion with continu-
ous givosiran treatment cannot be ruled out. Assessment of 
other hepatic heme proteins (e.g. kynurenine pathway 
enzymes) in givosiran-treated patients showed that the kynur-
enine-to-tryptophan ratio in plasma was normal, indicating 
normal metabolism of tryptophan by these heme-dependent 
enzymes [14]. There is as yet no published evidence of a link 
between reduced hepatic heme in humans and CBS activity or 
HHcy [29,71]. Although the CBS enzyme contains a heme- 
binding motif [29], how this motif affects CBS activity is not 
fully understood, as it is not directly involved in the catalysis 
but may play a role in stabilizing the structure of the protein 
[29,71]. The complex intertwining of amino acid metabolism 
and heme biosynthesis suggests that heme might also affect 
CBS activity indirectly through other pathways [22]. 
Fontanellas et al. [24] proposed that decreased heme 

availability might lead to inflammation or oxidative stress, 
which has been shown to inactivate methionine- 
adenosyltransferase I/III, an enzyme that converts methionine 
to S-adenosylmethionine (SAM) [72]. Because SAM is an allos-
teric activator of CBS, reduction or depletion of SAM might 
contribute, at least partially, to reduced CBS activity. However, 
this idea remains hypothetical, and dietary SAM supplementa-
tion does not appear to significantly affect plasma homocys-
teine levels in healthy humans [73]. To potentially clarify these 
underlying mechanisms, researchers need to determine if 
givosiran treatment impacts hepatic heme status and CBS 
enzymatic activity in either liver biopsies or animal models.

4. Conclusion

On a population level, givosiran treatment increased homo-
cysteine, but with wide interpatient variations. Severe HHcy 
with homocysteine levels >100 μmol/L has been reported 
[14,20–24]. There is no proof of correlations between HHcy 

b. 

Figure 4. (Continued).
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and changes in efficacy or safety of givosiran treatment. The 
strong correlation and co-increase of homocysteine and 
methionine suggest that the homocysteine elevation asso-
ciated with givosiran treatment is likely attributable to an 
impaired trans-sulfuration pathway catalyzed by CBS [14,20– 
22]. Larger and long-term studies or registries are needed to 
confirm the risk of HHcy in AHP patients treated with givosiran 
and to determine if there are any potential clinical 
consequences.

Because givosiran is a long-term therapy for AHP and the 
potential risks of long-term exposure to elevated homocys-
teine cannot be neglected, we recommend monitoring total 
plasma homocysteine and homocysteine-related vitamin (B6, 
B12, and folate) levels before and during givosiran treatment. 
Likewise, we recommend pyridoxine/vitamin B6 supplementa-
tion to reduce homocysteine levels in patients with severe 
HHcy (homocysteine >100 μmol/L) and initiating this supple-
mentation in patients with homocysteine >30 μmol/L. 
Collaborative efforts should be undertaken to better under-
stand the mechanism for this specific metabolic issue, which 
could be best addressed with the use of metabolic profiling of 
patients with AHP [74].

5. Expert opinion on clinical management of 
hyperhomocysteinemia in Ahp patients receiving 
givosiran

5.1. Monitoring Before and During Givosiran Treatment

We recommend that all AHP patients being considered for 
givosiran treatment be screened for basal total plasma homo-
cysteine levels and closely monitored during givosiran therapy 
[20–22]. The givosiran prescribing information specifies mea-
suring blood homocysteine levels prior to initiating AHP 
patients on givosiran treatment and monitoring for changes 

during treatment [8]. Total plasma homocysteine is a better 
marker than free homocysteine, which is measured by plasma 
amino acids and is an insensitive indicator of total plasma 
homocysteine [19]. In addition, because of the large between- 
day intrapatient variations in total plasma homocysteine [14], 
it may be useful to obtain serial measurements (e.g. ≥2 differ-
ent measurements). In patients with elevated homocysteine 
levels, methionine levels (measured by plasma amino acids) 
can help determine the etiology of HHcy (Table S3).

All AHP patients being evaluated for givosiran treatment 
were screened for homocysteine-related vitamin (B6, B12, and 
folate) status before starting givosiran treatment and checked 
periodically while on treatment [20,22]. If a vitamin deficiency 
is detected before or during givosiran treatment, we imple-
mented supplementation therapy promptly [20,22] (Table S3).

5.2. Watch-and-Wait vs. Initiate Treatment

Not all AHP patients on givosiran with elevated homocysteine 
may need treatment. Watch-and-wait may be a reasonable strat-
egy in patients with mildly or moderately elevated homocys-
teine, given the uncertainty as to its clinical relevance [40–42]. 
Patients with classic homocystinuria develop severe HHcy 
(>100 μmol/L) [18] at a very young age and experience serious 
clinical consequences – an indication of the detrimental effects 
of exposure to very high homocysteine levels (>100 μmol/L) over 
a long period. In published case studies, investigators have 
started treatment in patients with AHP and homocysteine levels 
>30 μmol/L, >50 μmol/L, or >100 μmol/L [21–24]. Based on the 
information available, we recommend the following strategies: 
for patients with homocysteine >100 μmol/L (severe HHcy), 
implement treatment to reduce homocysteine levels; for patients 
with homocysteine >30 μmol/L, discuss treatment options with 
them and involve them in the decision to either watch-and-wait 

Table 2. Folate status or MTHFR genotype and homocysteine elevation in ENVISION patients with AHP during givosiran treatment.

Folate status ≥10.0 nmol/L (normal) <LLN of 10.0 nmol/L (deficient)a

Significant homocysteine elevation based on 2 × threshold,b n (%)
Significant homocysteine elevation (N = 61) 25 (41.0%)c 36 (59.0%)
Without significant homocysteine elevation (N = 18) 10 (55.6%) 8 (44.4%)d

Significant homocysteine elevation ≥100 µmol/L for 12 months, n (%)
Significant homocysteine elevation (N = 21) 5 (23.8%)c 16 (76.2%)
Without significant homocysteine elevation (N = 58) 30 (51.7%) 28 (48.3%)d

MTHFR genotype 677CC (wild type) 677CT (heterozygous) 677 TT (homozygous)
Number of patients with MTHFR genotypee 25 28 14
Homocysteine at baseline (µmol/L)f 17.1 (6.1) 22.0 (27.5) 18.9 (12.2)
Any post-givosiran homocysteine >100 µmol/L, n (%)g 14 (56.0) 19 (67.9) 8 (57.1)
Homocysteine >100 µmol/L for >6 months, n (%)h 9 (36.0) 11 (39.3) 3 (21.4)
Homocysteine >100 µmol/L for >12 months, n (%)h 5 (20.0) 9 (32.1) 2 (14.3)

n/N (%) with folate <LLN of 10.0 nmol/Li 11/23 (47.8) 16/27 (59.3) 6/11 (54.5)

AHP: acute hepatic porphyria; LLN,: lower limit of normal; ULN: upper limit of normal. 
aAmong ENVISION patients with at least one non-fasting folate measurement during givosiran treatment (n = 79), 44 patients (55.7%) were folate deficient 

(<10.0 nmol/L of lower reference range). 
b2 × threshold: when baseline homocysteine was <ULN, a post-givosiran value of >2 × ULN was significant; when baseline homocysteine was ≥ULN, a post- 

givosiran value of >2 × baseline was significant. 
cNotable percentage of patients with significant homocysteine elevation did not have folate deficiency. 
dAlmost half of patients without significant homocysteine elevation were folate deficient. 
e42/67 patients had a MTHFR C677T polymorphism (14 homozygous and 28 heterozygous). 
fHomocysteine levels were elevated at baseline but not higher for TT genotype (homozygous variant). 
gPercentage of patients with homocysteine levels >100 µmol/L were comparable among different genotypes. 
hLower percentage of 677 TT individuals with post-givosiran homocysteine elevations >100 µmol/L for more than 6 or 12 months may be due to chance with small 

numbers of individuals evaluated. 
iNot all patients had folate level measurements. 
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or initiate treatment (Table S3). We recommend also referring to 
the local label for additional guidance.

5.3. Treatment Approaches

Given the potential mechanism of HHcy with givosiran 
(impaired trans-sulfuration pathway catalyzed by CBS) and 
significant reduction in homocysteine by vitamin B6 in case 
reports of patients with AHP [14,20–22], we recommend vita-
min B6 supplementation to normalize homocysteine levels in 
AHP patients receiving givosiran. Several different dosages 
have been used by the authors of case reports in clinical 
practice and shown to be effective in reducing plasma homo-
cysteine levels in givosiran-treated patients: 80 mg daily [21], 
250 mg daily [23], or 3 mg daily along with other vitamins or 
trace elements (folate, vitamin B12, vitamin B2, betaine, and 
zinc) [22] (Section 3.2).

It is important to acknowledge that there is no evidence 
that vitamin supplementation as a means to reduce homocys-
teine levels may decrease the occurrence of vascular events. 
Nevertheless, vitamin supplementation, particularly with B6, 
should be used in patients on givosiran with severe homo-
cysteine elevation because such treatment is simple, generally 
safe [75], and not costly, which means there is a positive 
benefit–risk ratio for this supplementation therapy. Most 
importantly, the potential vascular harm caused by long- 
term exposure to high homocysteine levels cannot be ignored, 
while further clinical study data are being generated, which 
could take years. Interestingly enough, although oral pyridox-
ine is a standard regimen in patients with an inborn CBS 
deficiency, the exact mechanism by which pyridoxine lowers 
homocysteine in humans is still unknown [76].

To summarize, currently available clinical evidence indi-
cates that givosiran may exacerbate dysregulated 

a. Placebo/givosiran patients from all -givosiran-treated set at Month 6

b. Givosiran/givosiran patients from all -givosiran-treated set at Month 12

Figure 5. Correlation between change in plasma homocysteine and change in methionine from baseline during givosiran treatment in ENVISION. 
Amino acid profiles were obtained from blood samples of 31 givosiran-treated patients in the placebo/givosiran group after 6 months of treatment and 40 givosiran- 
treated patients in the givosiran/givosiran group after 12 months of treatment. The profiles were derived using a validated liquid chromatography tandem mass 
spectrometry assay. A strong positive correlation was observed between the change in plasma homocysteine levels from baseline and the change in plasma 
methionine levels from baseline during givosiran treatment in both groups. (a) Placebo/givosiran patients from all-givosiran-treated set at Month 6. (b) Givosiran/ 
givosiran patients from all-givosiran-treated set at Month 12. Linear regression analysis is shown.
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homocysteine metabolism in patients with AHP. We have 
offered a hypothesis for the mechanism of HHcy associated 
with givosiran and recommended monitoring and treatment 
approaches for HHcy in patients with AHP before and/or dur-
ing givosiran therapy. The management of this specific meta-
bolic issue will require the involvement of patients in the 
decision to treat and careful benefit-risk considerations.

Acknowledgments

Medical writing and editorial assistance were provided by Daniel Kanmert, PhD 
of Alnylam Pharmaceuticals, and Jinling Wu, MD, PhD of Peloton Advantage, 
LLC, an OPEN Health company, in accordance with Good Publication Practice 
(GPP3) guidelines and funded by Alnylam Pharmaceuticals.

Funding

This study was supported by Alnylam Pharmaceuticals. Alnylam 
Pharmaceuticals is involved in the collection, analysis, and interpretation 
of the hyperhomocysteinemia data from the ENVISION trial and in the 
decision to publish the finished manuscript.

Declaration of interest
P Ventura reported receiving advisory board fees and lecture fees from 
Alnylam Pharmaceuticals and advisory board fees from Recordati Rare 
Diseases. E Sardh reported receiving grant support and personal fees, paid 
to Karolinska Institute, from Alnylam Pharmaceuticals. N Longo reported 
receiving clinical trial support, consulting fees, or advisory board fees from 
Aeglea, Alnylam, Amicus Therapeutics, ACI Clinical trials, Audentes/Astellas, 
AvroBio, BioMarin, BridgeBio/CoA Ther, Censa/PTC Ther., Chiesi/Protalix, CTI- 
Clinical Trial, Genzyme/Sanofi, Hemoshear, Homology, Horizon Pharma, 
Jaguar Gene Therapy, Leadiant Biosciences, Moderna, Nestle’ Pharma, 
Pfizer, Recordati, Reneo, Retrophin, Shire/Takeda, Stealth BioTherapeutics, 
Synlogic, Ultragenix. M Balwani reported receiving grant support, consulting 
fees, advisory board fees, and lecture fees from Alnylam Pharmaceuticals, 
advisory board fees from Recordati Rare Diseases, grant support and advisory 
board fees from Mitsubishi Tanabe, and advisory board fees from Alexion, 
Genzyme/Sanofi, and Takeda. In addition, Mount Sinai faculty are named co- 
inventors with Alnylam on a patent related to the development of givosiran, 
the study drug. The Icahn School of Medicine at Mount Sinai receives pay-
ments related to this patent from Alnylam, and a portion of these payments 
are also distributed to faculty and other co-inventors. L Gouya reported 
receiving travel support and financial support from Alnylam 
Pharmaceuticals. J Phillips reported receiving consulting fees, advisory 
board fees, and lecture fees from Alnylam Pharmaceuticals, advisory board 
fees from Recordati Rare Diseases, and advisory board fees from Mitsubishi 
Tanabe. S Rhyee, MJ Fanelli, and MT Sweetser reported being employed by 
and owning stock and stock options in Alnylam Pharmaceuticals.

PE Petrides reported receiving advisory board fees and lecture fees 
from Alnylam Pharmaceuticals and advisory board fees from Recordati 
Rare Diseases. The authors have no other relevant affiliations or financial 
involvement with any organization or entity with a financial interest in or 
financial conflict with the subject matter or materials discussed in the 
manuscript. This includes employment, consultancies, honoraria, stock 
ownership or options, expert testimony, grants or patents received or 
pending, or royalties.

Reviewer disclosures
A peer review on this manuscript has participated in ENVISION study. All 
other peer reviewers on this manuscript have no relevant financial or 
other relationships to disclose.

ORCID
Paolo Ventura http://orcid.org/0000-0003-1893-1914
Petro E. Petrides http://orcid.org/0000-0003-1554-8266

References

Papers of special note have been highlighted as either of interest (•) 
or of considerable interest (••) to readers.

1. Bonkovsky HL, Dixon N, Rudnick S. Pathogenesis and clinical fea-
tures of the acute hepatic porphyrias (AHPs). Mol Genet Metab. 
2019;128(3):213–218.

2. Ramanujam VM, Anderson KE. Porphyria diagnostics-part 1: a brief 
overview of the porphyrias. Curr Protoc Hum Genet. 
2015;86:17.20.1–17.20.6.

3. Anderson KE, Bloomer JR, Bonkovsky HL, et al. Recommendations 
for the diagnosis and treatment of the acute porphyrias. Ann Intern 
Med. 2005;142(6):439–450.

4. Gouya L, Ventura P, Balwani M, et al. EXPLORE: a prospective, 
multinational, natural history study of patients with acute hepatic 
porphyria with recurrent attacks. Hepatology. 2020;71 
(5):1546–1558.

5. Chan A, Liebow A, Yasuda M, et al. Preclinical development of 
a subcutaneous ALAS1 RNAi therapeutic for treatment of hepatic 
porphyrias using circulating RNA quantification. Mol Ther Nucleic 
Acids. 2015;4:e263.

6. Springer AD, Dowdy SF. GalNAc-siRNA conjugates: leading the way 
for delivery of RNAi therapeutics. Nucleic Acid Ther. 2018;28 
(3):109–118.

7. Givlaari [summary of product characteristics] Amsterdam 
Netherlands: Alnylam Netherlands; 2021. https://www.ema.europa. 
eu/en/documents/product-information/givlaari-epar-product- 
information_en.pdf

8. Givlaari [package insert]. Cambridge (MA): Alnylam Pharmaceuticals; 
2021.

9. Sardh E, Harper P, Balwani M, et al. Phase 1 trial of an RNA 
interference therapy for acute intermittent porphyria. N Engl 
J Med. 2019;380(6):549–558.

10. Balwani M, Sardh E, Ventura P, et al. Phase 3 trial of RNAi ther-
apeutic givosiran for acute intermittent porphyria. N Engl J Med. 
2020;382(24):2289–2301.

• This article presented the results of the pivotal phase 3 
ENVISION study that led to the approval of givosiran for the 
treatment of acute hepatic porphyria.

11. Ventura P, Bonkovsky HL, Gouya L, et al. Efficacy and safety of 
givosiran for acute hepatic porphyria: 24-month interim analysis of 
the randomized phase 3 ENVISION study. Liver Int. 2021;42 
(1):161–172.

12. To-Figueras J, Lopez RM, Deulofeu R, et al. Preliminary report: 
hyperhomocysteinemia in patients with acute intermittent 
porphyria. Metabolism. 2010;59(12):1809–1810.

13. Ventura P, Corradini E, Di Pierro E, et al. Hyperhomocysteinemia in 
patients with acute porphyrias: a potentially dangerous metabolic 
crossroad? Eur J Intern Med. 2020;79:101–107.

14. To-Figueras J, Wijngaard R, García-Villoria J, et al. Dysregulation of 
homocysteine homeostasis in acute intermittent porphyria patients 
receiving heme arginate or givosiran. J Inherit Metab Dis. 2021;44 
(4):961–971.

• This analysis showed that givosiran induced exacerbation of 
the homocysteine metabolic phenotype in acute intermittent 
porphyria patients receiving prophylactic hemin, causing a co- 
increase in homocysteine and methionine that suggests 
impairment of the trans-sulfuration pathway.

15. Homocysteine Studies Collaboration. Homocysteine and risk of 
ischemic heart disease and stroke: a meta-analysis. JAMA. 
2002;288(16):2015–2022.

16. Wald DS, Law M, Morris JK. Homocysteine and cardiovascular dis-
ease: evidence on causality from a meta-analysis. Bmj. 2002;325 
(7374):1202.

14 P. VENTURA ET AL.

https://www.ema.europa.eu/en/documents/product-information/givlaari-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/givlaari-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/givlaari-epar-product-information_en.pdf


17. Karger AB, Steffen BT, Nomura SO, et al. Association between 
homocysteine and vascular calcification incidence, prevalence, 
and progression in the Mesa cohort. J Am Heart Assoc. 2020;9(3): 
e013934.

18. Longo N. Inherited disorders of amino acid metabolism in adults. 
In: Kasper D, Fauci A, Hauser S, et al., editors. Harrison’s principles 
of internal medicine. 19th ed. New York (NY):McGraw-Hill; 2015. 
p.434e-431-434e–435.

19. Morris AA, Kožich V, Santra S, et al. Guidelines for the diagnosis and 
management of cystathionine beta-synthase deficiency. J Inherit 
Metab Dis. 2017;40(1):49–74.

20. Petrides PE, Klein M, Schuhmann E, et al. Severe homocysteinemia 
in two givosiran-treated porphyria patients: is free heme deficiency 
the culprit? Ann Hematol. 2021;100(7):1685–1693.

•• The Munich EPNET group reported the first observation that 
treatment with givosiran induced exacerbation of dysregu-
lated homocysteine metabolism in two patients with acute 
hepatic porphyria.

21. Vassiliou D, Sardh E. Homocysteine elevation in givosiran treat-
ment: suggested ALAS1 siRNA effect on cystathionine 
beta-synthase. J Intern Med. 2021;290(4):928–930.

•• This case series demonstrated that pyridoxine/vitamin B6 sup-
plementation significantly reduced or normalized homocys-
teine levels in acute hepatic porphyria patients receiving 
givosiran.

22. Ricci A, Marcacci M, Cuoghi C, et al. Hyperhomocysteinemia in 
patients with acute porphyrias: a possible effect of ALAS1 modula-
tion by siRNAm therapy and its control by vitamin 
supplementation. Eur J Intern Med. 2021;92:121–123.

•• This case series reported on the use of vitamin B6 and other 
B-vitamin supplementation to restore homocysteine levels to 
normal or near normal in acute hepatic porphyria patients 
receiving givosiran.

23. Poli A, Schmitt C, Moulouel B, et al. Givosiran in acute intermittent 
porphyria: a personalized medicine approach. Mol Genet Metab. 
2022;135(3):206–214.

24. Fontanellas A, Ávila MA, Arranz E, et al. Acute intermittent por-
phyria, givosiran, and homocysteine. J Inherit Metab Dis. 2021;44 
(4):790–791.

25. Mushtak A, Yousef Khan F, Aldehwe B, et al. Three different pre-
sentation of same pathophysiology. Acta Inform Med. 2012;20 
(3):190–191.

26. Desouza C, Keebler M, McNamara DB, et al. Drugs affecting homo-
cysteine metabolism: impact on cardiovascular risk. Drugs. 2002;62 
(4):605–616.

27. Hoss GRW, Poloni S, Blom HJ, et al. Three main causes of homo-
cystinuria: CBS, cblC and MTHFR deficiency. What do they have in 
common? J Inborn Errors Metab Screen. 2019; 7: e20190007.

28. Mudd SH, Uhlendorf BW, Freeman JM, et al. Homocystinuria asso-
ciated with decreased methylenetetrahydrofolate reductase 
activity. Biochem Biophys Res Commun. 1972;46(2):905–912.

29. Zuhra K, Augsburger F, Majtan T, et al. Cystathionine-β-synthase: 
molecular regulation and pharmacological inhibition. 
Biomolecules. 2020;10(5):697.

30. Škovierová H, Vidomanová E, Mahmood S, et al. The molecular and 
cellular effect of homocysteine metabolism imbalance on human 
health. Int J Mol Sci. 2016;17(10):1733.

31. Al Mutairi F. Hyperhomocysteinemia: clinical insights. J Cent Nerv 
Syst Dis. 2020;12:1179573520962230.

32. Moll S, Varga EA. Homocysteine and MTHFR mutations. Circulation. 
2015;132(1):e6–e9.

33. Kaye AD, Jeha GM, Pham AD, et al. Folic acid supplementation in 
patients with elevated homocysteine levels. Adv Ther. 2020;37 
(10):4149–4164.

34. Lossos A, Teltsh O, Milman T, et al. Severe methylenetetrahydrofo-
late reductase deficiency: clinical clues to a potentially treatable 
cause of adult-onset hereditary spastic paraplegia. JAMA Neurol. 
2014;71(7):901–904.

35. Huemer M, Mulder-Bleile R, Burda P, et al. Clinical pattern, muta-
tions and in vitro residual activity in 33 patients with severe 5, 10 

methylenetetrahydrofolate reductase (MTHFR) deficiency. J Inherit 
Metab Dis. 2016;39(1):115–124.

36. Huemer M, Diodato D, Schwahn B, et al. Guidelines for diagnosis 
and management of the cobalamin-related remethylation disor-
ders cblC, cblD, cblE, cblF, cblG, cblJ and MTHFR deficiency. 
J Inherit Metab Dis. 2017;40(1):21–48.

37. Froese DS, Huemer M, Suormala T, et al. Mutation update and 
review of severe methylenetetrahydrofolate reductase deficiency. 
Hum Mutat. 2016;37(5):427–438.

38. CDC grand rounds: newborn screening and improved outcomes. 
MMWR Morb Mortal Wkly Rep. 2012;61(21):390–393.

39. Maclean KN, Jiang H, Phinney WN, et al. Derangement of hepatic 
polyamine, folate, and methionine cycle metabolism in cystathio-
nine beta-synthase-deficient homocystinuria in the presence and 
absence of treatment: possible implications for pathogenesis. Mol 
Genet Metab. 2021;132(2):128–138.

40. Marcus J, Sarnak MJ, Menon V. Homocysteine lowering and cardi-
ovascular disease risk: lost in translation. Can J Cardiol. 2007;23 
(9):707–710.

41. Clarke R, Bennett DA, Parish S, et al. Homocysteine and coronary 
heart disease: meta-analysis of MTHFR case-control studies, avoid-
ing publication bias. PLoS Med. 2012;9(2):e1001177.

42. Ospina-Romero M, Cannegieter SC, den Heijer M, et al. 
Hyperhomocysteinemia and risk of first venous thrombosis: the 
influence of (unmeasured) confounding factors. Am J Epidemiol. 
2018;187(7):1392–1400.

43. Brattström L, Wilcken DE. Homocysteine and cardiovascular dis-
ease: cause or effect? Am J Clin Nutr. 2000;72(2):315–323.

44. Jakubowski H. Proteomic exploration of cystathionine β-synthase 
deficiency: implications for the clinic. Expert Rev Proteomics. 
2020;17(10):751–765.

45. Martí-Carvajal AJ, Solà I, Lathyris D, et al. Homocysteine-lowering 
interventions for preventing cardiovascular events. Cochrane 
Database Syst Rev. 2017;8(8):CD006612.

46. den Heijer M, Willems HP, Blom HJ, et al. Homocysteine lowering 
by B vitamins and the secondary prevention of deep vein throm-
bosis and pulmonary embolism: a randomized, placebo-controlled, 
double-blind trial. Blood. 2007;109(1):139–144.

47. Arnett DK, Blumenthal RS, Albert MA, et al. 2019 ACC/AHA guide-
line on the primary prevention of cardiovascular disease: a report 
of the American College of Cardiology/American Heart Association 
Task Force on clinical practice guidelines. Circulation. 2019;140(11): 
e596–e646.

48. Piepoli MF, Hoes AW, Agewall S, et al. 2016 European guidelines on 
cardiovascular disease prevention in clinical practice: the sixth joint 
task force of the European Society of Cardiology and other socie-
ties on cardiovascular disease prevention in clinical practice (con-
stituted by representatives of 10 societies and by invited experts) . 
Developed with the special contribution of the European 
Association for Cardiovascular Prevention & Rehabilitation 
(EACPR). Eur Heart J. 2016;37(29):2315–2381.

49. Levy J, Rodriguez-Guéant RM, Oussalah A, et al. Cardiovascular 
manifestations of intermediate and major hyperhomocysteinemia 
due to vitamin B12 and folate deficiency and/or inherited disorders 
of one-carbon metabolism: a 3.5-year retrospective cross-sectional 
study of consecutive patients. Am J Clin Nutr. 2021;113 
(5):1157–1167.

50. MacFarlane AJ. Hyperhomocysteinemia in patients with cardiovas-
cular manifestations: to treat or not to treat. Am J Clin Nutr. 
2021;113(5):1081–1082.

51. Mydlík M, Derzsiová K. Vitamin B6 and oxalic acid in clinical 
nephrology. J Renal Nutr. 2010;20(5 suppl):S95–S102.

52. Mydlik M, Derzsiova K. Kidney damage in acute intermittent 
porphyria. Przegl Lek. 2011;68(9):610–613.

53. Hamfelt A, Wetterberg L. Pyridoxal phosphate in acute intermittent 
porphyria. Ann N Y Acad Sci. 1969;166(1):361–364.

54. Joosten E, van den Berg A, Riezler R, et al. Metabolic evidence that 
deficiencies of vitamin B-12 (cobalamin), folate, and vitamin B-6 
occur commonly in elderly people. Am J Clin Nutr. 1993;58 
(4):468–476.

EXPERT REVIEW OF GASTROENTEROLOGY & HEPATOLOGY 15



55. Morris MS, Picciano MF, Jacques PF, et al. Plasma pyridoxal 5’-phosphate 
in the US population: the national health and nutrition examination 
survey, 2003-2004. Am J Clin Nutr. 2008;87(5):1446–1454.

56. García-Diz L, Murcia MA, Gris JL, et al. Assessing nutritional status of 
acute intermittent porphyria patients. Eur J Clin Invest. 2012;42 
(9):943–952.

57. Di Pierro E, Granata F. Nutrients and porphyria: an intriguing 
crosstalk. Int J Mol Sci. 2020;21(10):3462.

58. Chabner BA, Stein JA, Tschudy DP. Effect on dietary pyridoxine defi-
ciency on experimental porphyria. Metabolism. 1970;19(3):189–191.

59. Garlick PJ. Toxicity of methionine in humans. J Nutr. 2006;136(6 
suppl):1722s–1725s.

60. Yaghmai R, Kashani AH, Geraghty MT, et al. Progressive cerebral 
edema associated with high methionine levels and betaine therapy 
in a patient with cystathionine beta-synthase (CBS) deficiency. Am 
J Med Genet. 2002;108(1):57–63.

61. Liu C, Lin L, Xu R. Elevated homocysteine and differential risks of 
the renal function decline in hypertensive patients. Clin Exp 
Hypertens. 2020;42(6):565–570.

62. Lazareth H, Poli A, Bignon Y, et al. Renal function decline with small 
interfering RNA silencing aminolevulinic acid synthase 1 (ALAS1) for 
acute intermittent porphyria. Kidney Int Rep. 2021;6(7):1904–1911.

63. Sacharow SJ, Picker JD, Levy HL, et al. Homocystinuria caused by 
cystathionine beta-synthase deficiency. In: Adam MP, Ardinger HH, 
Pagon RA, editors. GeneReview. Seattle: University of Washington; 
2017. p. 1–53.

64. Makins RJ, Gertner DJ, Lee PJ. Acute pancreatitis in homocystinuria. 
J Inherit Metab Dis. 2000;23(2):190–191.

65. Simon P, Weiss FU, Zimmer KP, et al. Acute and chronic pancreatitis 
in patients with inborn errors of metabolism. Pancreatology. 2001;1 
(5):448–456.

66. Li J, Luo S, Tan C, et al. Hyperhomocysteinemia associated with 
multiple organ failure in acute pancreatitis patients. BioMed Res 
Int. 2020;2020:6960497.

67. Girish BN, Vaidyanathan K, Rao NA, et al. Chronic pancreatitis is 
associated with hyperhomocysteinemia and derangements in 
transsulfuration and transmethylation pathways. Pancreas. 
2010;39(1):e11–e16.

68. Yuzbasioglu MF, Ozkaya M, Cakal E, et al. Changes in plasma levels 
of homocysteine in patients with acute pancreatitis. Jop. 2008;9 
(3):357–361.

69. van Guldener C. Why is homocysteine elevated in renal failure and 
what can be expected from homocysteine-lowering? Nephrol Dial 
Transplant. 2006;21(5):1161–1166.

70. Vassiliou D, Sardh E, Harper P, et al. A drug-drug interaction study 
evaluating the effect of givosiran, a small interfering ribonucleic 
acid, on cytochrome P450 activity in the liver. Clin Pharmacol Ther. 
2021;110(5):1250–1260.

71. Meier M, Janosik M, Kery V, et al. Structure of human cystathionine 
beta-synthase: a unique pyridoxal 5’-phosphate-dependent heme 
protein. Embo J. 2001;20(15):3910–3916.

72. Mato JM, Corrales FJ, Lu SC, et al. S-adenosylmethionine: 
a control switch that regulates liver function. FASEB J. 2002;16 
(1):15–26.

73. Thompson MA, Bauer BA, Loehrer LL, et al. Dietary supplement 
S-adenosyl-L-methionine (AdoMet) effects on plasma homocys-
teine levels in healthy human subjects: a double-blind, 
placebo-controlled, randomized clinical trial. J Altern Complement 
Med. 2009;15(5):523–529.

74. Lin CN, Shiao MS, Cheng ML, et al. Profiling of serum metabolites of 
acute intermittent porphyria and asymptomatic HMBS mutation 
carriers. Cells. 2021;10(10):2579.

75. Calderon-Ospina CA, Nava-Mesa MO, Paez-Hurtado AM. Update on 
safety profiles of vitamins B1, B6, and B12: a narrative review. Ther 
Clin Risk Manag. 2020;16:1275–1288.

76. Kruger WD. How to fix a broken protein: restoring function to 
mutant human cystathionine β-synthase. Hum Genet. 2022;141 
(7):1299–1308.

16 P. VENTURA ET AL.


	Abstract
	1.  Introduction
	2.  Background on hyperhomocysteinemia
	2.1.  Homocysteine Metabolism
	2.2.  Hyperhomocysteinemia
	2.3.  Clinical Relevance of Hyperhomocysteinemia

	3.  Hyperhomocysteinemia in patients with AHP and in those receiving givosiran
	3.1.  Hyperhomocysteinemia in Patients with AHP
	3.2.  Hyperhomocysteinemia in AHP Patients Receiving Givosiran: Patient Case Series
	3.3.  Hyperhomocysteinemia in AHP Patients Receiving Givosiran: ENVISION Trial
	3.4.  Hypotheses for Mechanism of Hyperhomocysteinemia in AHP Patients Receiving Givosiran

	4.  Conclusion
	5.  Expert opinion on clinical management of hyperhomocysteinemia in Ahp patients receiving givosiran
	5.1.  Monitoring Before and During Givosiran Treatment
	5.2.  Watch-and-Wait vs. Initiate Treatment
	5.3.  Treatment Approaches

	Acknowledgments
	Funding
	Declaration of interest
	Reviewer disclosures
	References

