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Abstract
Objectives: Octabromodiphenyl ether (OctaBDE) is a flame retardant which has been withdrawn from common use due 
to its negative effect on the environment. The literature data regarding its toxicity addresses its effect on liver function, the 
endocrine and reproductive systems, as well as its developmental toxicology aspects. The aim of this study was to investigate 
the effect of repeated administration of OctaBDE on heme biosynthesis in rats. Materials and Methods: The study was per-
formed on female Wistar rats. OctaBDE was administered intragastrically at four different doses (2, 8, 40 or 200 mg/kg/day) 
for 7, 14, 21 or 28 days. The following measures of heme synthesis disturbance were used: urinary excretion of porphyrins, 
liver concentration of porphyrins, the activity of delta-aminolevulinate synthase (ALA-S) and delta-aminolevulinate dehy-
dratase (ALA-D) in the liver. Results: After 28 days of exposure, lower ALA-S and ALA-D activity was observed in the 
liver. Additionally, increased concentrations of high carboxylated porphyrins (octa- and heptacarboxyporphyrins) were 
found in the liver: from 2- to 10-fold after the 2 mg/kg/day doses and from 4- to 14-fold after the 8–200 mg/kg/day doses. 
The porphyrogenic effect of OctaBDE was also evidenced by augmented, dose-dependent and exposure time-dependent, 
concentrations of total porphyrins in urine (2–7.5-fold increase) and their urinary excretion (2–9-fold increase). Tetracar-
boxyporphyrins predominated in the urine; their concentrations increased 2.5–10 fold. Conclusions: The study revealed 
that repeated exposure to OctaBDE affects heme biosynthesis and the levels of porphyrins. The lowest effective level which 
induced changes in porphyrin concentration was 2 mg/kg/day.
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INTRODUCTION
Octabromodiphenyl ether (OctaBDE) is a compound 
that for many years was commonly used as a flame retar-
dant. From among three of popular polybromodiphenyl 
ethers (PBDEs) (penta-, octa- and decabromodiphenyl 
ethers) approximately 15% was represented by OctaBDE. 
In the early 1990’s, worldwide production of OctaBDE 
reached 6000 tonnes/year but by 1999, it fell to about 1800 
tonnes, 450 tonnes being produced in the European 

Union. OctaBDE has been used in combination with an-
timony trioxide as a flame retardant in the housings of 
electric and electronic equipment, mainly in plastic such 
as arylonitrile butadiene styrene (ABS), but also in high 
impact polystyrene (HIPS), polybutylene terephthalate 
(PBT) and polyamides. Typically, 12–15% of the weight of 
the final product will consist of OctaBDE [1].
Due to its harmful effect to the environment, OctaBDE 
is classified as a POP (Persistent Organic Pollutant) and 
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toxic effects from studies concerning the administration 
of OctaBDE [1,10,17–20]. 
From the literature, it is known that many brominated 
flame retardants (polybrominated biphenyls (PBB), 
HBB and TBBP-A) disturb the transformations of por-
phyrins [21–24]. Among the PBDEs, a porphyrogenic ef-
fect was also observed after repeated administration of 
PentaBDE [1,25,26]. However, information concerning 
any similar effects of OctaBDE was not found. 
The aim of this study was to investigate the porphyrogenic 
effect of OctaBDE after repeated intragastrical admin-
istration of the compound to rats. This effect was evalu-
ated by measuring the activity of two enzymes from the 
heme synthesis pathway in the liver, ALA-S and ALA-D, 
as well as the concentrations of porphyrins with varying 
degrees of carboxylation in rat liver and urine. The daily 
excretion and content of particular porphyrins in urine 
was also analyzed. Moreover, the multidirectional toxic 
effect of PBDEs causes that it seems reasonable  to search 
for new, more sensitive biomarkers evaluating the effects 
of OctaBDE.

MATERIAL AND METHODS

Animals
Female Wistar rats of 190–230 g body weight from the 
breeding colony of the Medical University of Łódź were 
used in the experiment. The animals were fed a standard 
pelletized “Murigran” diet, with tap water accessible 
ad libitum. The rats were divided into groups of 4–5 ani-
mals each. 

Chemical
The administered OctaBDE was a mixture of polybromi-
nated ethers: octa- (65.7%); hepta- (14.8%); hexa- (1.7%); 
nona- and deca- (17.8%, trace amount). This mixture was 
synthesized by the Department of Radiation Chemistry of 
the Technical University of Łódź.

the use and production of this compound was banned 
in 2004 [2,3]. OctaBDE could be found throughout the 
environment, from bottom sediments and sewage sludge 
to the tissues of aquatic animals. The concentrations 
of OctaBDE in those locations were, however, lower than 
the concentrations of the remaining ethers: PentaBDE 
and DecaBDE [1,4,5]. Based on its octanol-water parti-
tion coefficients (Log Kow = 8.35–8.9) octabromodiphe-
nyl ether could be expected to be bioaccumulative. How-
ever, experimental results indicate that the OctaBDE does 
not bioconcentrate, possibly due to its large particle size 
preventing it crossing cell walls [1]. 
Human exposure to OctaBDE is mainly associated with 
its intake with food, and it has been found in milk, seafood 
and fish [1,6]. Some congeners of OctaBDE have been 
found in the serum, adipose tissue and in breast milk of 
women [1,7–10]. However, occupational exposure, such as 
inhalation during the use and dismantling of electric and 
electronic appliances, during the use of computer hard-
ware, and environmental exposure through indoor air 
and dust can be an additional source of human exposure 
to OctaBDE [9,11–16].
Brominated flame retardants are characterized by low 
acute toxicity. The median lethal dose (LD50) of these 
compounds after intragastrical administration to rats 
considerably exceeded 5000 mg/kg of body weight, im-
plying that hexabromobenzene (HBB), tetrabromo-
bisphenol-A (TBBP-A), PentaBDE (pentabromodi-
phenyl ether) and OctaBDE should not be classified 
as toxic substances. However, toxic effects have been 
seen to occur after changing the type of exposure, such 
as that occurring with lower doses and longer exposure 
times. Studies in this area so far have focussed on the 
effect of repeated administration of polybrominated 
diphenyl ethers on thyroid gland disorders, function-
al changes in the liver and immunotoxicity, as well as 
the effect on reproductive system and developmental 
toxicity. Less information are accessible about these 
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between 0 and 5.4 min – 100% phase A, between 5.4 
and 9.5 min – 35% phase A and 65% phase B, between 9.5 
and 10 min – 100% phase A. Flow: 0.35 cm3/min. Vol-
ume of injection: 10 μl. Calibration curves were prepared 
from tetra-, penta-, hexa-, hepta- and octa-carboxypor-
phyrins. A mixture of octa-, hepta-, hexa-, penta- and tet-
racarboxy-porphyrins was used as a porphyrin standard 
(Porphyrin Acid Chromatographic Marker Kit obtained 
from Porphyrin Products, Logan, USA). 
The following measures of heme synthesis disturbance 
were used: urinary excretion of porphyrins, liver con-
centration of porphyrins, the activity of delta-ami-
nolevulinate synthase (ALA-S; EC 2.3.1.37) and delta-
aminolevulinate dehydratase (ALA-D; EC 4.2.1.24) in 
the liver. ALA-S was estimated according to Sassa and 
Granick [29]; the method is based on a colorimetric mea-
surement of pyrroles ensuing in the reaction of delta-
aminolevulinic acid with acetoacetone at pH = 4.9. The 
modified Ehrlich reagent reacts with α-pyroles, forming 
a coloured complex. ALA-D activity, however, was as-
sayed according to Berlin and Schaller [30], as modified 
by Schlick et al. [31]. This method is based on colori-
metric measurement of porphobilinogen (PBG) ensuing 
from the 5-aminolevulinic acid (ALA) under the influ-
ence of ALA-D.

Ethics
The experiment was performed with the permission of the 
Local Ethical Committee for Experimentation on Animals 
(Resolution No. 17/ŁB457/2009). The Polish regulations 
concerning the protection of animals were observed [32].

Statistics
The statistical analysis was performed using the SYS-
TAT for Windows software package. The significance of 
differences for selected parameters was set with Tukey’s 
test after checking for homogeneity of variance with 
Bartlett’s test.

Animal treatment
OctaBDE, dissolved in sunflower oil, was administered in-
tragastrically (i.g.). Two control groups were used in each 
experiment, “pure controls” (rats not given any compound) 
and “oil controls” (rats given the medium, i.g. 0.5 cm3 of sun-
flower oil per 200 g of body mass). OctaBDE was admini-
stered i.g. to the rats at doses of 2, 8, 40 or 200 mg/kg/day. 
After 7, 14, 21 and 28 days, 24-h urine collections were 
obtained from rats. 
After 7, 14, 21 and 28 days of OctaBDE administration, 
the animals were killed under ether anaesthesia by punc-
ture of the left ventricle of the heart. The urinary and he-
patic concentrations of porphyrins were determined.

Biochemical analysis
Preparation of liver
Fifty percent homogenates of liver tissue in phosphorus 
buffer, pH = 6.8, were prepared in an ice bath. The isola-
tion of porphyrins from tissue was performed according to 
Luo and Lim [27]. The resultant homogenate was shaken 
for 30 seconds with dimethyl sulfoxide (DMSO) 1:1. Fol-
lowing this, it was centrifuged for 5 min at 2500 g, and the 
resultant supernatant was applied into the ultra perfor-
mance liquid chromatography (UPLC) column.

Determinations of porphyrins by high performance 
liquid chromatography
The method was a modified version of the procedure 
described by Lim and Peters [28]. The analyses were 
carried out using an Acquity UltraPerformance LC® 
liquid chromatograph. The analytical parameters were 
as follows: Acquity UPLC® BEH C-18 1.7 μm col-
umn (10 cm × 2.1 mm). Detector: spectrofluorom-
eter (measurements were carried out at Ex = 404 nm; 
Em = 618 nm). Liquid phase: A – 10% acetonitrile 
solution (v/v) in 1M solution of ammonium acetate, 
pH = 5.16; B – 10% acetonitrile solution (v/v) in meth-
anol. Liquid flow through the column was as follows: 
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control groups. Two basic control groups, “pure controls” 
and “oil controls” were used in the study. The results ob-
tained in the pure controls of individual sections did not 
differ statistically from each other; therefore for statistical 
analysis, their results were combined in one pooled con-
trol group. However, this approach was not applied to “oil 
controls” owing to the different number of doses (7, 14, 21 
or 28) of the medium (oil). 
To assess the porphyrogenic effect of OctaBDE, the activi-
ties of ALA-S and ALA-D (the enzymes that take part in 
the initial stage of heme synthesis) were measured. After 
repeated administration of OctaBDE at 2 and 8 mg/kg/
day, fluctuations in ALA-S activity were observed in the 
liver (Table 2). After 28 days of exposure, a significant de-
crease in ALA-S activity was observed: by about 35% after 
the 200 mg/kg/day dose.
Even greater changes were observed in ALA-D activity 
in the liver (Table 2). After a temporary increase in ac-
tivity after 7 days of OctaBDE administration at doses 
of 2 and 8 mg/kg/day, ALA-D activity was seen to de-
crease. This effect after 14–21 days of exposure was de-
pendent on the administered dose of the compound. After 

RESULTS

The assessment of the effect of repeated administration 
of OctaBDE was based on selected biological parameters 
(change in weight of animals), biochemical parameters 
(changes of ALA-S and ALA–D activity in liver) and the 
concentrations of porphyrins with different degrees of car-
boxylation (octa-, hepta-, hexa-, penta- and tetracarboxy-
porphyrins) in liver tissue and urine. 
A reduction of body weight gain during the experiment was 
observed in the laboratory animals after administration 
of OctaBDE, one of the early symptoms caused by a xe-
nobiotic (Table 1). After the lowest dose of the compound 
(2 mg/kg/day) a slight decline in body weight gain was 
observed; however, more pronounced statistically signifi-
cant changes were noted after OctaBDE administration at 
doses of 40 and 200 mg/kg/day. After 28 days of exposure, 
the body weight of rats receiving 40 mg/kg/day OctaBDE 
decreased by 12% as compared to the control group, and 
the body weight of the rats receiving 200 mg/kg/day de-
creased by about 20%.
Throughout the experiment, the changes in the monitored 
parameters were compared with the results obtained in 

Table 1. Changes in body mass after repeated, intragastrical administration of octabromodiphenyl ether (OctaBDE)

Doses of OctaBDE

Changes in body mass depending on time of exposure
M±SD 

(%)
7 days 14 days 21 days 28 days

Pure control (N = 4) 106.3±0.70 107.5±1.76 108.4±1.91 109.1±2.77
Oil control (N = 4) 104.0±1.85 104.0±1.80 107.7±1.19 103.9±1.91a

2 mg/kg/day (N = 5) 101.4±0.95a 102.5±3.19a 107.6±3.72 102.0±2.41a

8 mg/kg/day (N = 5) 101.7±1.57a 103.4±1.26a 105.9±1.83 105.2±0.92a

40 mg/kg/day (N = 5) 95.5±3.39abcd 98.6±4.38a 98.6±2.93abcd 96.0±2.98abcd

200 mg/kg/day (N = 5) 93.6±4.80abc 87.9±6.17abcde 88.3±2.63abcde 87.2±2.40abcde

Body weight of animals at the start of experiment = 100%.
N – number animals in the group.
M – mean, SD – standard deviation.
a – significantly different from pure control animals, α = 0.05; b – significantly different from oil control animals, α = 0.05; c – significantly different 
from the group of rats given OctaBDE at a dose of 2 mg/kg/day, α = 0.05; d – significantly different from the group of rats given OctaBDE at a dose 
of 8 mg/kg/day, α = 0.05; e – significantly different from the group of rats given OctaBDE at a dose of 40 mg/kg/day, α = 0.05.
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octa- and heptacarboxyporphyrins. An analysis of this 
data indicates that repeated administration of OctaBDE 
to rats caused an increase of porphyrin concentration in 
liver tissue. After 7 and 14 days, the levels of the high car-
boxylated porphyrins in the 8 and 40 mg/kg/day groups 
were 4–6 times higher than in the pure control, and after 
the dose of 200 mg/kg/day, the increase was about 7 times 
higher. After 28 days of exposure, significant changes 
were observed; the concentrations of high carboxylated 
porphyrins increased 10-fold in the 2 mg/kg/day group, 
and 14-fold in the 8 mg/kg/day group. After the higher 
doses (40 and 200 mg/kg/day), a 4.5-fold increase in the 
level of porphyrins in liver was noted (Figure 1). 
Of the high carboxylated porphyrins (octa- and hep-
tacarboxyporphyrins) in the liver of control rats, 

two highest doses (40 and 200 mg/kg/day) ALA-D activity 
in liver decreased by about 60 %. 
In addition, to evaluate the porphyrogenic effect 
of OctaBDE, five porphyrins with varying degrees of car-
boxylation were analysed. In pure controls, concentrations 
of the high carboxylated porphyrins (octa- and heptacar-
boxyporphyrins) were approximately 95% of the total 
porphyrins. The results from rats exposed to OctaBDE 
revealed that almost 100% of prophyrins present in liver 
were octa- and hepta-carboxyporphyrins. Other porphy-
rins (hexa-, penta- and tetracarboxyporphyrins) occurred 
most often in amounts less than 1% of total porphyrin. 
Such low concentrations did not affect the overall picture 
of the changes and, therefore, the results shown in Fig-
ure 1 are the sum of the high carboxylated porphyrins: 

Table 2. ALA-S and ALA-D activity in rat liver after repeated, intragastrical administration of OctaBDE

Doses of OctaBDE
Days of exposure

M±SD
7 14 21 28

ALA-S activity in 
liver [nmol ALA/ 
60 min/g of tissue]
pure control (N = 16) 21.2±3.29
oil control (N = 4) 16.5±1.91 27.7±1.46a 22.1±3.23 24.7±1.92
2 mg/kg/day (N = 5) 20.6±2.85 25.7±2.58 24.5±2.58 22.5±2.81
8 mg/kg/day (N = 5) 23.0±3.90b 29.5±2.32a 22.2±1.76 23.4±1.04
40 mg/kg/day (N = 5) 19.3±1.99 23.8±3.96 19.8±4.08 19.3±0.69bd

200 mg/kg/day (N = 5) 22.1±1.53b 20.9±3.52bd 11.0±2.10abcde 13.8±1.15abcde

ALA-D activity in 
liver [μmol PBG/g of 
tissue]
pure control (N = 16) 20.1±2.79
oil control (N = 4) 28.6±2.24a 16.5±1.62 20.4±0.51 22.8±2.35
2 mg/kg/day (N = 5) 25.4±1.74a 18.9±1.38 19.3±0.98 18.4±1.10b

8 mg/kg/day (N = 5) 26.6±2.42 17.3±2.40 18.9±1.33 19.6±2.71
40 mg/kg/day (N = 5) 19.8±1.92bcd 13.8±2.25ac 13.8±1.92abcd 11.4±1.06abcd

200 mg/kg/day (N = 5) 16.3±2.74bcd 8.4±0.76abcde 8.0±1.18abcde 8.1±1.07abcde

ALA-S – delta-aminolevulinate synthase; ALA-D – delta-aminolevilinate dehydratase; OctaBDE – octabromodiphenyl ether.
Other abbreviations as in Table 1.
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and increase of tetracarboxyporphyrins (coprocarboxypo-
rphyrins) to approximately 50%.
After recording 24-hour diuresis and taking urine density 
measurements, the results were presented as daily urinary 
excretion of porphyrins (Figure 3). These results indicate 
a significant effect of repeated OctaBDE administration 
on total porphyrin excretion in the urine of rats. This was 
particularly evident after the administration of OctaBDE 
at the two highest doses. After 21 days of exposure, 
a 4-fold increase was observed after 40 mg/kg/day, and 
a 9-fold increase after 200 mg/kg/day. Similar values were 
noted after 28 days, with the levels increasing 6–7-fold. 
The lowest dose causing a statistically significant increase 
of porphyrin excretion in the urine was 8 mg/kg/day. No 
such effects were noted for the lowest dose of 2 mg/kg/day 
used in this study (Figure 3).
An assessment of porphyrogenic activity can be also per-
formed by analysing the ratio of coproporphyrins to uro-
porphyrins (tetracarboxyporphyrins to octacarboxypo-
rphyrins) excreted with urine. After 7 days of exposure 
to OctaBDE at a dose of 200 mg/kg/day, an approximate-
ly 2.5-fold increase in the ratio was noted. The increase 
(1.5–3-fold) was found after doses of 8–200 mg/kg/day ad-
ministered 14 times. After 21 and 28 days of exposure at 

approximately 30% were heptacarboxyporphyrins, 
and 70% were octa-carboxyporphyrins. After adminis-
tration of OctaBDE, the octacarboxyporphyrin share in-
creased to 80–85%. 
After repeated administration of OctaBDE, increased to-
tal porphyrin concentrations were observed in the urine 
(Figure 2). The highest concentrations (about 6–7-fold 
increase) were noted at doses of 40 and 200 mg/kg/day af-
ter 21 and 28 days’ administration, while after a shorter 
period (7 and 14 days), an approximately 3-fold increase 
was observed in total urinary porphyrin concentration. 
After the lowest dose (2 mg/kg/day), a statistically sig-
nificant increase of total prophyrin concentration was ob-
served after 21 and 28 days of exposure.
Octa-, tetra- and hepta- carboxyporphyrins, (37%, 33% 
and 23% of total porphyrins, respectively) were found to 
dominate in the urinary prophyrin profile of rats from the 
control group (Table 3). Penta- and hexa- carboxyporphy-
rin content was only about 1.6% and 5.7%, respectively. 
Repeated administration of OctaBDE caused an exposure-
time-dependent decrease of octacarboxyporphyrins (uro-
porphyrins) down to as few as about 12% after 28 days, 

a – significantly different from pure control animals, α = 0.05. 
b – significantly different from oil control animals, α = 0.05. 
The results are expressed as M±SD.

Fig. 1. Liver concentrations of the sum of the high carboxylated 
porphyrins (octa- and heptacarboxyporphyrins) after 
repeated, intragastrical administration of octabromodiphenyl 
ether (OctaBDE)

Abbreviations as in Figure 1.

Fig. 2. Urinary concentrations of total porphyrins after 
repeated, intragastrical administration of octabromodiphenyl 
ether (OctaBDE)
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Table 3. Urinary levels of porphyrins (% of control animals) after repeated, intragastrical administration of OctaBDE

Doses of OctaBDE

Urinary levels of porphyrins depending on time of exposure
M±SD 

(%)
7 days 14 days 21 days 28 days

Octacarboxyporphyrins  
(uroporphyrins) 

pure control (N = 16) 100±25
oil control (N = 4) 132.8±31.9 123.3±44.4 95.7±5.8 93.1±13.4
2 mg/kg/day (N = 5) 122.8±2.15 113.8±10.8 142.7±28.9b 106±12.9
8 mg/kg/day (N = 5) 109.5±31 111.2±27.6 150.4±23.5ab 185.3±27.1abc

40 mg/kg/day (N = 5) 237.5±11.6abcd 164.2±43.1ab 357.3±83.6abcd 237.1±63.4abc

200 mg/kg/day (N = 5) 167.7±14.7abcde 142.7±16.4a 509.9±50abcde 200.4±63.8abc

Heptacarboxyporphyrins 
pure control (N = 16) 100±22.9
oil control (N = 4) 103.5±20.1 134.7±27.1 100.7±13.2 120.8±7.6
2 mg/kg/day (N = 5) 103.5±22.8 113.2±15.3 121.5±13.2 149.3±20.8a

8 mg/kg/day (N = 5) 256.3±52.8 abcd 133.3±21.5 374.3±126.4abc 450.7±29.9abcd

40 mg/kg/day (N = 5) 736.1±28.5 abcd 747±295abcd 1067±70.1abcd 827±167.4abcd

200 mg/kg/day (N = 5) 430.6±75.7abcde 346±51.4abcde 1244±173.6abcd 896±150.7abcd

Hexacarboxyporphyrins 
pure control (N = 16) 100±30
oil control (N = 4) 70±30 70±2 50±4a 70±30
2 mg/kg/day (N = 5) 200±40a 110±5b 130± 20b 140±30b

8 mg/kg/day (N = 5) 240±80a 130±10bc 160±40b 170±40b

40 mg/kg/day (N = 5) 230±50a 170±40bc 230±40abc 150±50b

200 mg/kg/day (N = 5) 140±6abcde 170±20abcd 290±40abcd 190±40ab

Pentacarboxyporphyrins 
pure control (N = 16) 100±22.2
oil control (N = 4) 88.9±0.6 86.1±11.1 88.9±16.7 86.1±11.1
2 mg/kg/day (N = 5) 88.9±16.7 88.9±2.8 161.1±30.6ab 127.8±22.2b

8 mg/kg/day (N = 5) 116.7±5.6bc 116.7±19.5bc 125.0±19.4 147.2±11.1ab

40 mg/kg/day (N = 5) 169.4±5.6abcd 152.8±25.0abc 380.6±22.5abd 383.3±88.9abcd

200 mg/kg/day (N = 5) 197.2±38.9abcd 208.3±13.9abcde 416.7±116.7abcd 280.6±116.7abcd

Tetracarboxyporphyrins  
(coproporphyrins)
pure control (N = 16) 100±13
oil control (N = 4) 130.4±5.8a 92.3±42 128.0±3.9a 88.4±9.2
2 mg/kg/day (N = 5) 126.1±8.2a 128.0±3.4a 294.7±25.6ab 152.2±23.7ab

8 mg/kg/day (N = 5) 138.2±2.4a 210.1±25.6abc 345.4±15.5abc 320.8±79.7abc

40 mg/kg/day (N = 5) 252.7±3.4abcd 270.5±23.2abcd 1006±311.6abcd 791.3±370.5abcd

200 mg/kg/day (N = 5) 505.8±243.5abcde 476.3±99.0abcde 807.2±80.2abcd 899.5±407.7abcd

Concentrations of porphyrins in pure control (ng/cm3): octacarboxyporphyrins – 23.2±5.8; heptacarboxyporphyrins – 14.4±3.3; hexacarboxyporphy-
rins – 1.0±0.3; pentacarboxyporphyrins – 3.6±0.8; tetracarboxyporphyrins – 20.7±2.7; total porphyrins – 65.4±15.8.
Abbreviations as in Table 1.
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(ALA-D), also known as PBG synthase (porfobilinogen 
synthase). Condensation of four molecules of PBG cre-
ates porphyrins [33–36].
Due to clinical symptoms such as abdominal pain, skin 
lesions, atypical polyneuropathy, and mental disorders 
suggesting psychosis, the diagnosis of porphyria is very 
difficult. In humans, the diagnosis is based on, among 
other things, the quantitative determination of porphyrins 
in urine (usually uroporphyrins and coproporphyrins) as 
well as their precursors: ALA and PBG [34,35]. In labora-
tory animals, the diagnostic procedure can be extended to 
include  determining the activity of ALA-S, ALA-D, syn-
thase uroporphyrinogen (URO-S) and dacarboxylase uro-
porphyrinogen (URO-D) in the liver. URO-D catalyses 
the conversion of uroporphyrinogen into coproporphyrin-
ogen. Porphyrinogenes (reduced porphyrins) formed dur-
ing heme biosynthesis are easily oxidized (e.g. by light) to 
the corresponding porphyrins. The porphyrogenic effect 
of xenobiotics is also evidenced by the changes in propor-
tions of selected porphyrins (porphyrins profile) in liver 
and urine [24,35].
Commercial preparations of OctaBDE available in 
the market before 2004 (known as: Bromkal 79-8 DE, 
DE-79TM, Tardex 80, Saytex 111) were a mixture of differ-
ent polybrominated diphenyl ethers. They usually com-
prised from 42% to 58% heptabromodiphenyl ethers, 
up to 12% penta- and hexa-, 26–36% octa-, 8–14% 
nona- and up to 2.1% of decabromodiphenyl ethers. 
The content of bromine in OctaBDE commercial mix-
ture was 79%. A range of isomers are found in OctaBDE 
that are described in the literature as congener num-
bers 194–205. The most common commercial mixtures 
of OctaBDE are BDE-196, BDE-197 and BDE-203 [1]. 
The studies referenced by the literature regarding the 
toxicity of OctaBDE were conducted by the producers 
of the commercial compound: the Great Lakes Chemical 
Corporation and Ethyl Corporation. Although in these 
products, OctaBDE represented only about 1/3 of the 

all doses, these changes were statistically significant. The 
observed 1.3–4-fold increase in the ratio of excreted uri-
nary copro-/uroporphyrins after 28 days was dependent 
on the administered dose of OctaBDE (data not shown). 
Similar effect was noted after PentaBDE [25].

DISCUSSION

Disturbances in heme biosynthesis often are associated 
with changes in the activity of the enzymes catalyzing the 
process and can result in the occurrence of porphyria, 
which may be congenital or acquired. Most heme synthe-
sis occurs in the bone marrow, while 15–20% occurs in the 
liver. The most important factors affecting the porphyro-
genic activity of xenobiotics are the changes in the levels of 
heme precursors, such as porphyrins, in the liver. In heme 
synthesis, two enzymes (ALA-S and ALA-D) are of basic 
significance. ALA-S is an enzyme that controls heme bio-
synthesis in mammal livers and is involved in the synthesis 
of delta-aminolevulinic acid (ALA) through the condensa-
tion of glycine and succinyl-CoA (after decarboxylation). 
The ALA molecules then combine to form porphobilono-
gen (PBG): a reaction catalyzed by dehydratase ALA 

Abbreviations as in Figure 1. 
Pure control group: 433.8±148.14 ng/day.

Fig. 3. Daily excretion of total porphyrins in urine after 
repeated, intragastrical administration of octabromodiphenyl 
ether (OctaBDE)
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retardants (HBB, TBBP-A and PentaBDE) were exam-
ined [22–25,37].
In a previous experiment during which the porphyrogenic 
effect of PentaBDE was assessed, some specific changes in 
the appearance of the rats were noted, evidenced in par-
ticular by changes in their hair colour: a possible result of 
hypersensitivity to light, which is a frequent symptom of 
porphyria. The yellow (sometimes even orange) colour of 
the urine of rats exposed to PentaBDE could be caused 
by disorders in heme catabolism [25,38]. However, after 
repeated administration of OctaBDE, such clearly pro-
nounced changes in the appearance were not observed, 
and changes in hair colour and urine were observed only 
after two highest doses: light brown colour around the 
snout, nose and anus and dark yellow (but not orange) 
urine.
Based on the research performed so far, it can be con-
cluded that the studied brominated flame retardants show 
a porphyrogenic effect with varying intensity. Based on 
the total porphyrin concentrations in urine after a 4-week 
exposure of rats at 0.75% of the approximate lethal dose 
(ALD), that is, 40 mg/kg/day for OctaBDE, the most 
porphyrogenic was found to be PentaBDE, followed 
by OctaBDE, while HBB and TBBP-A appeared to be 
least porphyrogenic [23–25].
The assessment of human exposure to PBDEs such 
as OctaBDE is most frequently based on measuring the 
concentrations of these compounds in biological mate-
rial. Serum, adipose tissue and breast milk have most 
frequently been used for the analysis [1,18]. In the 1970s, 
research was conducted by one of the producers of the 
commercial OctaBDE formulation, the Great Lakes 
Chemical Corporation, assessing the levels of bromine in 
the tissues [1]. 
The results of this study may reassess the impact of hu-
man exposure to OctaBDE through the monitoring of 
the effects of the toxic compound. Such effects include, 
for instance, disorders in heme biosynthesis manifested 

total composition, the present study evaluated the mix-
ture itself, which has roughly twice the OctaBDE content 
(about 2/3 of the total composition).
The aim of the study was to assess the impact of OctaBDE 
on heme biosynthesis, through observing changes in ALA-S 
and ALA-D activity in the liver. Increases in ALA-S activ-
ity were observed most often, suggesting increased forma-
tion of the porphyrin precursor, delta-aminolevulinic acid. 
Lower ALA-S activity was noted only after the highest dose 
of OctaBDE had been administered for 21 and 28 days. 
Hence, heme would appear to act as a negative regulator 
of ALA-S synthesis, probably by means of the apopresor 
molecule. It is likely that at this stage the synthesis also takes 
place through feedback inhibition. The main effect of regu-
lating the heme lies in the fact that the rate of ALA synthesis 
significantly increased in the absence of heme, and decreas-
es in its presence [33]. A pronounced decrease in ALA-D 
activity in the livers of rats that received OctaBDE may in-
dicate the occurrence of porphyria associated with the defi-
cit of this enzyme (ALADP – ALA Dehydratase Deficiency 
Porphyria) [34,35].
The adverse effects of OctaBDE on the transformations 
of porphyrins was also indicated by increased concentra-
tions of high carboxylated porphyrins in the liver, where 
the presence of octacarboxyporphyrins (uroporphyrins) 
was predominant. Repeated administration of OctaBDE 
increased not only the concentrations of porphyrins in 
urine, but also their excretion with urine. Increased quanti-
ties of octa- and tetracarboxyporphyrins were evidenced in 
the rats’ urine. The administration of OctaBDE also con-
tributed to a pronounced augmentation of tetracarboxy-
porphyrin (coproporphyrin) concentration. In the overall 
quantity of porphyrins, the percentage of tetracarboxypor-
phyrins increased, whereas the percentage of octacarboxy-
porphyrin decreased. Changes in the profile of porphyrins 
with varying degrees of carboxylation also confirm the 
porphyrogenic activity of OctaBDE. Similar effects were 
noted during experiments where other brominated flame 
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Environ Sci Technol 2010;44(10):3979–85.
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by the increased excretion of porphyrins in urine. Simi-
lar effects were observed in 1973 after the Michigan ac-
cident in the USA. Polybromobisphenyls (PBBs) mistak-
enly administered with fodder caused the intoxication of 
breeding animals. Disturbances in heme synthesis such 
as coproporphyrinuria or chronic hepatic porphyria 
were also observed in humans consuming intoxicated 
food [21].
Based on the results of the study, it can also be noted 
that the lowest dose of OctaBDE used in the experiment 
(2 mg/kg/day) can be considered as the lowest effective 
dose. The increased concentrations of porphyrins in urine 
observed above that dose may become useful biomarkers 
of toxic effects. This effect can be useful to determine and/
or verify hygienic standards (TLV-TWA – threshold limit 
value-time weighed average; STEL – short-term exposure 
limit; ADI – acceptable daily intake; BEI – biological ex-
posure indices) intended to prevent people from adverse 
effects of the compound.
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