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Abstract. Acute intermittent porphyria (AIP) is a rare
inherited disorder, which is caused by the partial deficiency
of hydroxymethylbilane synthase (HMBS), an enzyme of the
heme biosynthetic pathway. Abdominal pain, neuropsychiatric
disturbance and neuropathy are the typical manifestations
of the disease. Complications such as posterior reversible
encephalopathy syndrome (PRES), a rare type of brain lesion
present on MRI, are also observed in patients with AIP. The
present study reports on the case of a 36-year-old Chinese
female patient with AIP and PRES. Genomic DNA were
obtained from peripheral blood leukocytes and genomic
regions of the HMBS gene were amplified as 2 fragments,
which together contained all the exons and flanking intronic
regions. Sanger sequencing of the amplified DNA fragments
from the patient and the patient's family revealed a novel
frameshift deletion (c.405-406delAA) in exon 8 of the HMBS
gene. This mutation leads to a subsequent truncated protein
(p-Glul35AspfsX74). The recombinant mutant protein had
62% activity relative to the wild-type protein but similar
thermostability. It was confirmed that this novel mutation was
the cause of AIP. Accumulation of D-aminolevulinic acid
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(ALA) due to HMBS dysfunction is a potential mechanism
of PRES. The manifestation of PRES may be associated
with ALA-induced cytotoxicity and the destruction of the
blood-brain barrier. In summary, in the present study, a novel
pathogenic HMBS mutation was identified, expanding on the
molecular heterogeneity of AIP.

Introduction

Porphyrias is a group of rare, mostly inherited disorders that
are each caused by a defect in a specific heme biosynthetic
enzyme (1). Acute intermittent porphyria [AIP; Online
Mendelian Inheritance in Man (OMIM) ID, 176000] is caused
by the partial deficiency of hydroxymethylbilane synthase
(HMBS; EC:4.3.1.8), an enzyme in the heme biosynthetic
pathway (2). Recent updates for the management of acute
attacks of porphyria have described the clinical features
of an AIP episode as including abdominal pain, nausea,
vomiting, constipation, dark urine, hypertension, arrhythmia,
psychosis, convulsions, peripheral motor neuropathy and
hyponatremia (3). Abdominal pain, psychiatric disturbance
and peripheral neuropathies are the ‘classical triad’ of
AIP 4).

With the advent of DNA technology, genetic analysis has
become the gold standard for the diagnosis of AIP (2). In
total, >390 different mutations responsible for AIP have been
reported so far (1), most of them in Europe, particularly in
northern Europe (5).

Atour department, a Chinese patient with AIP and posterior
reversible encephalopathy syndrome (PRES) was identified.
PRES is characterized by several neurological symptoms typi-
cally corresponding to areas of vasogenic cerebral edema on
MRI (6).

The patient of the present study was diagnosed with AIP
by genetic analysis and clinical presentation of PRES based
on typical symptoms and imaging results. PCR-based gene
sequencing identified a frameshift deletion (c.405-406delAA)
in exon 8 of the HMBS gene. Furthermore, the deletion
variant truncated (p.Glul35AspfsX74) the HMBS protein in
the proband.
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Materials and methods

Sample collection. All procedures were performed in accor-
dance with the ethical standards of the responsible Ethics
committee of The Second Military Medical University
(Shanghai, China) on human experimentation and with The
Declaration of Helsinki from 1975 and its revision from 2000.
Blood samples were collected in EDTA from a 36-year-old
Chinese female in May 2013, who was referred by her physi-
cians due to elevated D-aminolevulinic acid (ALA) and
porphobilinogen (PBG) levels, and due to having clinical
symptoms compatible with acute hepatic porphyria. The
patient provided informed consent for genetic testing and the
study was approved by the Ethics Committee of The Second
Military Medical University (Shanghai, China).

DNA isolation and mutation analyses. Genomic DNA was
extracted from lymphoblasts using the QIAamp DNA Blood
Mini kit (Qiagen, Inc.). Amplification of the entire HMBS
gene was performed in two parts as described previously (7).
Fragment 1 comprised the promoter region through intron 3
[primers long-range (LR)1 and LR2] and fragment 2 was
comprised of exon 2 through exon 15 (primers LR3 and LR4),
as presented in Table I. Using the Extensor™ Hi-fidelity PCR
master mix (Thermo Fisher Scientific, Inc.), initial denatur-
ation was performed at 94°C for 1 min. For the first 16 cycles,
denaturation was performed at 94°C for 30 sec, with annealing
and extension at 67°C for 5 min. The next 12 cycles included
denaturation at 94°C for 30 sec, and annealing and extension at
67°C for 5 min and 15 sec, respectively, with 15-sec increments
at each additional cycle. The final extension was performed at
72°C for 10 min. PCR products were analyzed by agarose gel
electrophoresis to determine that the long-range reactions were
successful and to identify any gross gene rearrangements.

The amplified fragments were sequenced on the ABI 3500
Genetic Analyzer (Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. A list of the sense and anti-
sense primers used and sequencing parameters are provided
in Table I. In brief, sequencing PCR was performed as follows,
following the manufacturer's instructions: Denaturation at
95°C for 30 sec; annealing at 60°C for 30 sec; and extension
at 72°C for 60 sec for 30 cycles. After a final denaturation for
3 min at 94°C, the PCR mixture was loaded on a 2% agarose
gel and air-dried for 15 min. The PCR product was excised
from the gel, purified with a QIAEX II gel extraction kit
(Qiagen, Inc.) and then subjected to capillary electrophoresis
sequencing using the ABI 3500 Genetic Analyzer (Thermo
Fisher Scientific, Inc.).

Generation and expression of HMBS constructs in
E. coli. The full-length human wild-type (WT) and
mutant (mut; c.405-406delAA) the synthesized HMBS
complementary DNA (Coding sequence of HMBS was
download from NCBI database, https:/www.ncbi.nlm.nih.
gov/nuccore/NM_001024382.2, and cDNA was syntehsised
by reverse transcription-PCR.) (8) was cloned into the
PKK?233-3 vector (Ybscience, Inc.; http:/www.ybio.net/) and
designated as PKK-WT (1.743+0.047 mg/ml) and PKK-mut
(1.642+0.168 mg/ml), respectively. The constructs were
confirmed by sequencing and transformed into BL21 E. coli
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competent cells (Ybscience, Inc.), which were cultured over-
night in lysogeny broth medium (cat. no. ST156; Beyotime
Institute of Biotechnology) at 37°C. Inoculates were induced
with 1 pm isopropyl B-D-1-thiogalactopyranoside and
incubated for an additional 3 h. at 37°C After centrifuga-
tion at 6,000 x g for 1 min at room temperature, cells were
resuspended in 1 ml bacterial lysis buffer (cat. no. C500003;
Sangon Biotech Co., Ltd.) and lysed by freezing at -80°C for
30 min, followed by thawing. Lysates were centrifuged at
12,000 x g for 5 min at 4°C, and supernatants were collected
and stored at -80°C in the dark until further use. The time
interval between transfection and subsequent experiments
was <1 week.

Western blot analysis. Denatured protein lysates were sepa-
rated by 8% SDS-PAGE and transferred on to a polyvinylidene
difluoride membrane (Beyotime Institute of Biotechnology).
The lane of PKK223-1-1 contained 0.52 mg protein. The
lane of PKK?223-1-2 contained 0.56 mg protein. The lane of
PKK?223-1-3 contained 0.62 mg protein. The lane of HMBS
mut-1-1 contained 0.46 mg protein. The lane of HMBS mut-1-2
contained 0.58 mg protein. The lane of HMBS mut-1-3 contained
0.48 mg protein. The lane of HMBS WT-5-1 contained 0.48 mg
protein. The lane of HMBS WT-5-2 contained 0.50 mg protein.
The lane of HMBS WT-5-3 contained 0.56 mg protein.
Determination of protein concentration using bicinchoninic
acid Protein Assay kit (cat. no. PO012s; Beyotime Institute
of Biotechnology). After blocking in 5% non-fat dry milk
in Tris-buffered saline containing Tween-20 for 3 h at room
temperature, the membrane was incubated with anti-HMBS
antibody (1:5,000; cat. no. ab129092; Abcam) at 4°C overnight,
followed by incubation with secondary horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG (1:5,000; cat. no. Ab6721;
Abcam) for 2 h at room temperature. Signals were detected
using the ECL Chemiluminescence substrate reagent kit
(Invitrogen; Thermo Fisher Scientific, Inc.). Membranes
were stripped and re-probed with anti-GAPDH (1:1,000;
cat. no. AG019-1; Beyotime Institute of Biotechnology)
and secondary HRP-conjugated anti-mouse IgG (1:5,000;
cat. no. A0261; Abcam) at room temperature for 1 h for loading
normalization.

HMBS enzyme activity and thermostability. HMBS enzyme
activity was determined in lysates by measuring the conver-
sion of PBG to uroporphyrin as previously described (9).
Lysates were diluted 1:3 in phosphate buffer (pH 7.6)
containing dithiothreitol, MgCl, and Triton X-100; 100 ul of
this mixture was pre-incubated with 1.8 ml of 0.1 M Tris-HCl
(pH 8.1) for 3 min at 37°C, followed by incubation with 0.5 ml
of 1 mm PBG substrate for 60 min at 37°C in the dark. The
reaction was stopped with 350 ul cold 40% trichloroacetic
acid and oxidation of uroporphyrinogen to uroporphyrin was
performed under sunlight for 30 min. Uroporphyrins were
measured quantitatively by spectrofluorometry at an emis-
sion wavelength of 405 nm. HMBS activity was expressed in
the units pmol uroporphyrin/mg protein/h using appropriate
standards. All assays were performed in triplicate and average
values were expressed as percent of WT activity. For enzyme
thermostability studies, WT and mutant lysates were assayed
for HMBS activity after incubation at 65°C for 90 min.
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Table I. Primers for PCR amplification and sequencing.
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Primer

Oligonucleotide sequence (5'-3")

For long-range PCR
LR1 (sense)
LR2 (antisense)
LR3 (sense)
LR4 (antisense)

For direct sequencing
Exon 1
Exon 2/3
Exon 4
Exon 5/6
Exon 7
Exon 8
Exon 9
Exon 10
Exon 11
Exon 12
Exon 13
Exon 14
Exon 15

TGCTCCCACTTCAGTTACTTGTCTTTA
GACGCCCATCTCTAAACCTAATCAGGAC
AAGGGACCAGCCTTGGAGTATTTCCCCACTC
CAAGGATAGAAGGGCGGTTGAGGTGTGC

GAGACCAGGAGTCAGACTGT
CCCACTGACAACTGCCTTGGTCAAG
CCTAACCTGTGACAGTCT
AGACCTAGCATACTAGGG
AGGGTCAGGCCCCAAAGGGAAAGG
CGAGAGAATAGAGGTGAT
TTGTCTTTTTCCTTGGCTGC
GGGAAAGACAGACTCAGGCAGAG
CGGTAGCATCCCAAGGTCT
TAAGAAATCTTCCCTGC
CAGTGATGTCCTCAGGTCTG
ATCCCAGGTTTCTAGGTAG
AGACCATGCAGGCTACCATC
CGTGACCTGTCGTCGTTG

LR, long range.

Mapping of the missense mutation on the human HMBS crystal
structure. The 2.8-A crystal structure of human HMBS (10)
(Protein Data Bank ID: 3EQ1) was viewed in PyMOL Molecular
Graphics System (v2.0; Schrédinger, LLC). Mapping of the
molecular mutations and graphical representations were created
on PyMOL Molecular Graphics System (v2.0; Schrodinger,
LLC) (10), which involved comparing the structure of a protein
simulated by the software with that of a published protein.

Statistical analysis. Independent-samples t-tests were used
as appropriate to compare the thermostability between
WT-HMBS and mutant protein. The ratio of the enzyme
activity prior to and after heating was used as an index to
describe the thermostability of HMBS. SPSS version 21.0
(IBM Corp.) was used for analysis. P<0.05 was considered to
indicate statistical significance.

Results

Case report. The proband was a 36-year-old Chinese female.
She was treated at a local county hospital for severe acute
abdominal pain five years previously, for which she underwent
a laparotomy for intussusception, but the results were misdi-
agnoses. She then had a recurrence of acute lower abdominal
pain accompanied by systemic seizures six months later; she
recovered after one month of conservative treatment. The
acute abdominal pain recurred two years ago, and after one
week of this persistent pain, the patient developed neurological
and psychiatric symptoms, including blurred vision, impaired
speech, seizures and memory impairment. At one month after

the onset, the patient was referred to the Neurology Department
of The Second Affiliated Hospital of The Second Military
Medical University for further diagnosis. Medical examina-
tion indicated that the patient's blood pressure was normal
with good heart and lung functions. Neurological examina-
tion revealed mental fatigue and limb paralysis. Brain MRI
indicated intracranial multifocal lesions in the cortical and
subcortical white matter of the left temporal, parietal, occipital
and right occipital lobes. After two weeks of treatment, MRI
revealed partial regression of the neurological abnormali-
ties (Fig. 1). Laboratory tests indicated that the patient had
hypoproteinemia (25 g/l), hypoglycemia and mildly elevated
alanine aminotransferase and aspartate aminotransferase,
while levels of serum ceruloplasmin and blood electrolytes
(potassium, sodium, chloride, calcium and magnesium ions)
were in the normal range. An electroencephalogram revealed
slower brain waves in the bilateral cerebral hemispheres but
no epileptic discharge. Chest X-rays were normal. Pelvic ultra-
sound revealed intrauterine pregnancy, which was the cause of
changes in hormone levels. PBG was strongly positive in the
qualitative test (Watson-Schwartz test) (11,12) of the patient's
urine during the attack period, which became negative after
the episode. Repeated tests performed during the remission
period were weakly positive for PBG. Darkening of urine after
30 min of exposure to sunlight confirmed the clinical diagnosis
of AIP. The patient had high levels of porphyrin precursors in
her urine. The proband was treated by intravenous infusion of
300 g/day of glucose. Complete recovery was achieved after
2 weeks of conservative treatment, and then the patient chose
to terminate the pregnancy.
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Figure 1. MRI images of the patient. (A) Prior to treatment, T2 signal abnormalities were observed in the bilateral occipital lobe. (B) These abnormal signals
were almost recovered and returned to normal after treatment with 1 week. (C) Prior to treatment, T2 signal abnormalities were observed in the bilateral
occipital lobe. (D) These abnormal signals were almost recovered and returned to normal after treatment with 1 week. (E) Diffusion-weighted image signal
abnormalities were observed in the same regions, suggestive of vasogenic edema and compatible with posterior reversible encephalopathy syndrome; white
arrow indicates diseased regions. (F) These abnormal signals were almost recovered and returned to normal after treatment with 1 week.

For genetic screening, blood samples of the patient and her ~ developed symptoms of psychosis during her middle age and
family members (the patient's parents and the patient's son)  was diagnosed with schizophrenia, which was managed with
were collected after informed consent. The patient's mother  antipsychotic drug treatment but was not diagnosed with
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Figure 2. Mutation sequence of HMBS of the patient and members of the patient's family. DNA sequencing chromatogram of exon 8 of HMBS transcripts
(red arrow) from (A) the patient, (B) the patient's mother and (C) the patient's son, heterozygous for the ¢.405-406del AA mutation. (D) The sequence from the

patient's father is normal. HMBS, hydroxymethylbilane synthase.
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Figure 3. Mutant protein is thermally stable. The thermostability of the WT
and mutation enzymes was assessed by comparing their respective enzyme
activity with the initial WT activity prior to thermoinactivation. The experi-
mental results reflect the means of four independent experiments and the
error bars denote 1 standard deviation. WT, wild-type.

AIP. The patient's son (age, 18 years) had not developed any
abdominal pain or nervous system dysfunction.

Mutation analysis of the HMBS gene. Direct sequencing
of PCR-amplified genomic DNA, including 15 exons and
adjacent intronic areas, identified a ¢.405-406delAA frame-
shift mutation in exon 8 of the HMBS gene (Fig. 2). This
was a heterozygous mutation, identified in the proband,
the proband's mother and the proband's son, but not in the
proband's father.

Enzyme activity and thermostability of the mutated HMBS.
HMBS enzyme activity of the mutant protein was 62.2% of the
activity of the expressed WT protein (71,449.00+21,708.96 vs.
44,461.00+14,412.49 U, t=1.794, P=0.147). The thermostability
assay indicated that the mutant protein retained 48.5% of its
initial HMBS activity after incubation at 65°C for 90 min. On
the other hand, the WT enzyme retained 42.9% of its initial
activity after a 90-min incubation at 65°C (Fig. 3), and there
was no statistically significant difference in thermostability
between the WT protein and mutated protein (42.9 vs. 48.5%;
P=0.703).
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Figure 4. Western blot analysis of HMBS deletion mutants. The stability of
the expressed mutant proteins was compared with that of the WT by western
blot analysis. HMBS, hydroxymethylbilane synthase; mut, mutant; WT,
wild-type.

A

Figure 5. Mapping of the deletion mutation on the structure of the human
hydroxymethylbilane synthase protein. (A) An image of the normal structure.
(B) An image of the mutant structure.

Effects of deletion mutation on protein stability and structure
of the mutant HMBS protein. Western blot analysis indicated
that the expression of the mutant protein (Glul35AspfsX74) was
similar to that of the WT protein (Fig. 4). However, the secondary
structure of the truncated protein was notably different from that
of the WT. The mutant protein exhibited a significant reduction
in a-helix and B-sheets and folding of the peptide chains (Fig. 5).

Discussion

AIP is an inherited metabolic disease characterized by
the partial deficiency of HMBS (1). In the present study, a
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novel frameshift deletion (c.405-406delAA) in exon 8 of
the HMBS gene leading to a truncated (p.Glul35AspfsX74)
protein was identified in a Chinese pedigree (Fig. 6). The
structure of the mutated protein was significantly different
from the WT and its enzyme activity was lower than that of
the WT protein with similar thermostability. As no previous
records of the mutation were present in the OMIM database,
it was inferred that this was a novel mutation identified in a
Chinese family.

As exemplified in the present case, AIP is easily and
frequently misdiagnosed in the clinic (1). In spite of the
presentation with clinical symptoms of AIP, including acute
abdominal pain, neuropathy and psychiatric disorders, the
patient of the present study underwent laparotomy for intus-
susceptions. Following the onset of the recent episode of
disease activity, AIP was diagnosed based on the typical
clinical manifestations, urine PBG test and genetic testing.

In humans, HMBS is the third enzyme of the heme
biosynthetic pathway that has a high degree of conserva-
tion (2). Human HMBS consists of three domains: Domains
1 and 2 have five b-sheets and three a-helices; and domain
3 has a flattened b-sheet geometry. The functional core of
HMBS enzyme activity is located in domain 1 (13). It has
the DPM cofactor in the native reduced conformation with
an ordered sulphate ion hydrogen bound to Arg® and Ser?® at
the proposed substrate-binding site (13). Although domain 3
is distant from domain 1, its interaction with domain 1 may
modulate conformational fluctuations associated with the
enzyme action (13). In the present study, mutations led to the
truncation of the HMBS protein. It is worth noting that western
blot analysis demonstrated that the truncated mutant proteins
had similar molecular weights to those of WT proteins. It was
demonstrated that the mutation was the deletion of two bases
AA, and after the base deletion, the primary structure of the
protein changed. The translation was terminated prematurely,
but it was not possible to determine what changes occurred
in the tertiary structure of the protein, and thus no signifi-
cant difference was observed in the western blotting results.
However, the present study was unable to verify the protein
structure changes. Therefore, the structural changes caused
by this mutation will be investigated in further studies. The
mutant protein is p.Glul35AspfsX74. This means that the
missing AA resulted in the conversion of amino acid residues
at position 135 from Glu to Asp, and premature termination
occurred at position 74 after this position. ACC is not a
stop codon so this mutation results in frameshift mutations
and produces different amino acid residues in subsequent
sequences. According to the prediction analysis of the trun-
cated protein, the mutant protein has 300 amino acid residues.
Compared to the WT protein, the mutant protein does lose
~60 residues, primarily affecting the domain 3 regions.
However, structural prediction revealed that the b-folding and
the a-coiling of the mutant protein were reduced, which may
be due to the loss of domain 3 affecting the correct folding of
the domain 1 and 2 region peptide chains. It was concluded
that the function of the mutated protein was reduced to ~60%
of the WT protein because the functional core of the domain
1 region is not affected by the mutation, but the deletion of
domain 3 results in a conformational change in domain 1,
leading to a decrease in overall enzyme function.
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The proband

Figure 6. Pedigree chart of the patient's family. Males are indicated by
squares and females by circles, and individuals carrying the mutation are
indicated in black.

Although PBG and ALA accumulation is hypothesized
to be the trigger of AIP (1), their exhaustive pathological role
remains elusive. In the present study, the focus was on the
neurological manifestations of AIP. Due to the presence of the
typical symptoms (headache, visual disturbances and seizures)
and characteristic MRI, the patient was clinically diagnosed
with PRES.

Brain lesions in patients with acute porphyria are not rare.
However, only a few studies have reported on brain MRI
features of patients with AIP. MRIs performed early during an
attack have demonstrated reversible cortical changes consis-
tent with PRES (14). PRES refers to a reversible subcortical
vasogenic brain edema in patients with acute neurological
symptoms (15), including seizures, headaches and visual
disturbances, which are the three major clinical manifestations
of AIP.

Since the first report on PRES in 1996, numerous studies
describing the disease have been published, but the exact
pathogenesis has remained to be defined. There are currently
two widely accepted hypotheses regarding the pathogenesis of
PRES: i) Excessive brain perfusion caused by an increase in
blood pressure that breaks the cerebral blood flow autoregula-
tion threshold; ii) disruption of the blood-brain barrier (BBB) by
vascular endothelial dysfunction due to toxic substances (15).
The first theory is the core mechanism leading to PRES, as
the posterior cerebrum lacks sympathetic innervation and is
sensitive to blood pressure fluctuations (16). Since there was
no significant increase in blood pressure in the patient of the
present study, it was inferred that PRES was caused by other
mechanisms.

Neurovisceral symptoms are one of the typical mani-
festations of AIP. Autonomic testing has demonstrated
parasympathetic and sympathetic dysfunction during an acute
attack of AIP (14). Considering the lack of sympathetic inner-
vation in the posterior region of cerebrum, it was concluded
that sympathetic dysfunction in AIP was the pathological basis
for the initiation of PRES. Parasympathetic, as well as sympa-
thetic dysfunction, makes the arteries in the posterior region
more susceptible to vasodilation and hyperperfusion, leading
to homeostatic dysregulation of cerebral blood flow (15).

MOLECULAR MEDICINE REPORTS 22: 516-524, 2020

A systematic review reported that AIP complicated with
PRES is more common in female patients (17). In the present
case, the common causes of PRES, including hypertension
and hyponatremia, were not present. It may be hypothesized
that pregnancy may be an important cause of AIP attacks and
PRES, as it alters hormone secretion, the internal environment
and sympathetic function. At the same time, pregnancy may
increase the metabolic burden of patients. All of these factors
may be the core reasons for the induction of AIP and PRES in
the present case.

In fact, through the experiments in the present study, it was
confirmed that the mutated HMBS protein had ~60% activity
and the patient's HMBS mutation was heterozygous. This
means that under normal circumstances, the HMBS activity in
the patient may reach ~80% of the normal level (50% contrib-
uted from the WT allele and 30% from the mutant allele). In
AIP, however, a 50% decrease in HMBS activity is typically
indicative of the disease (18). Under these conditions, patients
usually do not have severe AIP attacks. Therefore, it is hypoth-
esized that the onset of the episode of AIP the present case
was associated with a marked increase in hemoglobin demand
due to pregnancy. The patient's mutated HMBS was not able
to meet the increased hemoglobin synthesis burden, resulting
in an abnormal increase in ALA and PBG and leading to this
episode of AIP.

The identified HMBS mutation, ¢.405-406delAA, causes a
frameshift and leads to premature termination of the protein.
Most likely, this mutation triggers nonsense-mediated decay
(NMD) and decreases HMBS mRNA expression, resulting
in AIP. NMD is a translation-dependent mRNA surveillance
mechanism that helps to maintain the quality of gene expres-
sion (19). The function of NMD is to eliminate the production
of truncated proteins. A premature termination codon that
triggers NMD may give rise to disease by precluding the
production of the full-length protein. Therefore, it was specu-
lated that the premature termination of the HMBS protein
may trigger NMD, resulting in a decrease in the production
of full-length HMBS protein, which in turn induces AIP. This
is a potential mechanism for the onset of AIP in this patient.

Abnormal accumulation of ALA and PBG is the major
pathological process in AIP (1) and a potential mechanism
of PRES (17). ALA is neurotoxic and affects the binding
affinity of g-aminobutyric acid (GABA) to its receptors, but
not the binding of serotonin or dopamine (14). Studies have
indicated that most or all of the ALA and PBG that are toxic
to the central nervous system are produced by the metabolism
of cells localized in the brain, and the BBB was not, or was
only slightly permeable to ALA and PBG (20,21). Hu et al (22)
reported that disruption of the 5-ALA transport mechanism
is a key factor in ALA neurotoxicity. In the present study, the
patient had an AIP attack and PRES. It was speculated that
an underlying mechanism affects the permeability of the BBB
and induces vasogenic edema in the brain tissue, leading to
PRES. At the same time, changes in the permeability of the
BBB also lead to changes in the intracranial concentration of
ALA, causing neurotoxicity of ALA.

Inhibition of GABA receptors increased vascular endo-
thelial growth factor (VEGF) expression in tumor cells (23).
VEGEF is an important mediator of vascular permeability,
and changes in BBB permeability due to changes in VEGF
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expression are also important causes of PRES (24). Increased
levels of circulating VEGF induces brain edema seen in
PRES (24). Thus, it was speculated that accumulating ALA
may act on GABA receptors of astrocytes and alter VEGF
expression. This possible mechanism has remained to be
confirmed by experimental studies and will require further
exploration in the future.

ALA also reversibly inhibits energy-dependent Na*/K*
ATPase in the brain, which may subsequently lead to the
development of cellular edema (14). In addition, the production
of nitric oxide (NO) may also decrease during the onset of AIP
and cause vasoconstriction (25). NO synthase is a hemoprotein
and the relative deficiency of heme during AIP may reduce the
production of NO (26).

Currently, there are no established criteria and guidelines
for the diagnosis and classification of PRES. Although not
100% specific, imaging findings combined with clinical
symptoms are acceptable for the diagnosis of PRES. The
T2-weighted imaging (T2WI) or T2-fluid-attenuated inver-
sion recovery (FLAIR) hyperintensities in the posterior
region of the brain is a typical imaging pattern of PRES,
which indicates the manifestation of vasogenic edema,
observed in >95% of patients with PRES (16). However,
cytotoxic edema is also observed on diffusion-weighted
imaging in certain patients (27). In the case of the present
study, T2WI or T2-FLAIR hyperintensities were detected
in the posterior region of the brain and significant diffusion
restriction was observed, indicating vasogenic and cytotoxic
edema in this patient. These results confirmed the inference
that PRES in this patient was mainly due to toxic metabolites.
It is noteworthy to mention that the presence of extensive
vasogenic edema or diffusion restriction is associated with
an unfavorable clinical outcome (28). However, contrary to
certain studies (16), the patient of the present study recovered
completely. It may therefore be hypothesized that lesions
caused by restricted diffusion may not be irreversible.

AIP diagnosis during or following an acute attack is
usually based on clinical symptoms combined with PBG
excretion. Over the years, genetic analysis has become the
most reliable method to confirm AIP in symptomatic patients,
and asymptomatic patients who do not always have elevated
levels of ALA and PBG, as well as in patients with the
non-erythroid variant of AIP with a normal level of urinary
ALA and PBG (2).

There are several limitations to the present study. First,
due to the experimental limitations, results on the ALA
concentration in patient samples could not be obtained. The
ALA concentration is considered necessary for the diagnosis
of AIP. However, AIP was diagnosed by the Watson-Schwartz
test, which has been proven feasible in the diagnosis of AIP. In
addition, it was not possible to isolate RNA from the patient
to assess HMBS mRNA expression levels, although it was
speculated that NMD-induced mRNA degradation of HMBS
may be a potential pathogenesis of AIP. Complementary
experiments will be performed in future studies to clarify the
pathogenesis associated with the mutant HMBS.
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