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ABSTRACT

Background: Acute intermittent porphyria (AIP) is an inherited disease produced by a
deficiency of Porphobilinogen deaminase (PBGD). The aim of this work was to evaluate the
effects of Isoflurane and Sevoflurane on heme metabolism in a mouse genetic model of AIP
to further support our previous proposal for avoiding their use in porphyric patients. A
comparative study was performed administering the porphyrinogenic drugs
allylisopropylacetamide (AlA), barbital and ethanol, and also between sex and mutation using
AIP (PBG-D activity 70% reduced) and T1 (PBG-D activity 50% diminished) mice.

Methods: The activities of 5-Aminolevulinic synthetase (ALA-S), PBG-D, Heme oxygenase
(HO) and CYP2EL; the expression of ALA-S and the levels of 5-aminolevulinic acid (ALA)
were measured in different tissues of mice treated with the drugs mentioned.

Results: Isoflurane increased liver, kidney and brain ALA-S activity of AIP females but only
affected kidney AIP males. Sevoflurane induced ALA-S activity in kidney and brain of female
AIP group. PBG-D activity was further reduced by Isoflurane in liver male T1; in AIP male
mice activity remained in its low basal levels. Ethanol and barbital also caused biochemical
alterations. Only AIA triggered neurological signs similar to those observed during human
acute attacks in male AIP being the symptoms less pronounced in females although ALA-S
induction was greater. Heme degradation was affected.

Discussion: Biochemical alterations caused by the porphyrinogenic drugs assayed were
different in male and female mice and also between T1 and AIP being more affected the
females of AIP group.

General significance: This is the first study using volatile anaesthetics in an AIP genetic

model confirming Isoflurane and Sevoflurane porphyrinogenicity.

Keywords: 5-Aminolevulinic acid; porphobilinogen deaminase; heme metabolism; brain;

volatile anaesthetics, porphyrinogenic drugs



1. Introduction

Acute intermittent porphyria (AIP) is a human disease because of having a
dominantly inherited partial deficiency of the third heme enzyme, Porphobilinogen deaminase
(PBG-D) [1-4]. It is characterized by a neurological syndrome consisting of acute abdominal
pain with global or focal autonomic dysfunction of central nervous system and a
predominantly motor polyneuropathy [5, 6].

The reduction of PBG-D activity is not enough for triggering such these symptoms
and crisis may be precipitated by a number of factors, including physiological hormonal
functions, fasting, stress, infection and also therapeutical drugs such as anaesthetics [2, 7,
8].

Several mechanisms have been postulated to explain the neuropsychiatric
manifestations of acute Porphyrias, although the pathogenesis of acute attacks is yet
unknown. 5-Aminolevulinic acid (ALA), the product of the first and regulatory enzyme ALA
synthetase (ALA-S), generates reactive species leading to oxidative lesions in brain synaptic
membranes, affecting GABAergic and glutamaergic systems. ALA accumulation in central
nervous system could be one of the reasons for the neurological syndrome [9-12].

Heme Oxygenase (HO) is the key enzyme in heme catabolism because it catalyzes a
rate-limiting step of this pathway [13-15].

Isoflurane and Sevoflurane are volatile anaesthetics that reproduce the typical
biochemical signs of AIP when they were administered to CF1 mice [16, 17]. Similar results
were obtained when Isoflurane was given to other genetic models of Porphyrias, such as
Erythropoietic Protoporphyria [18] and Hepatoerythropoietic Porphyria [19], showing that the
use of these anaesthetics in porphyric patients should be avoided.

Porphyrinogenic activity of drugs may be observed from retrospective clinical data or
by investigating their effect in animal models. Attempts to predict whether a drug will risk
precipitating the symptoms in a carrier of acute porphyria should therefore focus on the

ability of the substance to activate two mechanisms: to induce ALA-S and to inhibit its
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physiological feedback-control via reduction of the regulatory heme pool by induction or
destruction of the heme-based drug-metabolizing cytochrome P-450 (CYP) enzymes (8).

On the other hand, it has been reported by some of the authors of the present paper
that porphyrinogenic agents altered heme metabolism, cholinergic and glutamatergic system,
Phase | drug metabolizing system and also developed oxidative and nitrosative stress [20-
25] in brain of CF1 mice.

Dr. Meyer and his team developed in 1996 [26] a genetic mouse model of AIP that
exhibit the typical biochemical and neurological characteristics of human AIP. This model is
very useful to study the pathogenesis of the neurologic symptoms of AIP and to evaluate the
porphyrinogenicity of drugs [27-29].

In the present work, using this AIP mouse model [26], we studied the effects on heme
metabolism of volatile anaesthetics such as Isoflurane and Sevoflurane to further support our
previous suggestion for avoiding its use in porphyric patients. A comparative study was
performed with the porphyrinogenic drugs allylisopropylacetamide (AlA), barbital and
ethanol. It was of interest to investigate if the effects were depending on sex due that human
AIP is more frequently observed in women [3]. Moreover, taking into account that AIP could
be symptomatic or latent, and it is not clear why some people develop the disease and
others do not [3, 30], we used T1 mice and AIP mice which have PBG-D reduced 50% and
70% and are homozygote and composed heterozygote. Another difference between AIP
mice and T1 is that only the latter strain accumulates porphyrin precursors after
phenobarbital challenge [26]. The activities of ALA-S, PBG-D and HO, protein ALA-S
expression and ALA levels were measured in different tissues. The activity of CYP2E1,

isoform involved in the metabolism of Isoflurane and Sevoflurane [31] was also evaluated.



2. Materials and Methods

2.1 Chemicals
Isoflurane and Sevoflurane were from Abbott Laboratories S.A. USA. All other chemicals

used were reagent grade obtained from Sigma Chem. Co., St. Louis, USA.

2.2 Animals

A knockout mouse with targeted disruption of PBG-D, was used in the present study
as an in vivo model of heme deficiency. AIP mice were gently provided by Dr. A. Fontanellas
(University of Navarra, Spain) under the authorization of Dr. U. Meyer (University of Basel,
Switzerland). This murine model of AIP is compound heterozygote of two different
disruptions of the PBGD gene: T1 (C57BL/6-pbgd™ Y™ gnd T2 strain (C57BL/6-
pbgd™2eIYam) mytations. The study was performed using two groups: T1 (PBG-D activity
55% reduced), and AIP (PBG-D activity 70% reduced). A comparison was also done
between male and female mice. Animals were maintained in controlled conditions with free
access to food (Purina 3, Asociaciéon de Cooperativas Argentinas, San Nicolas, Buenos
Aires, Argentine) and water and were treated in accordance with the guidelines established
by the Animal Care and Use Committee of the Argentine Association of Specialists in
Laboratory Animals (AADEALC). All experiments were performed at the same time of the

day.
2.3 Treatments

The design of drug administration was performed as previously described [22, 24]. In
particular, the bases of doses and times used for anaesthetic administration were supported
by our previously research [16, 17]. The experimental design for the other porphyinogenic
drugs were the commonly used by other authors [32-34]. In all the cases, alterations on
heme synthesis that mimic biochemical alterations observed in human AIP were observed

in control mice. Treatment conditions were as follows:



- Anaesthetics: animals received a single dose of Isoflurane (2 ml/kg, i.p.) or Sevoflurane
(1.5 ml/kg, i.p.) and were sacrificed 20 minutes after the injection.
- AlA: Animals received a single dose of 350 mg/kg (i.p.) 16 hours prior to sacrifice.
- Barbital: Animals were given one daily dose of 167 mg/kg (s.c.) during 3 days, and they
were sacrificed 24 hours after the last dose.
- Ethanol: Animals received ethanol (30%, v/v) in the drinking water during 1 week.

Control animals received the vehicle (oil for the anaesthetics, ethanol:NaCl 0.9%;
1:3 viv for AIA, and NaCl 0.9% for barbital) and were sacrificed at the same times as

indicated for each particular treatment.

2.4 Tissue preparation and assays

Blood was obtained by cardiac puncture in heparinized tubes. Tissues were
scissored and immediately processed. For ALA-S determination, whole liver, brain and
kidney were used without perfusion. For PBG-D, HO, CYP2E1 and ALA determinations,
tissues were perfused in situ with cold isotonic saline.

The activity of ALA-S was measured according to Marver et al. [35] in liver, kidney
and brain. Tissues not perfused were homogenized (1:3, w/v) in Tris-HCI 10 mM pH 7.4;
EDTA 0.5 mM and NaCl 0.9% and it was used as enzyme source.

The activity of PBG-D was measured using the method described by Batlle et al. [36]
in liver, kidney, brain and blood. Liver, kidney and brain previously perfused with saline
solution were homogenized (1:3, w/v) in sucrose 0.25 M and centrifuged at 15,000xg during
20 minutes. The resulting supernatant was used as enzyme cytosolic source. PBG-D was
also measured in erythrocytes obtained from whole blood, and then hemolyzed with Triton X-
100 (1:5 v/v) and diluted with buffer Tris-HCI 0.05 M pH 7.4 (1:4 v/v).

The activity of HO was determined according to Tehnunen et al. [37] in liver, kidney
and brain. Tissues were processed in a same manner to that described for PBG-D activity

using the supernatant of 15,000xg as enzyme source.



CYP2E1 activity was measured spectrophotometricaly in liver and brain using p-
nitrophenol as substrate according to Reinke and Moyer [38]. Tissues previously perfused
with saline solution were homogenized (1:3, w/v) in sucrose 0.25 M and centrifuged at
15,000xg during 20 minutes; the resulting supernatant was then centrifuged for 90 min at
105,000xg; the pellet obtained was resuspended in Tris-HCI buffer 0.05 M pH 7.4 and used
as enzyme source.

The analysis of ALA-S protein expression was described in detail by Olivieri et al. [39];
polyclonal anti-ALA-S1 developed in our laboratory (1:800 v/v) was used as primary antibody
that detected a protein of the predicted size for mitochondrial ALAS1 (65 kDa). Liver was
homogenized (1:5, w/v) in 10 mM TRIS-HCI pH 7.4, containing 20% glycerol (v/v), 1.14% KCI
(wiv), 0.2 mM EDTA, 0.1 mM dithiothreitol, 0.1 mM phenylmethylsulphonylfluoride, 10 pg/ml
leupeptin and 1 pug/ml pepstatin A. Gel loadings were normalized according to actine protein
content.

Protein concentration was determined by the method of Lowry et al. [40] or Bradford

[41].

2.5 Statistical analysis
Data were expressed as mean values + s.d. Differences in mean values between
treated and control groups were evaluated using the analysis of variance (ANOVA) and

p<0.05 was considered statistically significant.



3. RESULTS

3.1 Effect of anaesthetics

3.1.1 ALA-S

The effects of Isoflurane and Sevoflurane on ALA-S activity are shown in Figure 1.

After Isoflurane administration, the activity of ALA-S was induced 160% (p<0.01) in
the liver of T1 males without any modification in kidney and brain. In females, no alterations
were observed (Figure 1 A). In the AIP group, ALA-S activity was only increased in kidney
(120%, p<0.01) of males. On the contrary, in females AIP the induction was observed in liver
(88%, p<0.05), kidney (60%, p<0.05) and brain (60%, p<0.05) (Figure 1 B).

When the anaesthetic tested was Sevoflurane, the variations were detected in liver
(248%, p<0.01) and brain (550%, p<0.01) of T1 female group while in males the induction
was observed only in liver (80%, p<0.05) (Figure 1 C). In the AIP group, the response was
only found in females in which ALA-S was induced in kidney (100%, p<0.05) and brain
(163%, p<0.01) but not in liver (Figure 1 D).

To determine if the observed induction of ALA-S activity was correlated with an
increase of protein expression, western blot analysis was performed in those groups were
the activity was augmented. No variations of ALA-S protein expression were observed in
none of them (Figure 2).

Moreover, ALA levels in liver and brain were quantified with the aim to analyze if the
induction of ALA-S activity provoked tissue ALA accumulation. In all the cases, ALA levels

were unchanged (Figure 3).

3.1.2 PBG-D activity

The effects of Isoflurane and Sevoflurane on PBG-D activity are shown in Figure 4.



After Isoflurane treatment, PBG-D activity decreased 30% (p<0.05) in liver males T1
mice without any modification in kidney, brain and blood; no alterations were produced in
female T1 group (Figure 4 A). The enzyme activity was unaltered in the AIP group, males or
females (Figure 4 B).

In animals receiving Sevoflurane, PBG-D activity was reduced in liver (35%, p<0.05)
and kidney (80%, p<0.05) of T1 females, but the activity remain unchanged in brain and
blood, and also in all the assayed tissues of male group (Figure 4 C). In AIP males or

females, no changes were detected either(Figure 4 D).

3.1.3 HO activity

The effects of Isoflurane and Sevoflurane on HO activity in T1 mice are shown in
Figure 5.

When Isoflurane (Figure 5 A) was administered to T1 mice, no variations were
detected in liver and kidney activity, while brain enzyme was 114% (p<0.01) induced in
males and 150% (p<0.01) in female group.

Sevoflurane (Figure 5 B) caused no variation when it was administered to male or

female T1 mice.

3.1.4 CYP2E1 activity

The effects of Isoflurane and Sevoflurane on CYP2E1 activity in T1 mice are shown in
Figure 6
No induction of CYP2E1 activity was observed after anaesthetics administration to T1

mice independently on the sex.



3.2 Effect of porphyrinogenic drugs
3.2.1 ALA-S

The action of AlA, barbital and ethanol on ALA-S activity is shown in Figure 7.

When AIA was administered to male T1 mice, ALA-S activity was increased 130%
(p<0.01) in liver and 140% (p<0.01) in kidney. In females T1 mice, the induction of activity
was 60% (p<0.05) in liver and 110% (p<0.05) in kidney. Brain enzyme was unaltered in T1
males and females mice (Figure 7 A). In AIP group, ALA-S activity was strikingly increased in
the liver of male (280%, p<0.01) and female (13 fold) mice; and remained in basal levels in
kidney and brain of both males and females (Figure 7 B).

When the porphyrinogenic drug studied was barbital, ALA-S activity was 51%
(p<0.05) increased in the liver of female T1 mice without any alteration in kidney or brain or
in male group (Figure 7 C). In AIP animals, a 62% (p<0.05) induction of ALA-S was detected
in male liver but the activity was unchanged in kidney and brain. A similar response was
observed in female AIP group being ALA-S activity augmented only in liver (131%, p<0.01)
(Figure 7 D).

The administration of ethanol to female T1 mice caused a significant increase of ALA-
S in liver (100%; p<0.05) and kidney (220%; p<0.01), but not in brain enzyme. ALA-S activity
of male T1 mice suffers no modifications in any of the studied tissues (Figure 7 E). In the AIP
group receiving ethanol, ALA-S activity was only increased (80%, p<0.05) in female mice

liver, without any alteration in male tissues (Figure 7 F).

3.2.2 PBG-D activity

The action of AlA, barbital and ethanol on PBG-D activity is shown in Figure 8.
When AIA was administered to T1 mice, no alterations on PBG-D activity were
observed in any of the tissues measured, independently on the sex (Figure 8 A). In the AIP

group, PBG-D activity was 50% (p<0.05) reduced in liver of male group; while in females, this
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activity was diminished in all the tissues assayed: 50% (p<0.05) in liver and blood, and 75%
(p<0.05) and 50% (p<0.05) in kidney and brain respectively (Figure 8 B).

In barbital treated groups, no effects were produced on T1 enzyme (Figure 8 C). In
AIP group, a diminution (46%, p<0.05) was only observed in blood enzyme of female mice
without any effect on liver, kidney or brain and also on males mice (Figure 8 D).

After ethanol treatment, PBG-D activity of T1 male liver mice was 45% (p<0.05)
diminished, without any alteration in kidney and brain. Ethanol produced no effect on female

enzyme group in any of the studied

tissues (Figure 8 E). Although, in AIP group ethanol reduced PBG-D activity in liver
and kidney (40%, p<0.05) of essayed female group; it was unchanged in brain and blood as

well as in other AIP males tissues (Figure 8 F).

3.2.3 HO activity

The results obtained after AIA, barbital and ethanol treatments on HO activity in T1
mice are shown in Figure 9.

AlA (Figure 9 A) induced HO activity in liver (107%, p<0.05), kidney (133%, p<0.01)
and brain (95%, p<0.05) of male T1 mice. However, in female group, the enzyme remained
in basal levels in all the tissues measured.

When barbital (Figure 9 B) was administered to T1 males, the activity was 29%
(P<0.05) increased in all the tissues studied; while no variations were detected in female
tissues.

Ethanol administration (Figure 9 C) induced liver HO activity (67%, p<0.05) without
any effect on kidney and brain enzyme. No significant alterations of HO activity were

observed in female mice.

11



4. DISCUSSION

Heme controls its own intracellular level by modulating the production of the rate-
limiting enzymes involved in its synthesis (ALA-S) and degradation (HO) [42, 43]. Mutations
in human PBG-D, the third enzyme of this biosynthetic pathway cause AIP disease. The
PBG-D deficient mouse has also been demonstrated to be a good model for the study of the
pathogenesis of AIP [26-29].

In this work, the effect of Isoflurane and Sevoflurane on heme metabolism in a murine
genetic model of AIP was investigated. A comparison was performed studying the effects of
AlA, barbital and ethanol.

To study the response against xenobiotics, two lines T1 and AIP were used. Both
lines differ in the PBG-D activity and when they received a porphyrinogenic drug [26]. There
are many patients that, in spite of having the mutation of the disease, interestingly, remain in
a latent form [3, 30].

Isoflurane caused biochemical alterations that affect further the diminished PBG-D
activity as a consequence of the mutation. These findings were observed only in T1 male
mice. This is a difference wih respect to human AIP which is mainly observed in females.

The action of Sevoflurane on PBG-D activity was only found in females T1, in this
group, ALA-S was strikingly induced, something else occurring in brain. These results were
different when the anaesthetic studied was Isoflurane.

When we compared these results with those obtained when Isoflurane or Sevoflurane
were administered to control CF1 mice [16, 17, 21], we realized that the effects on the PBG-
D deficient model are more pronounced, indicating a higher sensibility to these xenobiotics.

ALA-S induction was not accompanied by an increase in protein synthesis. This result
could be attributed to the short time of treatment but we observed alterations in mMRNA ALA-
S [21] and CYP2E1 protein expression [17] in CF1 mice using the same experimental

protocol for anaesthetic administration.
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In spite of the reduction of PBG-D activity and the induction of ALA-S, no
accumulation of ALA in liver and brain was observed. This fact would indicate that heme
pathway is able to metabolize ALA, thus avoiding ALA transport to the brain and the onset of
neurological symptoms in this mice model by effect of anaesthetics.

Sex and strain different response were previously observed for Isoflurane [44];
alterations on ALA-S and PBG-D activities were detected in male CF1 mice without any
modification in females and also in C57 strain. Once again, we also observed a different
behavior between Isoflurane and Sevoflurane in spite that they belong to the same family;
and it could be related to its metabolism [16, 17].

CYP2EL1 is one of the most studied cytochrome P-450 (CYP) enzymes in animals and
humans, due to its role in several drugs metabolism and its participation in metabolic
activation of some procarcinogens [45]. Moreover, CYP2E1 has particular relevance in
several pathologies because high amounts of reactive oxygen species are producing during
the detoxification process [45]. Hepatic and renal toxicity of volatile anaesthetics is due to
their biotransformation to toxic metabolites mediated by CYP, being the isoform CYP2EL,
responsible for the metabolism of these compounds in humans [46] (Miksys and Tyndale,
2013).

To improve the knowledge of the action of Isoflurane and Sevoflurane, and to justify
the differential tissue response observed in heme enzymes measured, the activity of
CYP2EL1, isoform involved in anaesthetic metabolization, was studied.

In this work, no variations were observed in liver and brain CYP2E1 activity indicating
that heme enzyme alterations in the AIP model due to anaesthetics, would not be related to
an exacerbated metabolization of these xenobiotics. We have previously observed that this
isoform was induced in liver after administration of Isoflurane to CF1 mice [46, 47]; although,
when the anaesthetic was Sevoflurane, the activity was unchanged even 60 minutes after
administration while protein expression was induced at 30 min [17]. Brain activity was also

unchanged in brain of CF1 mice [25].
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AIA produced the expected induction of ALA-S activity. AlA triggered in male AIP
mice neurological signs similar to those observed during human acute attacks; the symptoms
were less pronounced in females in spite that ALA-S activity was several folds more induced.
There was an earlier onset of the neurological symptoms that appeared 5 hours after AIA
administration (data not shown). In T1 mice, ALA-S induction by AIA was less than in AIP
mice without clinical alterations. This was an important difference with the action of the
anaesthetics and the other drugs here assayed. AIA also affected PBG-D activity being a
remarkable difference between the genetic model and control mice where a striking induction
of ALA-S was observed but without any reduction of PBG-D activity [32].

Ethanol and barbital produced biochemical alterations depending on the group
studied but without clinical manifestations.

Lindberg et al. [26] and Johansson et al. [29] characterized the regulation of ALA-S in
the AIP mouse and measured the time-course expression of ALA-S in the liver during
Phenobarbital treatment, a barbiturate like barbital. ALA-S activity and mRNA were not
significantly enhanced by repeated Phenobarbital administration in control mice and were
substantially induced in PBG-D deficient mice. Unzu et al. [49] also found hepatic ALA-S
MRNA expression induced and a reduction of PBG-D activity when 7 doses of Phenobarbital
were administered to AIP mice. Here, we report similar results after the administration of
three doses of barbital to genetic models T1 and AIP that are different from our studies about
the effect of barbital on ALA-S activity in brain [21].

The differences on tissue response observed when heme disturbance was
challenged with the different drugs, is a fact previously observed in control animals [16, 17,
44] however, no explanation could we suggest for this phenomena. The activity of PBG-D in
AIP mice was similarly diminished in all the tissues as was reported by Johansson et al [29],
the same was observed when we compared basal activities of PBG-D of C57BL/6 mice with

that of T1 and AIP mice (data not shown).
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HO is a known oxidative stress-inducible protein which plays a key role in heme
catabolism, where heme, a potential prooxidant, is converted to bilirubin, an antioxidant [49].
HO increases markedly after different stimulus such as heat shock, ischemia, glutathione
depletion [14, 15]. As expected HO was induced after drugs administration and this effect
was mainly produced in male mice by action of AIA and barbital. Anaesthetics only affected
the brain enzyme in male and female mice; while the action of ethanol was observed only in
the liver of male group. These results are indicative of the induction of oxidative stress and
are in concordance to those we have previously reported [16, 17, 21]. This tissue specific

manner response was also reported by Gerjevic et al [50] due to ethanol.

Conclusions

In conclusion, when biochemical alterations were evaluated, we observed differences
between males and females and also between T1 and AIP, with females being more affected
in the AIP mice. Clinical results were different because neurological symptoms were
developed in males AIP mice after AIA treatment, fact that is different to that observed in
humans were the onset of AIP is mainly produced in females. Even the genetic mouse is a
predictive model for AIP, extrapolation to human disease might be considered.

This report has been the first study of volatile anaesthetics administration to a genetic
mouse model of AIP, confirming Isoflurane and Sevoflurane porphyrinogenicity. Although
Isoflurane has been reported to have neuroprotective properties and it had been proposed as
an alternative medicine in children with neonatal hypoxia ischemia [51], we again suggest
taking care of its administration to porphyric patients.

The relevance of the results presented in this paper is supported by the fact that at
present little information is known about the mechanisms acting on brain and involved in the
triggering of acute attacks in AIP. The understanding of the widespread action of the

anaesthetics and other porphyrinogenic drugs affecting other metabolisms, besides the
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heme pathway, is very important in translational medicine and would allow us to extrapolate

results from the animal model to human Porphyria.
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LEGEND TO FIGURES

Figure 1: Activity of ALA-S after Isoflurane (A, B) and Sevoflurane (C, D) administration to
T1 (A, C) and AIP (B, D) mice.

T1 Male, T1 Female, 5 AIP Male, = AP Female. Li: Liver, Ki: Kidney, Br: Brain, M:
Male, F: Female.

Data represent mean value £ S.D. of 4-6 animals- (*¥) p<0.05, (**) p<0.01: significance of
differences between treated and control groups. A unique control value is given, because no
significant differences were obtained in any of the controls after the administration of the

vehicle. Other experimental details are described in Materials and Methods section.

Figure 2: Effect of Isoflurane and Sevoflurane on liver ALA-S proteinexpression.

a) Western blot of ALA-S 1. An equal amount of total protein was loaded in each lane.

b) Columns represent normalized signals of control and treated animals that were
guantified using an Image Analyzer. Gel loadings were normalized according to total protein
content and actin. ISO: Isoflurane; SEVO: Sevoflurane; Values are expressed as mean of at
least three determinations run in duplicate and are expressed as a percentage taking the

control group as 100% (Dotted line). Experimental details are described in the text.

Figure 3: ALA levels after Isoflurane (A) and Sevoflurane (C) administration to T1 mice.
FATL Male, T1 Female, E5 AIP Male, E3 AIP Female. Li: Liver, Br: Brain, M: Male, F:
Female.

Data represent mean value £ S.D. of 4-6 animals: A unique control value is given, because
no significant differences were obtained in any of the controls after the administration of the

vehicle. Other experimental details are described in Materials and Methods section.
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Figure 4: Activity of PBG-D after Isoflurane (A, B) and Sevoflurane (C, D) administration to
T1 (A, C) and AIP (B, D) mice.

[l Control, T1 Male, T1 Female, =/Y[= Male, ESAIP Female.

Li: Liver, Ki: Kidney, Br: Brain, Bl: Blood, M: Male, F: Female.

Data represent mean value + S.D. of 4-6 animals. (*) p<0.05: significance of differences
between treated and control groups. Other experimental details are described in Materials

and Methods section.

Figure 5: Activity of HO after Isoflurane (A) and Sevoflurane (B) administration to T1 mice.
Il Control, FAT1 Male, EZIT1 Female.

Li: Liver, Ki: Kidney, Br: Brain, M: Male, F: Female.

Data represent mean value + S.D. of 4-6 animals. (*) p<0.05: significance of differences
between treated and control groups. Other experimental details are described in Materials

and Methods section.

Figure 6: Activity of CYP2EL after Isoflurane (A) and Sevoflurane (B) administration to T1
mice.

Il Control, FAT1 Male, EZIT1 Female.

Li: Liver, Br: Brain, M: Male, F: Female.

Data represent mean value + S.D. of 4-6 animals. Other experimental details are described

in Materials and Methods section.

Figure 7: Activity of ALA-S after AIA (A, B), Barbital (C, D) and ethanol (E, F) administration
to T1 (A, C, E) and AIP (B, D, F) mice.

T1 Male, T1Female, EH AIP Male, EE AIP Female.

Li: Liver, Ki: Kidney, Br: Brain, M: Male, F: Female

Data represent mean value + S.D. of 4-6 animals (*) p<0.05, (**) p<0.01: significance of
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differences between treated and control groups. Other experimental details are given in

legend to Figure 1.

Figure 8: Activity of PBG-D after AIA (A, B), barbital (C, D) and ethanol (E, F) administration

to T1 (A, C, E) and AIP (B, D, F) mice.

Il Control, T1Male, EZF1Female, BE3IP Male, E Female.

Li: Liver, Ki: Kidney, Br: Brain, Bl: Blood, M: Male, F: Female.

Data represent mean value + S.D. of 4-6 animals. (*) p<0.05: significance of differences
between treated and control groups. Other experimental details are described in Materials

and Methods section.

Figure 9: Activity of HO after AIA (A), barbital (B) and ethanol (C) administration to T1 mice.
Il Control, T1 Male, EZT1 Female.

Li: Liver, Ki: Kidney, Br: Brain, M: Male, F: Female.

Data represent mean value + S.D. of 4-6 animals. (*) p<0.05: significance of differences
between treated and control groups. Other experimental details are described in Materials

and Methods section.
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HIGHLIGHTS

EFFECTS OF VOLATILE ANAESTHETICS ON HEME METABOLISM IN A MURINE
GENETIC MODEL OF ACUTE INTERMITTENT PORPHYRIA. A COMPARATIVE STUDY

WITH OTHER PORPHYRINOGENIC DRUGS

Questions related to neuropathology of Acute Intermittent Porphyria were addressed.
Porphyrinogenic drugs altered Heme pathway in AIP mice depending on sex and mutation

Isoflurane/Sevoflurane use in AIP patients should be avoided or used with caution.
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