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Abstract

2,6-Di-tert-butyl-hydroxytoluene (BHT, E-321) is a synthetic phenolic antioxidant
which has been widely used as an additive in the food, cosmetic, and plastic industries
for the last 70 years. Although it is considered safe for human health at authorized levels,
its ubiquitous presence and the controversial toxicological data reported are of great
concern for consumers. In recent years, special attention has been paid to these 14
metabolites or degradation products: BHT-CH,OH, BHT-CHO, BHT-COOH, BHT-Q,
BHT-QM, DBP, BHT-OH, BHT-OOH, TBP, BHQ, BHT-OH(t), BHT-OH(t)QM, 2-
BHT, and 2-BHT-QM. These derived compounds could pose a human health risk from a
food safety point of view, but they have been little studied. In this context, this review
deals with the occurrence, origin, and fate of BHT in foodstuffs, its biotransformation
into metabolites, their toxicological implications, their antioxidant and prooxidant
properties, the analytical determination of metabolites in foods, and human dietary
exposure. Moreover, noncontrolled additional sources of exposure to BHT and its
metabolites are highlighted. These include their carry-over from feed to fish, poultry and
eggs, their presence in smoke flavorings, their migration from plastic pipelines and
packaging to water and food, and their presence in natural environments, from which they

can reach the food chain.

KEYWORDS: BHT, metabolites, food safety, dietary exposure, analytical techniques.

List of Chapters

Introduction

Occurrence of BHT and its origin

BHT and its metabolites as antioxidants or prooxidants
Fate of BHT in foods

Biotransformation of BHT

AR

Toxicological implications of BHT and its metabolites

2



44
45
46
47
48
49
50

10.
11.
12.

Dietary exposure studies and established limits
Additional sources of exposure and regulations
Analytical determination in foods

Conclusions

Acknowledgments

References



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

1. Introduction

Synthetic phenolic antioxidants were originally developed for petroleum protection
and in the late 1940s began their use in the food industry to delay lipid oxidation, and
thus to increase food shelf-life (Maziero and others 2001). The phenolic antioxidants
currently allowed as food additives by the European authorities are these 9 substances:
alpha-, gamma-, and delta-tocopherol, propyl-, octyl- and dodecyl-gallate, tert-butyl-
hydroquinone (TBHQ), 2-fert-butyl-4-hydroxyanisole (BHA), and 2,6-di-fert-butyl-

hydroxytoluene (BHT).

In the last years, it is being invoked the need of further research about the dual
antioxidant-prooxidant role of many compounds in relation to their effects on human
health and also on foods (Aruoma 1991; Frankel 2007; Halliwell 2011). In addition,
consumers are currently concerned about the use of certain food additives due to their
potential toxicity. As a result, additive-free labeling is a well-known trend in the food
industry. In this sense, the widespread use of BHT as an antioxidant can be considered a
matter of public health concern, because of the potential toxicological effects attributed
to BHT itself and to metabolites derived from it (Branen 1975; Babich 1982; Malkinson
1983; Kahl 1984; Bomhard and others 1992; Williams and others 1999). Table 1
summarizes some of the main BHT metabolites found in different matrixes, coming either
from metabolic transformations or from degradative processes occurring in foods,
plastics, or the environment. Special attention should be paid to these derived compounds,
since the toxic effects of BHT are thought to be caused by its metabolites rather than by

the parent compound (Thompson and Trush 1986).

In this context, and taking into account the multiple sources of exposure to BHT and

its metabolites, this review deals with its occurrence and origin, their possible dual role
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as antioxidants and prooxidants, the fate of BHT in foodstuffs, its biotransformation into
metabolites, their toxicological implications, some dietary BHT exposure studies and the
established limits, additional sources of exposure, and the analytical determination of

BHT metabolites in foods.

2. Occurrence of BHT and its origin

BHT is one of the most commonly employed food antioxidants and its use in Europe
is restricted to different dosages (EU Directive No 95/2/EC, EU Regulation (EC) No
1333/2008). It can be added singly or in combination with gallates, BHA, or TBHQ in
amounts of up to 100 mg/kg in fats and oils for the professional manufacture of heat-
treated foods, in frying oil and frying fat (excluding olive pomace oil), in lard, in fish oil,
and in beef, poultry, and sheep fats. BHT can also be added to seasonings and condiments,
either individually or in combination with gallates, BHA, and TBHQ, in amounts up to
200 mg/kg. Furthermore, BHT is also authorized in chewing-gum and other food
supplements at maximum concentrations of 400 mg/kg, either alone or in combination
with gallates and BHA. It must be noted that although maximum permitted levels (MPLs)
of BHT are well established in certain food products, like those shown in Table 2, its
presence in other foods is also possible, either because it is present in any of the

ingredients or for other reasons.

In addition to its use as a food antioxidant, BHT may also be added to animal feeds,
food packaging materials, pharmaceuticals, pesticides, rubbers, plastic pipelines,
biodiesel fuel, lubricants, paints and inks, personal care products, and cosmetics as a

stabilizer or anti-skinning agent. Due to the presence of BHT in the waste waters
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generated by these industries, it can also be found in natural environments like soil, water,

and air. BHT can also reach the food chain by these means.

Although BHT is a well-known synthetic compound, it must be noted that a natural
origin for it is also possible. It has been evidenced that this molecule can be endogenously
generated by some freshwater phytoplankton submitted to oxidative stress conditions
(Babu and Wu 2008). Its presence in oak wood and in the pericarp of litchi fruit has also

been reported (Guillén and Manzanos 2001; Jiang and others 2013).

3. BHT and its metabolites as antioxidants or prooxidants

One of the main reasons for food deterioration during processing or storage is lipid
oxidation, which evolves through different steps and gives rise to the formation of very
reactive compounds. It must be noted that this degradation process occurs not only in

food lipids, but also in those present in cells and biological systems.

Antioxidant properties of BHT rely on its molecular configuration, because, like other
synthetic phenolic antioxidants, it possesses a labile hydrogen atom in the hydroxy group
that can be donated and reduce the free radicals generated at the initiation step of lipid
oxidation. Thus, BHT itself is oxidized and the subsequent derived radical is stabilized
by electronic delocalization in the benzene ring. This way, BHT can stop radical oxidation
propagation, which retards lipid oxidation and extends food shelf-life (Warner and others
1986a). BHT has been reported to efficiently react against strong oxidizing radicals such
as singlet oxygen (O2('Ag)), hydroxyl radicals (OH), and peroxyl radicals ((OOR),
although the mechanism of quenching reactions may vary, depending on the reactive

oxygen species involved and the local environment (Lambert and others 1996). The
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reaction pathways previously proposed for BHT antioxidant activity under experimental
conditions are summarized in Figure 1. Nevertheless, the antioxidant activity of this
molecule at high temperatures, such as frying conditions, can greatly differ from that
developed at moderate or low temperatures, as during storage. Several authors reported
rapid loss of BHT at high temperatures (> 140 °C) and noticed lower antioxidant activity
(Zhang and others 2004; Marmesat and others 2010). This fact was attributed not only to
the compound volatilization, but also to its transformation into metabolites. These results
are in agreement with the lower antioxidant activity observed at 70 °C for BHT-OOH,

BHT-CHO, and BHT-Q than for the parent compound BHT (Fujisawa and others 2004).

However, BHT has also been reported to exert prooxidant effects under certain
conditions. Thus, when BHT was added in excess to a wheat seedling medium in aerobic
conditions, an enhancement of the generation rate of superoxide anion was observed. This
is a reactive particle that may damage cellular structures at high concentrations (Smirnova
and others 2002). In addition, an increase in hepatic microsomal lipid peroxidation was
observed in rats fed with diets containing 0.2% of BHT for 30 days (Yamamoto and others
1995). Due to this ability of BHT to exert prooxidant effects at high concentrations, it has
been used to induce experimental models of oxidative stress in several animals and fungi
in order to study the protective effects of other compounds (Faine and others 2006; Lin

and others 2007; Nanou and Roukas 2010; Awah and others 2012).

Although the above-mentioned studies suggest a prooxidant activity, there is limited
information available concerning the conditions and the mechanisms under which BHT
exerts a prooxidant behavior. Some authors have reported that at high aeration rate, BHT
can react with molecular oxygen rather than with the reactive oxygen species present,

yielding BHT-phenoxyl radical and superoxide anion (Smirnova and others 2002, Nanou
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and others 2010). The reaction pathways proposed for BHT prooxidant activity are
summarized in Figure 1. In addition, the phenolic radical itself may undergo redox
recycling which can be a critical factor depending on the reductant involved (Kagan and
others 1990). However, it has to be noted that BHT-phenoxyl radical has been reported

to be relatively stable (Lambert and others 1996).

Furthermore, the potential reactivity of BHT-derived metabolites should be taken into
account; some studies reported that not only BHT but also its metabolites, such as BHT-
Q and BHT-QM, can act as prooxidants (Nagai and others 1993; Bolton and others 1990;
Guyton and others 1991); this could help to explain the toxicological effects attributed to
some of the latter, further commented on chapter 6. Special efforts should be made to
fully understand the antioxidant-prooxidant activity of BHT, the reaction pathways
undergone, the necessary conditions for this to take place, and the potential reactivity of
all the metabolites generated as a result of BHT activity, in order to avoid undesired

reactions, either in foods or in biological systems.

4. Fate of BHT in foods

During food processing and storage the evolution of lipid oxidation and, consequently,
the evolution of the antioxidant molecules originally present, can be very different
depending on the temperature at which the process takes place. Thus, taking into account
the dual role (antioxidant-prooxidant) previously mentioned, knowledge concerning the
effect of temperature on BHT transformation is of paramount importance. As far as we
know, there is a lack of studies dealing with this topic at low or moderate temperatures.
Only a few studies have addressed the fate of BHT in foods during processing at high
temperatures. In fact, it has been shown by several authors that under frying conditions

8
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the loss of antioxidants, either natural or synthetic, is very fast and their activity very low.
As mentioned before, their low effectiveness at high temperatures is attributed not only
to their volatilization and steam distillation caused by the water boiled out of the cooked
food, but also to their rapid degradation (Augustin and Berry 1983; Tsaknis and others

2002; Allam and Mohamed 2002; Zhang and others 2004).

Regarding volatilization at high temperatures, Warner and others (1986b) concluded
that BHT showed the highest volatilization, in comparison with BHA and TBHQ,
reaching 28% during cookie baking at 195 °C for 10 min and 49% after submitting
potatoes to deep-frying in lard at 190-200 °C for 1 h. Similar results were obtained by
Santos and others (2012) who submitted pure propyl-gallate, BHT, TBHQ, and BHA to
thermal stability evaluations at 110 °C and concluded that BHT volatilized within the first
few hours of heating, showing the lowest thermal resistance. Hamama and Nawar (1991)
submitted the same pure synthethic antioxidants to 185 °C for 1 h and observed that BHT
showed the highest volatility, because one-fourth of the original amount was lost by
evaporation. This is in agreement with the lower boiling point of BHT (264 °C) in

comparison with those of BHA (268 °C) and TBHQ (291 °C).

Concerning the transformation of BHT at high temperatures, there are only a few
studies on the detection, isolation, and identification of its degradation products in food
matrices. Under these conditions BHT reacts directly with oxygen giving rise to BHT-
OOH as the main oxidation product (Kharasch and Joshi 1957), which is unstable and, in
turn, could generate other derived products. It must be noted that when pure BHT-OOH
was submitted to thermolysis at high temperatures (185-210 °C), the formation of BHT-
CHO, BHT-OH, and BHT-Q was reported (Warner and others 1986a). Another study

gave information about the degradation products of pure BHT submitted to 185 °C for up
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to 1 h, obtained by gas chromatography/mass spectrometry (GC/MS) (Hamama and
Nawar 1991); the formation of 5 compounds was reported and their possible generation
pathways proposed. Among the derived compounds generated, 5-methyl-7-tert-butyl-
2,2-dimethyl-2,3-dihydrobenzo(b)furan, 2,6-bis(1,1-dimethylethyl)-4-methyl-1-
methoxybenzene, TBP, and 2 dimeric derivatives, one of them being 2-BHT, were
tentatively identified by their mass spectra. It has to be noted that the spectra given by
these authors to the 2 first compounds are very similar to those of BHT-QM and BHT-
CHO (Fries and Piittmann 2002; Goicoechea and others 2008; Hernandez and others
2009). The dimer 2-BHT has also been detected in water (Fries and Piittmann 2002). The
oxidation of this latter dimer gives rise to a stilbenequinone derivative, called 2-BHT-
QM, whose formation was reported in vegetable oils containing BHT heated at 190 °C

for 11 days (Leventhal and others 1976).

It is remarkable that the compounds generated in the degradation of BHT at high
temperatures depend on the food nature in which it is contained and on the processing
conditions. Thus, during cookie baking no transformation of the added BHT was detected,
whereas during deep-frying its chemical alteration was clearly evident, only 14% of the
added BHT remaining unaffected in the frying medium (lard) (Warner and others 1986b).
In this context and taking into account the lack of sound studies on the toxicological
effects of BHT-derived compounds, the addition of BHT to frying oils could be
questioned. From a food safety point of view, further research is needed regarding the
nature and the extent of BHT transformation products that can be formed in foodstuffs
when submitted to different processes, either at high or at low temperatures like storage,
as well as concerning the BHT degradation pathways that generate them. In fact, it has to
be noted that a wide variety of products which are consumed daily and which may contain

BHT are submitted to thermal processing. These include bread, cereals, pastry, cakes,
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biscuits, cookies, sweets, chips, and snacks. Others, such as oils, fats, and salad dressings,

are submitted to long-term storage.

In the food industry it is a common practice to add BHT, and other synthetic phenolic
antioxidants as a mixture, in order to increase anti-oxidation effectiveness. However, it
has been reported that the concomitant administration of BHT and BHA in mice enhanced
the formation of BHT-QM and 2-BHT-QM, and the covalent binding of BHT to
microsomal proteins in lungs, with detrimental toxic effects (Thompson and Trush 1986).
It is remarkable that the generation of these 2 metabolites was not observed in the absence
of BHA. Since the addition of mixtures of synthetic phenolic antioxidants is usual in the

food industry, further research is needed on this topic.

5. Biotransformation of BHT

BHT undergoes biotransformational processes not only in foods, natural
environments, such as air, dust, soils, or water (Fries and Piittmann 2002, 2004;
Fernandez-Alvarez and others 2009; Rodil and others 2010, 2012), but also in living
organisms. The metabolism of BHT is very complex and it has been investigated in
different animal species, such as rats (Daniel and Gage 1965; Ladomery and others 1967;
Daniel and others 1968; Holder and others 1970a; Shaw and Chen 1972; Matsuo and
others 1984; Conning and Phillips 1986), mice (Matsuo and others 1984), rabbits (Dacre
1961; Conning and Phillips 1986), chickens (Frawley and others 1965), monkeys (Allen
1976, Conning and Phillips 1986), dogs (Gage 1966), and also in humans (Daniel and
others 1967, 1968; Holder and others 1970b; Conning and Phillips 1986). As BHT

undergoes several reactions during biotransformation, a large number of intermediate
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metabolites have been identified. However, their nature and concentration depend on the

environmental conditions and on the animal species.

Although the changes undergone by BHT during in vivo digestion processes have not
been studied, after submission of a fluid deep-frying fat containing BHT and BHT-QM
to an in vitro gastrointestinal digestion model, both these were detected in the digested
samples (Goicoechea and others 2008). These results indicate that BHT and its toxic
metabolite could remain bioaccessible for intestinal absorption. Due to the great
importance of the matter, further research on the potential oxidation process of BHT

during digestion and on the nature of the metabolites arising from it will be needed.

A rapid absorption of this compound from the gastrointestinal tract and subsequent
distribution to the liver and body fat has been observed (Conning and Phillips 1986).
Some studies referring to the rate of distribution of BHT in different organs after ingestion
have been carried out. The distribution of this compound in stomach, intestines, gall
bladder, urinary bladder, liver, kidney, spleen, and salivary gland has been proved in mice
after ingestion of 20 mg/ kg body weight (bw) of BHT. The highest concentration was
found in liver, kidney, and blood 3 h after the treatment (Matsuo and others, 1984).
Likewise, in humans a single oral dose of 0.5 mg/ kg bw provoked gradually increasing
levels in plasma until 75 min after intake (Verhagen and others 1989); however large
variations (from not detectable to 250 ng/ml) were observed among the subjects under

study.

Studies concerning BHT metabolism have shown that, unlike other synthetic
antioxidants, BHT is a potent inducer of the microsomal monooxygenase system and its
major route of degradation is oxidation catalyzed by cytochrome P450 (Conning and

Phillips 1986). As can be observed in Figure 2, its metabolism takes place through 2 main

12



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

pathways: the oxidation of the alkyl substituents and of the benzene ring. Regarding the
oxidation of alkyl substituents, BHT can show oxidation in the p-methyl group and in
one or both of the tert-butyl groups; however, neither process is mutually exclusive
(Daniel and others 1968). Metabolic differences among species have been reported:
whereas oxidation of the p-methyl group is the major metabolic route for rats, rabbits,
and monkeys, the oxidation of fert-butyl groups predominates in humans and mice
(Conning and Phillips 1986). When oxidation of the p-methyl group occurs, BHT-
COOH is considered to be the main metabolite, and it may be generated via the
corresponding aldehyde (BHT-CHO) and alcohol (BHT-CH>OH) (Matsuo and others
1984); oxidation of BHT-CHO can also give rise to BHT-Q (Oikawa and others 1998).
In addition, further metabolism of BHT-COOH in rat liver could provoke decarboxylation
to DBP, followed by the formation of BHQ and BHT-Q (Yamamoto and others 1991).
When the oxidation of the fer-butyl groups takes place, BHT-OH(t) and its derivative
BHT-OH(t)QM can be formed (Thompson and others 2001). As far as the second route
of oxidation of the aromatic ring of BHT is concerned, this can lead to the formation,
among others, of BHT-Q and of BHT-OOH; in turn, the latter can generate BHT-QM
(Becker 1969; Guyton and others 1991). Regarding this latter metabolite, it is noteworthy
that there is no evidence yet about its generation in humans (EFSA 2012); however, it

could be absorbed through the diet (Goicoechea and others 2008).

As far as the excretion of BHT and its metabolites is concerned, in man they are
excreted mainly in the urine, whereas in rodents 50-80% is eliminated in the feces (Daniel
and others 1967; Daniel 1986). When a single oral dose of 20 mg/ kg bw of BHT was
given to mice, approximately 98% of the BHT was excreted after 7 days. When the same
low oral dose was given for 10 consecutive days, its half-life in liver, kidney, lung, testis,

and blood ranged from 5 to 15 days (Matsuo and others 1984). In humans, 50% of BHT
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was excreted within the first 24 h after a single oral dose of 40 mg/ kg bw (Daniel and
others 1967). The rest was slowly excreted over the next 10 days, suggesting higher tissue
retention in humans than in rats. The major metabolites indentified in human urine after
a single dose of 1 g of BHT were BHT-COOH and its ester glucuronide (Holder and
others 1970b). After feeding rats and mice with radio-labeled BHT more than 43
metabolites were identified in the urine and feces, the main ones also being BHT-COOH

and its ester glucuronide (Matsuo and others 1984).

Some studies which focus on the accumulation of BHT in fatty tissues after feeding
animals with diets containing BHT can also be found. Frawley and others (1965) fed
chickens with a diet containing 200 mg/kg of BHT for 10 weeks and reported that their
edible portions contained between 1 and 3 mg/kg of BHT and metabolites; slightly higher
concentrations were found in isolated fat, skin, liver, and viscera. Eggs produced by hens
fed similar diets contained approximately 2 mg/kg of BHT and metabolites. Similar
results were obtained by Daniel and Gage (1965) who reported low bioaccumulation in
rats fed diet with 500 mg/kg of BHT for 35 days and rapid elimination of retained
compounds when rats returned to their normal diet. Gender differences were also
observed, 30 mg/kg of BHT being detected in male rat fat and 45 mg/kg in that of female
rats. Matsuo and others (1984) did not observe any tendency to accumulate BHT in major
tissues in mice. More recently, Holaas and others (2008) studied the liver deposition and
toxicological effects in Atlantic salmon (Salmo salar) fed graded levels of BHT for 12
weeks, followed by a 2-week depuration period. They concluded that BHT was highly
retained in fish liver, as only 8-13% of fed BHT was eliminated during the depuration
period. It is remarkable that this is just a part of the total concentration in the whole fish,
since BHT may have been distributed and accumulated in other organs. The authors

pointed out that this high accumulation of BHT or its metabolites may have potential toxic
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health effects for both fish and fish consumers through carry-over processes from the fish

products.

With regard to accumulation in humans, it was concluded that on a dose/ bw basis,
BHT reaches higher concentrations in the fatty tissues of humans than in those of rats
(Conacher and others 1986). It has been estimated that the bioconcentration factor of BHT
in human adipose tissue is around 45 times higher than that calculated for rats (Geyer and
others 1986). In 1970 the concentration of BHT found in the body fat of United Kingdom
(UK) and United States of America (USA) residents was 0.23 and 1.30 mg/kg,
respectively (Collings and Sharratt 1970). In 1986 in Canada, a mean level of 0.12 mg/kg
of BHT was reported in human adipose tissue (Conacher and others 1986). No BHT was
found in human plasma during an Italian study, although detectable levels of BHT (0.003
mg/kg) were found in the peritoneum of 64% of the subjects analyzed (Bianchi and others
1997). More recently, the presence of BHT and its metabolite BHT-CHO was reported in

the breast adipose tissue of women with breast cancer (Hernandez and others 2009).

6. Toxicological implications of BHT and its metabolites

Due to the widespread use of BHT in foods and in many other products in the last 70
years, and to the consequent human long-term exposure, a great number of toxicity studies
have been carried out in order to assess its safety. These have been reviewed by some
authors (Branen 1975; Babich 1982; Malkinson 1983; Kahl 1984; EFSA 2012). The fact
that most of these studies were accomplished using several animal species makes it
difficult to extrapolate them to humans, because the metabolites generated could be
different and the conditions of exposure may not mimic those occurring in humans. In
this context, controversial results regarding the toxicity of BHT and its metabolites can
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be found; data reported in toxicological studies have attributed to BHT a wide variety of

effects on laboratory animals, either beneficial, deleterious, or none.

When it comes to the potential beneficial effects of BHT, it has been reported that
BHT is able to inactivate in vitro lipid-containing mammalian and bacterial viruses
(Snipes and others 1975), to protect chickens exposed to Newcastle disease virus (Brugh
1977) and rabbits against artherosclerosis (Bjorkhem and others 1991), to inhibit skin
tumor promotion in rodents (Slaga 1995), to protect turkeys against aflatoxin B1 (Klein
and others 2003), and to decrease total cholesterol levels in plasma and liver in monkeys

(Branen and others 1973).

With regard to humans, there is an evident lack of studies which relate BHT intake to
disease. A prospective cohort study carried out in The Netherlands found no association
between the consumption of mayonnaise and creamy salad dressings with BHT and
stomach cancer risk. Even a statistically nonsignificant decrease in stomach cancer risk
was observed with increasing BHT intake (Botterweck and others 2000). However, it
must be noted that the intake of other food products containing BHT was not considered.

Therefore, further studies on this topic would be of a great interest.

In contrast with the above-mentioned potential protective effects in animals, many
other studies have reported potential toxicity derived from the ingestion or
administration of BHT. As for acute oral toxicity, although this is considered low in
animals (JECFA 1996), it must be noted that two clinical cases were reported in patients
who suffered acute neurotoxicity and gastritis after ingesting a high dose of BHT (4 and
80 g without medical prescription) to cure recurrent genital herpes (Grogan 1986; Shlian

and Goldstone 1986).
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Regarding short-term subchronic toxicity studies, it has been reported that BHT
causes dose-related increase in the incidence and severity of toxic nephrosis in mice
(Takahashi 1992), nephrotoxicity and pneumotoxicity in rats (Al-Akid and others 2001),
and in chicken a marked congestion of the liver and kidney, as well as diffuse enlargement
of the liver with rounded borders and rupture with hemorrhaging (Rao and others 2000).
It has to be noted that the EFSA Panel (2012) pointed out certain inconsistencies in the

findings obtained from the short-term and subchronic toxicity studies.

The genotoxicity studies on BHT reviewed by Bomhard and others (1992) and by
Williams and others (1999) concluded that BHT does not represent a genotoxic risk,
because most of the studies carried out to that date had shown BHT was not able to induce
mutations or to damage deoxyribonucleic acid (DNA). Nevertheless, it must be
mentioned that other studies reported contrary results. Thus, Nagai and others (1993)
investigated the effect of BHT and 7 of its metabolites on in vitro DNA cleavage and
reported the strongest effect for BHT-Q at the lowest concentration. The ability to cause
DNA cleavage has also been attributed to BHT-CHO and BHT-OOH, whereas such effect
was not observed for BHT, BHT-CH,OH, BHT-COOH, and BHT-QM. These results are
in agreement with those of Oikawa and others (1998) who studied in vitro the mechanism
of DNA damage by BHT-OOH and BHT-Q, and concluded that the former participates
in oxidative DNA damage directly, whereas the latter causes it through H>O, generation,
which leads to internucleosomal fragmentation. Therefore, carcinogenesis risk and cell
apoptosis would be dependent on the intensity of the damage and the ability of the cell to
repair it. The Panel on Food Additives and Nutrient Sources Added to Food of the
European Food Safety Authority (EFSA) recognized that these positive genotoxicity
results may be due to the prooxidative chemistry of BHT, which gives rise to reactive

metabolites (Aruoma 1991; EFSA 2012).
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Some studies addressed the carcinogenicity and chronic toxicity of BHT and its
metabolites in rodents with contradictory results. Thus, mice fed dietary BHT for a year
developed marked hyperplasia of the hepatic bile ducts with an associated subacute
cholangitis (Clapp and others 1973). Moreover, after 104 weeks of administration of
BHT, the formation of hepatocellular tumors in male mice was observed (Inai and others
1988). After 10 months of feeding mice with a diet containing different amounts of BHT,
an increased incidence of liver tumors in male, but not female, animals was also reported
(Lindenschmidt and others 1986). However, in a similar study no evidence of the
carcinogenicity of BHT administered to mice was observed (Shirai and others 1982).
Studies performed in rats also reported dose-related increases in hepatocellular adenomas
and carcinomas (Olsen and others 1986); nevertheless, other studies carried out with rats
showed no consistent carcinogenic effects (Hirose and others 1981; Williams and others

1990).

In 1987 the International Agency for Research on Cancer evaluated BHT and classified
it in group 3 of carcinogens (Not classifiable as to its carcinogenicity to humans), along
with other substances like certain polycyclic aromatic hydrocarbon (PAH) compounds.
In those days there was limited evidence of its carcinogenicity in experimental animals
and no evaluation could be made regarding humans because no data were available (IARC
1987). On the other hand, several studies have demonstrated the potential of BHT to act
either as a tumor promotor or as a tumor suppressor, modulating the carcinogenicity of
some well-known carcinogens (Williams and others 1986; 1996; Malkinson and others
1997; Sun and others 2003). In this context, further elucidation of the role of BHT and its

metabolites in the development of tumors is required.
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Additional effects such as behavioral changes, reduction in body weight gain and
decrement in body weight have also been observed after long-term administration of BHT
to mice and rats (Stokes and Scudder 1974; Olsen 1986; Tanaka and others 1993; Price

1994; JECFA 1996).

Although, like many other xenobiotic compounds, the toxic effects may be attributed
more to BHT metabolites than to their parent compound, only a few studies have focused
on their carcinogenicity and toxicity, and not only on that of BHT. Thus, BHT-QM is a
very reactive compound which is considered to play a significant role in hepatoxicity,
pneumotoxity, and skin tumor promotion in mice (Mizutani and others 1987; Bolton and
others 1990; Guyton and others 1991; Chevillard and others 2010). In addition, it was
reported that another quinone derivative, BHT-OH(t)QM, is chemically more reactive
than BHT-QM, and it has been recognized as the principal metabolite responsible for lung
tumor promotion activity of BHT in mice (Thompson and others 2001; Kupfer and others
2002). Due to their high electrophility, quinone methide derivatives form adducts with
several proteins, including enzymes that protect cells from oxidative stress; this
prooxidant state can also lead to cell oxidative damage (Lemercier and others 2004; Meier
and others 2007; Shearn and others 2011). It must be noted that relationships between

chronic oxidative stress and tumor promotion are well known (Philip and others 2004).

7. Dietary exposure studies and established limits

Risk assessments of food additives rely on the available toxicological data in order to
define their acceptable dietary intake (ADI). In 1987 the EU Scientific Committee for
Food (SCF) established an ADI for BHT of 0-0.05 mg/kg bw/day based on thyroid,

reproduction, and hematological effects observed in a 90-day feeding study with rats
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(Commission of the EC 1989). Eight years later, in 1995, the Joint FAO/WHO Expert
Committee on Food Additives allocated a 6 times higher ADI for BHT, 0-0.30 mg/kg
bw/day, on the basis of hepatic enzyme induction in a 22-month feeding study with rats
(JECFA 1996). Seventeen years later, in 2012, the Panel on Food Additives and Nutrient
Sources Added to Food of EFSA established an ADI of 0-0.25 mg/kg bw/day (EFSA
2012), based on an uncertainty factor (safety margin) of 100 and two 2-generation studies
with rats that revealed a no observed adverse effect level (NOAEL) of 25 mg/kg bw/day
for BHT (Olsen and others 1986; Price 1994). The panel concluded that this NOAEL also

covers the hepatocellular carcinomas observed in long-term studies on BHT.

Table 2 summarizes the studies carried out in different countries to evaluate BHT
dietary intake, expressed either as estimated daily intake (EDI) or as theoretical maximum
daily intake (TMDI). The aim of these studies was to monitor the exposure of their
population to BHT and to evaluate the risk of exceeding the established ADI. However,
since the selection of food categories containing BHT and the methodological approaches
are very different, direct comparison of the results of the different studies should be made
with caution. In most of them, the estimates were based on the distribution of food intakes
observed in dietary surveys (individual, household, or market surveys), assuming BHT to
be present at MPLs in all foods in which it is authorized. Other less common options were
the use of concentration data of BHT in foods provided by the food industry (EFSA 2012)
or analytically determined (Soubra and others 2006), the latter being considered the most
accurate way to estimate the intake. Nevertheless, it has to be added that the selection of
the food categories, the sampling conditions, and the limit of detection of the analytical
methodology employed are of paramount importance for accurate estimations. In

addition, other limitations such as co-extraction of interfering substances and incomplete
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extraction have been reported when determining BHT in foods (Karovicova and Simko

2000).

On the other hand, analytical determination of current levels of BHT in foods could
avoid an over-estimation due to the above-mentioned possible losses of BHT during food
processing at high temperatures, such as heating or frying (Warner and others 1986a;
Leclercq and others 2000). In fact, most of the BHT-containing foods that are taken into
account in dietary intake studies are heat-treated products (Table 2). It must also be noted
that over-estimation derived from the consideration of MPLs of BHT in authorized food
products could be counterbalanced by under-estimation given that the food categories
selected in most of the studies exclude other foodstuffs in which BHT is not allowed,
although they might contain this additive as a result of carry-over from ingredients

employed for their manufacture (Soubra and others 2007) or by other causes.

Moreover, these studies can have additional limitations, since most of them do not
estimate either the amount of BHT actually consumed by heavy eaters, also called
extreme consumers (Maziero and others 2001), or consumer brand loyalty data (Vin and

others 2013).

According to Table 2, exposure to BHT in most of the studies is unlikely to exceed the
current ADI of 0-0.25 mg/kg bw/day. However, some exceptions can be found.
Kirkpatrick and Lauer (1986) reported that Canadian children aged 1-4 were exposed to
0.39 mg/kg bw/day, especially due to their consumption of cereals, sugars, and potatoes.
Leclercq and others (2000) indicated that the Italian population exposure to BHT was up
to 0.315 mg/kg bw/day, the main potential sources of BHT being "pastry, cake, and

biscuits", "chewing gums", and "vegetable oils and margarine"; overall they contributed

74% of the exposure. The JECFA (2000) estimated that the population of the USA was
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exposed to 0.39 and 0.78 mg/kg bw/day for mean and high levels of consumption
respectively. Although it is not shown in Table 2, the EFSA (2012) Panel noted that the
exposure of children aged 3-9 to BHT in Finland and The Netherlands exceeded the ADI
(0.040-0.296 mg/kg bw/day) at the 95 ™ percentile level (high levels of exposure). More
recently, Vin and others (2013) estimated the dietary exposure to various additives in
France, Italy, UK, and Ireland and reported that mean intakes of BHT exceeded the ADI
only for Irish children. In addition to the above-mentioned different methodological
approaches and to the selection of foodstuffs subject of study, the comparison of different
countries shows that exposure greatly depends on the age group, the eating habits, and
the manufacturing practices. As consumer behavior and manufacturers’ additive
preferences might change in time, and considering also the widespread use of BHT,

constant monitoring of its intake by food safety authorities is needed.

Finally, it must be noted that despite the toxicological aspects discussed above, to the
best of our knowledge no estimation of the dietary intake of BHT metabolites has been
carried out yet. In relation to this, the case of the additive ethoxyquin (6-ethoxy-1,2-
dihydro-2,2,4-trimethylquinoline) must be mentioned, because its ADI is calculated
considering the dietary intake of itself and of three of its metabolites/degradation products
(JMPR 2005). This compound is another synthetic antioxidant widely used in animal
feed. It cannot be used in any food for human consumption, but like BHT it can pass from
feed to farmed fish, poultry, and eggs, so humans can be exposed to it and to its

metabolites.

8. Additional sources of exposure and regulations
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When the dietary intake of BHT is calculated, usually only its presence in foods in
which it is regulated by legislation is considered. Nevertheless, due to the variety of uses
of BHT and its ubiquitous presence, there are other additional sources of exposure that
should also be taken into account, such as the carry-over from animal feed to food, its
presence in smoke flavorings, its migration from plastic pipelines and packaging to
drinking water and other foodstuffs, or its presence in the natural environments from

which it can reach the food chain.

Due to the use of BHT also as a feed additive for all animal species (except dogs) at a
maximum concentration of 150 mg/kg, either alone or in combination with BHA and/or
ethoxyquin (EU Regulation (EC) No. 1831/2003), its potential carry-over from feed to
farmed animals requires special attention from a food safety point of view. Thus, residual
amounts of the parent compound and/or its metabolites may be ingested by humans from
a wide variety of animal products. Although the maximum residue limits (MRLs) of BHT
have been established as 10 mg/kg for fish, 3 mg/kg for chicken fat, and 0.5 mg/kg for
pig fat in some countries like Japan (JMHLW 2005), in the European Union these MRLs

do not currently exist for synthetic antioxidants in food products of animal origin.

As far back as 1965 it was reported that after feeding chickens for 10 weeks with a diet
containing 200 mg/kg of BHT their edible portions contained 1-3 mg/kg of BHT and its
metabolites (unspecified), and even higher concentrations in isolated fat, skin, digestive
organs, and viscera. The eggs from hens fed similar diets contained approximately 2
mg/kg (Frawley and others 1965). In addition, regarding processed meat products, the
presence of BHT and its metabolites BHT-OH and BHT-QM in a Spanish dry fermented
sausage was demonstrated (Ansorena and others 2001). Their presence was attributed to

the addition of BHT either to the pig feed or to the sausage mixture. More recently, due
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to the growth of aquaculture, several authors have focused on the transfer of synthetic
antioxidants and their metabolites from feed to farmed fish. Levels of these compounds
in fish appeared to be fairly dose-dependent during farming and mainly present in high-
fat-content tissues, such as liver, but also in muscle tissue. Holaas and others (2008)
studied the liver deposition and toxicological effects in Atlantic salmon fed graded levels
of BHT during a 12-week feeding followed by a 2-week depuration period. As a safety
precaution, the production of farmed Atlantic salmon in Norway requires a mandatory 2-
week depuration period prior to slaughtering and market delivery, in order to ensure the
elimination of veterinary medications, additives, and other undesirable components. It
was demonstrated that BHT was highly retained in fish liver and that only 8-13% of fed
BHT was eliminated during the depuration period. The authors also suggested that, during
starvation, lipids stored in adipose tissue are utilized and may provoke the release of BHT
into the circulatory system, thus affecting hepatic metabolism functions. The importance
of these results was highlighted, since these residual levels of BHT can pose a
toxicological threat for fish consumers. Lundebye and others (2010) analyzed the levels
of BHT, BHA, and ethoxyquin in feed and in farmed fish, namely Atlantic salmon,
Atlantic halibut (Hippoglossus hippoglossus), cod (Gadus morhua), and rainbow trout
(Oncorhynchus mykiss). The highest levels of BHT (7.6 mg/kg) were found in salmon
fillets, slightly lower concentrations were found in those of halibut and rainbow trout, and
levels were below the detection limits in cod fillets, which is a low-fat fish. The theoretical
consumer exposure to the synthetic antioxidants from the consumption of farmed fish was
calculated, and it was calculated that a 300-g portion of farmed Atlantic salmon would
contribute up to 75% of the ADI for BHT (in that year the ADI had been set at 0.30 mg/kg
bw/day). More recently, the Norwegian National Institute of Nutrition and Seafood

Research analyzed the content of BHT and other additives, nutrients, and undesirable
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compounds in commercial fish feeds in the years 2000-2010, in order to detect potential
changes over time (Sissener and others 2013). Levels of BHT in feed ranging from
approximately 5 to 20 mg/kg were detected; the sum, together with BHA and ethoxyquin,
was always below the legal limit. Nevertheless, the BHT concentrations obtained in 2000-
2010 were highly variable and very little of the total variation was explicable by trends
over time. Guillén and Errecalde (2002) also reported the presence of BHT in farmed

rainbow trout.

Furthermore, foodstuffs smoked with liquid smoke flavorings might supposedly be
another additional source of exposure to BHT. This compound and its metabolites BHT-
Q and BHT-CHO were detected in a commercial liquid smoke flavoring (Guillén and
Ibargoitia 1998, 1999). The presence of BHT was attributed to its pyrolytic formation in
the smoke generation process. In this context, BHT and its metabolite BHT-CHO were
also detected in oak wood (Guillén and Manzanos 2001), a common hardwood rich in
lignin used to manufacture smoke flavorings. Recently a study on the generation of BHT
from lignin degradation was carried out with the purpose of converting lignin into
valuable products (Zhang and others 2014). Moreover, BHT has been identified in some
ready-to-eat fish products, either of farmed or wild origin, which had been smoked with

natural smoke (Guillén and Errecalde 2002; Guillén and others 2006).

Another additional source of exposure to BHT and its metabolites is derived from its
use as an additive in plastic materials employed for water pipelines or food-packaging.
Due to the limited stability of polyolefins at high temperatures and ultraviolet light,
antioxidants are commonly added (Al-Malaika 2004), but, unfortunately, the migration
of these compounds and their degradation products from the polymer matrix into the food

or water content can occur (Dopico-Garcia and others 2007). Thus, when commercially
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bottled drinking water was studied, the presence of BHT was detected in 46% of samples
(Tombesi and Freije 2002). In a newly installed pipeline distribution system the presence
of BHT-Q and BHT-CHO was reported and the latter metabolite was identified in the
drinking water samples collected from it (Brocca and others 2002). In agreement with
these results, other authors detected BHT, DBP, and BHT-Q in drinking water collected
from plastic pipes (Skjevrak and others 2003; Liitzheft and others 2013). It must be noted
that in the last re-evaluation of BHT as a food additive (EFSA 2012), the Panel concluded
that this use of BHT in food contact materials would contribute an additional human
exposure of 0.05 mg/kg bw/day. This value was obtained assuming that every day
throughout his/her lifetime a person weighing 60 kg consumes 1 kg of food packed in
plastics containing BHT at its maximum permitted level (specific migration limit of 3
mg/kg food). It is worth noting that exposure of children at mean and at the 95" percentile
to BHT would exceed the current ADI if this additional source was taken into account

(EFSA 2012).

Finally, the environmental occurrence of BHT and its metabolites in rivers, rain,
ground water, and waste waters can also be an additional source of exposure, because
these compounds can easily reach the food chain by these means. Fries and Piittmann
(2002, 2004) detected BHT and BHT-CHO in river, ground, rain, roof-runoff, and waste
waters. In aquatic environments two major sources of these compounds were suggested,
both related to industries that manufacture solid products containing antioxidants, such
as food, cosmetics, plastics, and rubber: first and foremost, through waste water discharge
and, secondly, by means of the potential evaporation of BHT into the atmosphere due to
its low solubility in water and its high volatility. The dimer 2-BHT was only identified in
ground water samples, probably generated through anaerobic biodegradation of BHT by

microorganisms in ground water or soil. BHT and its metabolites BHT-Q, BHT-CH,OH,
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BHT-CHO, and BHT-COOH were detected in raw waste water samples, BHT-COOH

being found at higher concentrations than the others (Rodil and others 2010, 2012).

9. Analytical determination in foods

The analytical methods employed to evaluate the presence of BHT in foodstuffs have
recently been reviewed in detail by several authors (Garcia and others 2006; André and
others 2010; Serra and others 2013). Nevertheless, the same cannot be said regarding its
metabolites. In this context, Table 3 summarizes the analytical techniques used to
determine their occurrence in different foods and related matrixes. It can be observed that
not only are the techniques and the ranges of abundance of the metabolites very varied,
but so are the matrixes under study, with water being the most frequently examined.
Therefore, the establishment of a method for the simultaneous determination of all
possible BHT metabolites present in foodstuffs would constitute a great advance in
evaluating not only the occurrence of all these potentially toxic compounds in food, but

also their incidence in the human diet.

10. Conclusions

The ubiquitous presence of BHT, its controversial toxicological data, a lack of
information about its true dietary intake, and also that of its metabolites have increased
consumer concern about the use of this synthetic food additive. Further research is needed
to evaluate the current extent of human exposure to BHT and its metabolites, not only as
aresult of their presence in authorized foods, but also as related to other additional sources

that reach the food chain, such as carry-over processes from feed to farmed animal
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products, migration from plastic pipelines and packaging to water and food, and their
presence in smoke flavorings and in natural environments. For this purpose, the
development of proper analytical techniques to simultaneously determine BHT and all
possible metabolites is of paramount importance. Moreover, considering the possible dual
role of BHT as either antioxidant or prooxidant, further research is needed on this topic,
paying special attention to the conditions and mechanisms by which BHT acts on foods

in these two ways.
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1057  Table 1. 2,6-Di-tert-butyl-hydroxytoluene (BHT) and some of its main derived
1058  metabolites.
. . CAS
Abbreviation Systematic name Structure Formula
number
BHT 2,6-Di-tert-butyl- o CisHsO  128-37-0
hydroxytoluene ﬂ\&
BHT-CHO 3,5-Di-tert-butyl-4- ; CisH»0,  1620-98-0
hydroxy-benzaldehyde
CHO
BHT-COOH 3,5-Di-tert-butyl-4- " CisH»0;3  1421-49-4
hydroxy-benzoic acid
COOH
BHT-Q 2,6-Di-tert-butyl-2,5- f CisH200,  719-22-2
cyclohexadien-1,4-dione ﬁ\&
BHT-QM 2,6-Di-tert-butyl-4- i CisH»O  2607-52-5
methylene-2,5-
cyclohexadien-1-one
DBP 2,6-Di-tert-butyl-4-phenol ﬂ\é)< CisHO  128-39-2
BHT-OH 2,6-Di-tert-butyl-4- " CisH240,  10396-80-
hydroxy-4-methyl-2,5- 2
cyclohexadien-1-one
OH
BHT-CH,OH 3,5-Di-fert-butyl-4- ™ Ci5H240, 88-26-6
hydroxy-benzyl alcohol X<EJ<
BHT-OOH 2,6-Di-tert-butyl-4- o CisH2403  6485-57-0
methyl-4-hydroperoxy- %
2,5-cyclohexadien-1-one
OOH
TBP 2-Tert-butyl-4-methyl- i CiHisO  2409-55-4
phenol ¢)<
BHQ 2,6-Di-tert-butyl-1,4- o CisH20,  2444-28-2
benzenediol j\&
OH
BHT-OH(t) 3-tert-butyl-2-hydroxy- Ho O Ci5H240, 112700-
B,B,5-trimethyl- 14-8
benzeneethanol
BHT-OH(t)QM 2-Tert-butyl-6-(2- CisH»0,  124755-
hydroxy-tert-butyl)-4- 19-7
methylene-2,5-
cyclohexadien-1-one
2-BHT 4,4'-Ethylenebis(2,6-di- C30Hs602  1516-94-5

tert-butyl-phenol)
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2-BHT-QM 4.4'-
(stilbenequinone)  Ethanediylidenebis(2,6-di-
tert-butyl-2,5-
cyclohexadien-1-one)

C30H40,  809-73-4
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1061 Table 2. Summary of the BHT dietary intake reported in the literature.

Mean
estimation Targeted Country
population Selected BHT containing foods Reference
(mg/kg (data from years)
bw/day) (age)
0.13 Total Instant  breakfast, margarine, bread, Canada Kirkpatrick
(1-65) breakfast cereals, crackers, cakes, cookies, (1973) and Lauer
0.24 Adolescents  rice, dehydrated potatoes, French-fried 1986
(12-19) potatoes and chips, peanut butter, cooking
0.39 Children oils, shortening and salad dressing,
(1-4) puddings, candies, and soft drinks.

0.075 Total Potatoes and tuberous plants; cereals and The Netherlands Verhagen
cereal products; fats, oils, mayonnaise, (1987-88) and others
margarine, butter; soups; pastry, cakes, and 1990
biscuits; sugar, sweets, and sweet spreads;
nuts, seeds, and snacks.

0.125-0.315 Total Fats from pastry, cake and biscuits; Italy Leclercq and

chewing gums; vegetable oils and (1994-96) others 2000
margarines; fats from pizza, bread, etc.; fats
from chips and popcorn; fats from
confectionery; fats from other sources.

0.00-0.78 Total Fats and oils; fat emulsion (water-in-oil); Australia, Brazil, JECFA 2000
chewing gum; processed fish and fish China, Finland, France,
products including molluscs, crustaceans  Japan, New Zealand,
and echinoderms, and others. Spain, UK, USA

(2000)

0.09-0.11 Total Vegetable oils, fats and creams, margarine, Brazil Maziero and
mayonnaise, cereal flakes, grated coconut, (1989-2003) others 2001
chewing gum, coconut milk, and powdered
chocolate.

0.04 Total Vegetable oils, shortening and margarine; Korea Suh and
(seasoned) dried, salted and frozen fishery (1998) others 2005
products; mayonnaise; chewing gum;
breakfast cereal.

0.018-0.025 Students Fats, sweets, cereals and bread, snacks, Lebanon Soubra and
(9 -18) nuts, beverages, meat, and fish. (2002-03) others 2007
0.000-0.011 Adults Chewing gum. France Bemrah and
>15) (1998-99, 2002-05) others 2008
0.000-0.013 Children
(3-14)
0.003-0.022 Adults Fine bakery wares, snacks (dry, savory Europe EFSA 2012
(18-64) potato, cereal or starch-based snack (22 countries,
0.005-0.043 Adolescents  products, extruded or expanded savory 1985-2010)
(10-17) snack products, other savory snack
0.007-0.087 Children products and savory peanuts, nuts or
(3-9) hazelnuts), and liquid and solid food
supplements.
0.002-0.221 Adults Concentration data provided by food  France, Ireland, Italy, Vin and
(18-97) industry (no further details). Chewing gums UK others 2013
0.004-0.267 Children not considered. (1992-2007)
(1-17)
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1063 Table 3. Methodologies employed to determine BHT metabolites in food and related matrixes,
1064 together with the abundance data reported.

1065
1066
1067
1068
1069
1070

Matrix Metabolites Sampl(? Analy‘t ical Abundance Reference
preparation technique
Vegetable 2-BHT-QM Extraction with TLC, Vis 0-72 pg/L Leventhal and
oil acetonitrile, distillation others 1976
Lard BHT-Q Preparation of lard with HPLC/MS, n.a Warner and
shortening BHT-CHO radiolabeled antioxidant GC/MS, n.a others 1986ab
BHT-OOH TLC n.a
Liquid BHT-Q Extraction with CH>Cl, GC/MS n.a. Guillén and
smoke BHT-CHO 0.4 mg/L Ibargoitia
flavorings 1998
Dry BHT-OH SDE GC/MS 0-1884 ng dodecane/g  Ansorena and
fermented dry matter others 2001
sausage BHT-QM 0-2635 ng dodecane/g
dry matter
Drinking  BHT-CHO Extraction with CHCls GC/MS n.a. Brocca and
water others 2002
River, rain BHT-CHO SPE GC/MS 0-1627 ng/L Fries and
and ground 2-BHT n.a. Piittmann
water 2002, 2004
Drinking ~ DBP Purge and trap extraction GC/MS 0-5000 ng/L Skjevrak and
water BHT-Q 60-600 ng/L others 2003
Fluid deep- BHT-QM HS-SPME GC/MS 0.36*106 Goicoechea
frying fat DVB/CAR/PDMS fiber area counts and others
2008
Riverand BHT-CH,OH SPE and derivatization GC/MS 0-64 ng/L Rodil and
waste BHT-Q with MTBSTFA 0-871 ng/L others 2010
water BHT-CHO 13-144 ng/L
(rawand  BHT-COOH 13-90 ng/L
treated)
Tapand  BHT-CH,OH SPE GC/MS 6-78 ng/L Rodil and
waste BHQ 0.1-0.6 ng/L others 2012
water (raw  BHT-Q 10-91 ng/L
and BHT-CHO 0-20 ng/L
treated) BHT-COOH 4-339 ng/L
Drinking  BHT-Q HS-SPME GC/MS 18-57 ng/L Liitzheft and
water others 2013

Abbreviations: DVB/CAR/PDMS: Divinylbenzene/Carboxen/Polydimethylsiloxane; GC: Gas Chromatography;
HPLC: High-Performance Liquid Chromatography; HS-SPME: Headspace Solid-Phase Microextraction; MS: Mass

Spectrometry;

MTBSTFA: N-tert-butyldimethylsilyl-N-methyl-trifluoroacetamide; n.a.: not available; SDE:

Simultaneous Distillation-Extraction; SPE: Solid-Phase Extraction; TLC: Thin-Layer Chromatography; Vis: Visible
spectrophotometry.
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FIGURE CAPTIONS

Figure 1. Reaction pathways proposed for antioxidant and prooxidant activity of BHT

(Lambert and others 1996; Smirnova and others 2002).

Figure 2. Some of the possible metabolites derived from the biotransformation or
degradation of BHT (Matsuo and others 1984; Daniel 1986; Guyton and others 1991;
Yamamoto and others 1991; Oikawa and others 1998; Thompson and others 2001; Rodil

and others 2010, 2012).
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