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ABSTRACT

The available toxicity information for boron was reevaluated and four appropriate toxicity studies were
selected in order to derive a tolerable daily intake (TDI) using newly proposed uncertainty factors (UFs)
presented in Hasegawa et al. (2010). No observed adverse effect levels (NOAELs) of 17.5 and 8.8 mg B/kg/
day for the critical effect of testicular toxicity were found in 2-year rat and dog feeding studies. Also, the
95% lower confidence limit of the benchmark doses for 5% reduction of fetal body weight (BMDLys) was
calculated as 44.9 and 10.3 mg B/kg/day in mouse and rat developmental toxicity studies, respectively.
Measured values available for differences in boron clearance between rats and humans and variability
in the glomerular filtration rate (GFR) in pregnant women were used to derive chernical specific UFs.
For the remaining uncertainty, newly proposed default UFs, which were derived from the latest applica-
ble information with a probabilistic approach, and their subdivided factors for toxicokinetic and toxico-
dynamic variability were applied. Finally, overall UFs were calculated as 68 for rat testicular toxicity, 40
for dog testicular toxicity, 247 for mouse developmental toxicity and 78 for rat developmental toxicity. It
is concluded that 0.13 mg B/kg/day is the most appropriate TDI for boron, based on rat developmental

toxicity.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

To ensure drinking water safety, a variety of toxicity informa-
tion on environmental pollutant chemicals is collected and evalu-
ated in order to derive a tolerable daily intake (TDI). A TDI is
derived by dividing the no observed adverse effect level (NOAEL)
for the selected critical effect (identified from key toxicity studies
such as repeated dose toxicity, reproductive and developmental
“toxicity, and carcinogenicity) by an appropriate composite uncer-
tainty factor (UF). A default composite UF of 100, consisting of 10
for interspecies differences (UF,) and 10 for human variability
(UFy,), has been commonly used in the derivation of TDIs in Japan
- and some international organizations. WHO (2005) took the ap-
proach further by determining that each component UF can be sub-
divided into toxicokinetics (TK), disposition of substance (generally
measured as species differences in blood concentration at the same
dose), and toxicodynamics (TD), toxic intensity of substances (gen-
erally measured as species differences in toxicity level at the same
blood concentration). Appropriate measured or estimated TK and/
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or TD values can be incorporated into the safety assessment pro-
cess by replacing the default component UFs.

To date, this subdivision approach has been applied in several
situations in Health Canada (Meek et al., 1994) and the United
States (US EPA, 2004), but the approach is limited internationally.
The WHO drinking water quality guidelines used the approach
for boron, where measured data on the human glomerular filtra-
tion rate (GFR) was used to determine the chemical specific UF
used in the TDI calculation (WHO, 2009). However, an even newer
approach for UF selection has been derived from the latest data
related to interspecies differences and human variability with a
probabilistic approach to the TK and TD subdivisions (Hasegawa
et al., 2010). Therefore, in this article, we apply the new UF proba-
bilistic subdivisions during the UF selection process in order to de-
rive a TDI for boron.

2. Concept of current uncertainty factor

An UF of 100 (Lehman and Fitzhugh, 1954) was proposed for
boron without substantial reasons, as was common practice, and
has been widely used around the world until recently. Dourson-
and Stara (1983) justified using an UF of 100 (UF, = 10, UF, = 10)
in risk calculations by gathering and organizing supporting
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information. Analysis of interspecies differences (Freireich et al.,
1966) demonstrated a good relationship between the body surface
area and the maximum tolerated dose of 18 anti-cancer drugs after
repeated administration in humans and various experimental
animals. The body surface area can be presented as:

BW?3 x K x 107 m?
the body surface area per body weight becomes:
BW?? x K x 107" x BW™' =K x 107 x BW™ 1

where BW is the body weight (g) and K is an adjustment factor.
As K ranges from 9 to 11 in various experimental animals as
well as humans, the body surface ratio of animal/human is:

Ka x 107 x BW; '3 /Ky x 107% x BW; ' = BW}/? /BW."
= (BWpn/BW,)"2.

The body surface correction factor becomes 5.6 for rats and 11.4 for
mice when the body weight is 60 kg for humans, 350 g for rats and
40 g for mice. Based on these data, a default UF, of 10 is considered
to be an appropriate numerical value, since it lies between these
two values. When logarithmic dose/probit slopes were calculated
for acute rat toxicity data on 490 chemicals, 92% of the slopes were
3 or greater, suggesting that a 10-fold decrease in dose would yield
a 3 probit reduction in risk. This supports the use of an UF; of 10 for
within species variability.

Renwick (1993) proposed that the UF, and UF;, can each be sub-
divided into a TK and TD component. Renwick analyzed toxicoki-
netic parameter data, such as clearance rate and area under the
concentration time curve (AUC) in plasma or tissue for TK and
in vitro dose-response or in vivo toxicodynamic data were analyzed
for TD to support the UF division. IPCS and WHO (IPCS, 1994; WHO,
2005) determined that the distribution of the TK:TD ratio is 60:40
for UF, and 50:50 for UF,:

UF, = (TK) x (TD) = 10°® x 10%* = 4 (TK) x 2.5 (TD)

UFy, = (TK) x (TD) = 10°° x 10°® = 3.2 (TK) x 32 (TD).

The default value of 4 for UF, (TK) is consistent with the differ-
ences in fundamental physiological parameters, for example, the
heart output volume of rats is approximately 4-fold higher than
in humans. The equal subdivision of UF,, is supported by the anal-
ysis of kinetic parameters for 60 chemicals and toxicity dose-
response data for 49 chemicals.

3. Toxicity-related information on boron

Boron has almost complete absorption via the gastrointestinal
tract and is excreted via the urine in both humans and experimen-
tal animals. The average clearance rate for boron is 163 mL/h/kg
(2.72 mL/min/kg) in rats and 41 mL/h/kg (0.68 mL/min/kg) in hu-
mans, the rat clearance value is approximately 4-fold higher than
the human value (Dourson et al., 1998). Boron clearance in preg-
nant women averages at 1.02 mL/min/kg (66.1 mL/min/person)
(Pahl et al., 2001) and the rate in pregnant rats is 3.3 mL/min/kg
(1.0 mL/min/rat) (Vaziri et al., 2001), indicating that boron clear-
ance rates increase during pregnancy by 50% in humans and 21%
in rats.

Evidence of human male reproductive toxicity was not ob-
served in the epidemiological studies of men exposed to high levels
of boron (Sayli, 2001, 2003; Whorton et al., 1994; Yazbeck et al.,
2005; Robbins et al., 2010; Duydu et al.,, 2011). However, testicular
and developmental toxicity were observed in multiple experimen-
tal animal toxicity studies. Boron was neither genotoxic nor carcin-
ogenic in cancer bioassays (NTP, 1987).

Nine repeat dose toxicity studies and five reproductive/devel-
opmental toxicity studies for boric acid were evaluated in order
to derive a TDI for boron. Brief study details and NOAELs for se-
lected target organs or endpoints are shown in Table 1. NOAELs
are expressed as mg B (boron)/kg (body weight)/day, which are -
converted to mg of boron by multiplying by the ratio of the molec-
ular weight of boron to the molecular weight of boric acid (10.81/
61.84 = 0.1748).

4. Derivation of boron TDI in WHO and US
4.1, Drinking water quality guideline in WHO (2009)

The critical endpoint of interest for boron was determined to be
fetal body weight changes and skeleton malformations (high inci-
dence of short rib XIII and wavy ribs) observed in two rat develop-
mental toxicity studies (Heindel et al., 1992; Price et al., 1996b).
The 95% lower confidence limit of the benchmark dose for 5%
reduction of fetal body weight (BMDLgs = 10.3 mg B/kg/day) (Allen
et al., 1996) was adopted as the point of departure (POD) for this
evaluation.

The available boron data was not sufficient to derive a chemical
specific interspecies UF, thus the default UF of 10 was used. The UF
for human variability was subdivided into TK and TD components
according to the WHO methodology (IPCS, 1994; WHO, 2005). TK
data from pregnant women were analyzed as a sensitive subpopu-
lation to determine the TK portion of the UF;. Given that boron is
essentially not metabolized and is mostly excreted via the urine,
the GFR in pregnant women is used in place of the default TK
UF,. Dourson et al. (1998) combined data from multiple studies
obtaining a GFR of 144 * 32 mL/min for healthy pregnant women
in their last trimester. In order to account for 95% of the population,
the average GFRa (144 mL/min) was divided by the GFRysp at two
standard deviations below the average (GFRa-GFRysp=144 -
— 2 x 32 =80 mL/min), resulting in a human TK variability UF;, of
1.8 (144/80 = 1.8) (Dourson et al., 1998). There were no data on
TD variation in pregnant women, therefore the default TD UF, of
3.2 was used. The resulting human variability UF is approximately
6; derived by multiplying the TK and TD values together
(1.8 x3.2=5.7).

Finally, a TDI of 0.20 mg B/kg/day was derived by applying the
composite UF of 60 (UF, xUF,=10x6) to the BMDLys of
10.3 mg B/kg/day for rat developmental toxicity.

10.3 mg B/kg/day

) 0.2 mg B/kg/day

4.2. Toxicological review by US EPA (2004)

As with WHO, combined data on fetal body weight changes, rib
XIII effects and variations of the first lumbar rib from two rat
developmental toxicity studies (Heindel et al., 1992; Price et al.,
1996b) were selected as the critical endpoints, and the BMDLgs
of 10.3 mg B/kg/day calculated for reduction of fetal body weight
by Allen et al. (1996) was selected as the POD.

In a slightly different approach US EPA subdivided the default
UF of 10 for UF, and UF,;, into 3.16 for TK variability and 3.16 for
TD variability in animals and humans. As there was no TD data
for interspecies differences and human variability, only TK data
were analyzed. TK analysis was conducted for differences between
pregnant rats and women (species difference) and for variations in
pregnant women (human variability). Boron is easily absorbed
after oral administration in both humans and animals, but is not
metabolized in the body. More than 90% of the absorbed boron
was excreted in a short period via the urine. In humans, 92-94%
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Table 1

Summary of repeat dose, developmental toxicity, and generation studies for boric acid.
Species Route Period Target NOAEL* References
Repeated dose toxicity study
Rats Feeding 28d Testes 61° Treinen and Chapin (1991)
Rats Feeding 30-60d Testes 25 Lee et al. {1978)
Rats Feeding 9w Testes 26° Ku et al. (1991)
Mice Feeding 13w Testes 70 Dieter (1994)
Rats Feeding S0d Testes 38 ‘Weir and Fisher (1972)
Dogs Feeding 90d Testes 3.9 Weir and Fisher (1972)
Mice Feeding 2y Testes 48 Dieter (1994)
Rats Feeding 2y Testes 17.5 Weir and Fisher (1972)
Dogs Feeding 2y Testes 8.8 Weir and Fisher (1972)
Developmental or generation toxicity study
Mice Feeding gd 0-17 Fetal bw 43 Heinde! et al. (1992)
Rats Feeding gd 0-20 Fetal bw 14° Heindel et al. (1992)
Rats Feeding gd 0-20 Fetal tox 9.6 Price et al. (1996b)
Rats . Feeding 3gen Reproduction 17.5 Weir and Fisher (1972)
Rabbits Gavage gd 6-19 Fetal tox 22 Price et al. (1996a)

d: Day: w: week; y: year; gd: gestational day; bw: body weight; gen: generation; tox: toxicity.

¢ mg B/kg/day.
b Jowest observed adverse effect level.

of boron was excreted as the unchanged form in urine after 96 h of
digestion. In rats, boron was completely absorbed within 24 h, the
absorbed boron was uniformly distributed throughout the body
and the 95% was excreted in urine over 3 days. Thus, it is consid-
ered that the disposition of boron is the same in humans and
animals.

To assess interspecies TK differences, UF, (TK), boron clearance
was compared between pregnant rats and pregnant women. The
study assessed on pregnant rats given 0.3, 3.0 or 30 mg B/kg orally
showed the dose-independent value of boron clearance as 1.00 mL/
min (Vaziri et al., 2001; US Borax, 2000). For human assessment,
after 15 pregnant women had eaten fruits and vegetables contain-
ing a high content of boron, the concentration of boron in blood
and urine was determined for the first two hours, resulting in a
66.1 mL/min boron clearance (Pahl et al., 2001; US Borax, 2000).
The steady state blood concentration (Css) of boron in the 2-com-
partment model can be expressed as follows:

Dose x f x BW
CSS—W"C—I——

where f is the absorption rate, BW is body weight, and Cl is clear-
ance. When pregnant rats and women have equal blood concentra-
tions of boron, differences in the administered dose can be adopted
as the UF, (TK). Therefore, using the boron absorption rate of hu-
mans (f,) - 0.92 (Schou et al., 1984), the rate of rats (f;) - 0.95
(Vanderpool et al., 1994), the body weight of pregnant women -
67.6 kg (Pahl et al., 2001) and that of pregnant rats - 0.303 kg (Vaz-
iri et al.,, 2001), the UF, (TK) was calculated as follows:

Clyxfy xBW, 1.00x092x67.6 62.192

Dose, _ _ _ _
T ClyxfaxBW,  66.1x0.95%x0.303" 19.027

= K .
Bose. = UR(TK) 33

An UF, of 10.4 results from TK, x TD, (3.3 x 3.16).

Adoption of boron clearance data of pregnant women used for
the interspecies TK differences (Pahl et al,, 2001) was considered
for the human variability UF. However, US EPA determined that
the Pahl et al. (2001) study could not be used because the number
of subjects was inadequate and the boron content of the food was
not controlled. Therefore, GFR data from healthy pregnant women
(Dunlop, 1981; Krutzen et al., 1992; Sturgiss et al., 1996) were used
as a surrogate for boron clearance. In order to account for pregnant
women with very low GFR, particularly when preeclampsia is pres-
ent, the average GFRa was divided by the GFR3sp at three standard
deviations below the average (GFR,—GFRsgp) to calculate UFy, (TK)

(Dourson et al., 1998) (Table 2). An UF, of 6.3 results from TKj, x
TDy, (2.0 x 3.16).

Finally, an oral RfD of 0.20 mg B/kg/day was derived by applying
the composite UF of 66 (3.3 x 3.16 x 2.0 x 3.16) to the BMDLgs of

10.3 mg B/kg/day for rat developmental toxicity.
103 mgGEé/kg/day — 0.2 mg B/kg/day

5. Concept of new uncertainty factors

Recently, the metabolic rate or caloric demand correction was
demonstrated to be more appropriate than body surface correction
when determining interspecies differences for UFs (Schneider
et al,, 2004). Body surface area is proportional to 2/3 power of body
weight, while metabolic rate or caloric demand is proportional to
3/4 power of body weight.

Caloric demand = f x BW**
Caloric demand/body weight = f x BW** x BW™ = f x BW™ /4

Then, the animal/human ratio for metabolic rate or caloric
demand per body weight is:

Caloric demand of animal/body weight _ f, x BW;"* Bw,"*
Caloric demand of human/body weight ~ £, x ]3w];‘/‘1 - BW/*

BW, 1/4
= (BWa>

Table 2
Variation of glomerular filtration rate in healthy pregnant women.

GFRa £ SD (mL/min) GFRA-GFR3sp UF, (TK) References

150.5+17.6° 97.7 1.54 Dunlop (1981)
195+32° 99 1.97 Krutzen et al. (1992)
138.9%26.1° 60.6 229 Sturgiss et al. {1996)

Average of above data 1.93

* Combined data of individual average of GFRs at 12, 26 and 36 weeks of preg-
nancy in 25 healthy women.

b Combined data of 13 healthy pregnant women in the last trimester.

¢ Combined data of individual average of GFRs in early and late pregnancy in 21
healthy women,
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where f is the absorption rate and BW is body weight. When the
body weights of humans, rats and mice are 60 kg, 350 g and 40 g,
respectively, the caloric demand correction factor is 3.6 for rats
and 6.2 for mice, which are less than the default UF, of 10. However,
it should be noted that these correction values are derived using
median values for animals and humans, thus do not sufficiently
cover the possible range of variation. Schneider et al. (2004) com-
pared human and various experimental animal maximum tolerated
dose data for 63 anti-cancer drugs, this analysis demonstrates the
appropriateness of using the geometric standard deviation along
with caloric demand correction values as medians to cover 95% of
the variation. When the 95th percentile of caloric demand correc-
tion is calculated for animals to humans, the correction is 38 for
mice and 27 for rats, indicating that an UF, of 10 is not sufficient.
Falk-Filipsson et al. (2007) agreed with the appropriateness of this
caloric demand correction for interspecies differences.

The difference between NOAELs in the standard human popula-
tion and the sensitive subpopulation are considered the most
appropriate data for determining human variability. However, this
type of human data is limited, generally making the use of exper-
imental animal data inevitable. Among sensitive subpopulations,
the effects on pregnant women and the elderly are evaluated by
reproductive/developmental and chronic toxicity studies, respec-
tively. Newborn animals are another sensitive subpopulation but
toxicity studies are not usually conducted for them because there
are no officially agreed upon testing guidelines. Recently, a com-
parative analysis of NOAELs in newborn and young rats from re-
peated dose toxicity studies of 18 chemicals was conducted
(Hasegawa et al., 2007). As a result, the median ratio for the NOA-
ELs (young/newborn rats) was 3 with a geometric standard devia-
tion of 1.38 (Hasegawa et al., 2010).

Based on these considerations, new UFs for each animal, which
were calculated by multiplying two log-normal distribution data
for interspecies differences and human variability with a probabi-
listic approach, were proposed as shown in Table 3 (Hasegawa
et al., 2010).

Based on the information found in Table 3, new subdivision de-
fault values for each animal were proposed, as shown in Table 4.
Consistent with the information found in Table 3, the contribution
ratio of interspecies differences depends on animal size. For exam-
ple, the new proposed UF of 100 for hamsters and rats approxi-
mates either 111 or 88.7. Using the contribution ratio, the
default 100 factor can be subdivided as either 25 and 4 for UF,
and UF,, respectively. Furthermore, for subdivision of the default
UF, and UF, the ratio distribution used by WHO was applied,
60:40 for TK and TD for interspecies differences (UF,) and 50:50
for TK and TD for human variability (UF,,). As a result, the default
UF, of 25 is subdivided into 7.0 (TK) and 3.6 (TD), and the default
UF}, of 4.0 is subdivided into 2.0 for both TK and TD. When appro-
priate measured data or PBPK data are available, that data can be

Table 3

Proposal of new uncertainty factors for each animal.
Species UF, UF, UF; x UF, Proposal
Mice 48.2 5.09 155 150
Hamsters 344 5.09 111 100
Rats 275 5.09 88.7
Rabbits 13.8 5.09 443 40
Monkeys 11.7 5.09
Dogs 9.63 5.09 _33?;

UF,: 95th percentile of interspecies differences between each animal and human
based on caloric demand correction and geometric standard deviation of 3.23.
UF,,: 95th percentile of human variability based on median of 3.0 and geometric
standard deviation of 1.38.

Table 4
Proposal of subdivision default for new uncertainty factors.

Species Proposal of New UF  Default UF, Subdivision default TK x TD
Default UF,

Mice 150 UF,: 38 9.0 x 4.3
UFp: 4.0 20x20

Hamsters 100 UF;: 25 7.0 x 3.6

Rats : UF,: 4.0 20x 20

Rabbits 40 UF,: 10 40 x 2.5

Monkeys UFy: 4.0 20x2.0

Dogs

used instead of the subdivision default values; otherwise, the given
default subdivision values should be used.

6. Application of new uncertainty factors and their subdivision

We reviewed the available data for critical endpoints to calcu-
late a TDI using the proposed new UFs with the subdivision default
values described in Table 4. From the 14 toxicity endpoints shown
in Table 1, two repeat dose studies and two developmental studies
were selected as the appropriate data sets to derive a TDI. For each
endpoint, the NOAEL/BMDL is obtained, followed by application of
newly proposed UFs with subdivisions in order to derive a TDI.

In a 2-year rat feeding study (Weir and Fisher, 1972), testicular
toxicity was found at 1170 ppm (58.5 mg B/kg/day), with 350 ppm
(17.5 mg B/kg/day) as the NOAEL. Since toxicity was found only at
the highest dose of 1170 ppm, application of the BMD approach
was not appropriate.

The UF assessment for the testicular toxicity endpoint in male
rats, UF, (TK), was estimated on the basis of boron clearance in
male rats and adult men. Boron clearance in male rats reported
by Usuda et al. (1998) was 0.359 mL/min/100 g BW and in male
volunteers reported by Jansen et al. (1984) was 54.6 mL/min/
1.73m? (equivalent to 72 kg body weight). Using the US EPA UF
formula the UF, (TK) becomes 4.6 as follows:

Cla x fy x BW,  0359x092x72 24
Cly xfaxBW, 546x095x0.10 52

Dose,
Dosey,

= UF,(TK) =
=46

where f is the absorption rate, BW is body weight, and Cl is clear-
ance. TD data is lacking, therefore, the UF, is 17 resulting from
4.6 x 3.6, the latter value from Table 4.

UF,;, is generally the difference in NOAELs between the standard
human population and the sensitive subpopulation. Male children
should especially be considered as an appropriate target popula-
tion because they are usually sensitive to the endpoint of interest
(testicular toxicity). However, information on boron clearance or
GFR in male children is not available. Furthermore, no reports of
testicular abnormalities were found for fetuses exposed in utero,
pups exposed in multiple generation studies, or male children ex-
posed to boron. Therefore, a default factor of 4.0 for UF;, from Ta-
ble 4 was applied.

By applying a UF of 70, resulting from UF, x UF, =17 x 4.0=68
(rounded to 70), the TDI becomes 0.26 mg B/kg/day, based on a

" NOAEL of 17.5 mg B/kg/day for testicular toxicity in rats.

In a 2-year dog feeding study (Weir and Fisher, 1972), no toxic
effects were observed at the highest dose of 350 ppm (8.8 mg B/kg/
day), reported as the NOAEL. In a 90-day dog feeding study,
testicular toxicity clearly appeared at 1750 ppm (30.4 mg B/kg/
day) and toxicity at 1,170 ppm (29 mg B/kg/day) was also observed
in a 26-week dog feeding study (Weir and Fisher, 1972). Therefore,
it is deduced that testicular toxicity in dogs seems to not develop
further in association with longer exposure.
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No data are available on interspecies TK and TD differences for
testicular toxicity in male dogs. As there are also no available data
on human variability, as mentioned above, the integrated default
UF of 40 from Table 4 was used. In the targeted dog study, the
exposure period was 2 years, not lifetime exposure; however, an
additional UF was not considered necessary because testicular tox-
icity appearing after 90-day exposure was not enhanced by signif-
icantly longer exposure (i.e. 26 weeks). Therefore, a TDI based on
testicular toxicity in dogs is 0.22 mgB/kg/day, resulting from
dividing the NOAEL of 8.8 mg B/kg/day by the UF of 40.

The incidence of malformation (especially shortening of rib XIII)
was increased in mice given a diet containing 0.4% boric acid on
gestation days 0-17 (Heindel et al., 1992); fetal body weight was
also decreased at dietary concentrations of more than 0.2%. The
NOAEL was 0.1% (43 mg B/kg/day) based on reduced fetal body
weight. The BMD approach resulted in 44.9 mg B/kg/day of BMDLgs
for fetal body weight reduction.

For the assessment of developmental toxicity in mice, the de-
fault UF; of 38 was applied to the BMDLgs, as there are no available
data on interspecies differences.

The UF;, (TK) was evaluated by reviewing boron clearance vari-
ation data in pregnant women (Pahl et al., 2001). However, this
data was judged to be inappropriate because the available study
was not designed to evaluate human variability (low number of
subjects and uncontrolled dietary intake of boron). Therefore, three
GFR data in healthy pregnant women used by EPA and additional
GFR data in pregnant subjects suffering from hypertension, pre-
eclampsia and diabetes reported by Krutzen et al. (1992) (Table 5)
were examined in order to evaluate human TK. In contrast to the
US EPA approach, the difference between the average value in
the standard population and the lower 95th percentile GFR in the
sensitive subpopulation was considered to be more appropriate
for human variability. In this case, average GFR in healthy pregnant
women was used as the average in the standard population and the
two Standard deviation below the average (GFRa~GFR,sp) in preg-
nant subjects suffering from preeclampsia, who have the lowest

Table 5
Glomerular filtration rate in healthy and diseased pregnant subjects.

Subjects No. GFRp £ SD (mL/min) GFRaA~GFRsp
Healthy? 25 150.5+17.6 1153
Healthy® 21 138.9+26.1 86.7
Healthy* 13 195+£32 131
Hypertension® 8 198.9+57.9 83.1
Preeclampsia® 12 128.1+£339 60.3
Diabetic® 20 169+ 34.7 99.6

¢ Dunlop (1981).
b Sturgiss et al. (1996).
¢ Krutzen et al. (1992).

GFR among diseased pregnant subjects, was used as the value for
the most sensitive pregnant subjects. Since the three GFR measure-
ments in healthy pregnant women were quite different from each
other, the one reported by Krutzen et al. (1992) was selected be-
cause the GFR appears to have been obtained according to the
same protocol as GFR of preeclampsia subjects. Therefore, an UF,
(TK) of 3.23 from 195/60.3 was determined and the UF;, of 6.5
was developed by multiplying by the default UF, (TD) of 2.0 due
to lack of available data.

Therefore, the overall UF is 247 calculated from 38 x 6.5. TDI
based on mouse developmental toxicity was 0.18 mg B/kg/day cal~
culated by dividing the BMDLgs of 44.9 mg B/kg/day by the UF of
247,

In a rat developmental study, boric acid was given via the diet
on gestation days 0-20, and reduction of body weight and skeleton
malformation of the fetus were observed at dietary concentrations
of more than 0.1% (12.9 mg B/kg/day) (Heindel et al.,, 1992). The
same study protocol was used for a lower dose range from
0.025%, resulting in a good dose-response outcome (Price et al.,
1996b). Allen et al. (1996) analyzed the combined data from these
two studies using the BMD approach, resulting in a BMDLys of
10.3 mg B/kg/day for reduced fetal body weight.

In order to assess the developmental toxicity in rats, boron
clearance data were obtained for pregnant rats (Vaziri et al.,
2001) and pregnant women (Pahl et al., 2001). Based on these data,
the UF, (TK) was 3.3 using the same US EPA method, as shown
above. Due to the. lack of available interspecies TD data, the UF,
is 12, calculated from 3.3 (default) x 3.6.

The UF, (TK) of 3.23 was derived from average the GFR in
healthy pregnant women and the lower 95th percentile GFR in pre-
eclampsia pregnant subjects reported by Krutzen et al. (1992), as
shown above. Due to the lack of available data for UF, (TD), the
UFy, is 6.5, calculated by 3.23 x 2.

Accordingly, by applying an UF of 78, resulting from UF, -
x UFp, =12 x 6.5 =78, to the BMDLys of 10.3 mg B/kg/day, the TDI
based on rat developmental toxicity was 0.13 mg B/kg/day.

The four resultant TDI calculations are summarized in Table 6.
The lowest TDI is obtained from the BMDLgs of 10.3 mg B/kg/day
in the rat developmental study, by applying the evidence-based
UF,(TK) and UF(TK) with the default TDs.

7. Discussion and conclusion

A default UF of 10 for interspecies differences has:commonty
been used for all experimental animals even though there are
marked size differences (e.g., approximately 500-fold from mice
to dogs). For over .20years, US EPA and ICH (Connelly et al.,
1997) have used body surface correction, but it has been suggested
that the metabolic rate or caloric demand correction may be more

Table 6
TDI derivation trial using available TK data.
Toxicity endpoints Subdivision of UF, Subdivision of UF, . TDI
NOAEL/BMDLgs
Rats: testes TK=4.58 UF,=4.0 UF=68
NOAEL = 17.5 mg B/kg/day TD = 3.6 (default) (default) 0.26 mg B/kg/day
-17
Dogs: testes UF,=10 UF, =4.0 UF = 40 (default)
NOAEL = 8.8 mg B/kg/day (default) (default) 0.22 mg B/kg/day
Mice: development UF,=38 TK =323 UF =247
BMDLgs = 44.9 mg B/kg/day (default) TD = 2.0 (default) 0.18 mg B/kg/day
—6.5
Rats: development TK=33 TK=3.23 UF=78
BMDLgs = 10.3 mg B/kg/day TD = 3.6 (default) TD = 2.0 (default) 0.13 mg B/kg/day
-12 —6.5
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appropriate (Schneider et al., 2004; Falk-Filipsson et al., 2007). Re-
cently, an integrated UF method has been proposed, incorporating
new information on human variability (Hasegawa et al., 2010).
However, TK and TD subdivision have only been applied for cases
of boron in the drinking water quality guidelines in WHO
(WHO, 2009) and US EPA (US EPA, 2004). The subdivision has been
not applied in Japan, even though the application potential
has been discussed. In this article, under these circumstances, we
apply the new UFs and subdivisions for the safety assessment of
boron.

Borate or borax is easily absorbed via the gastrointestinal tract
and excreted in both humans and experimental animals. Borax be-
comes boric acid during absorption, boric acid is neither metabo-
lized nor accumulated in the body and is excreted relatively
quickly by the kidney; therefore, boron clearance is considered to
approximate the boron blood -concentration. Boron clearance in
humans and rats, calculated from the boron blood concentration
and excretion in urine for a certain period after oral administration
of boric acid, was the TK data used for the UF,. Boron clearance
studies in rats, two reports in adult males (Usuda et al., 1998)
and non-pregnant and pregnant females (Vaziri et al., 2001) were
used to determine the clearance rate. There are two human studies
of adult men (Jansen et al., 1984) and non-pregnant and pregnant
women (Pahl et al., 2001). The former human study was reported
from Denmark and the latter from the USA. There is no mention
of race, but likely they were people of western decent. As there
are no reports on boron clearance in Japan, it is necessary to
consider whether the above human data can apply to people of
East Asian decent including Japanese. Comparing the above two
human data, there were no sex differences in boron clearance:
54.6 + 8.0 mL/min/1.73m? in adult men versus 54.31 + 19.35 mL/
min/1.73m? in nonpregnant women. In pregnancy, clearance in-
creased by approximately 25% (68.30 +35.00 mL/min/1.73m?).
Pahl et al. (2001) determined creatinine clearance (123.0%
23.8 mL/min/1.73m?) along with boron clearance in non-pregnant
women, which is about double that of boron clearance, the differ-
ence indicating that boron is reabsorbed by human renal tubular
cells. In Japan, the normal creatinine clearance range is 70-
130 mL/min, and abnormal values ranging from 50 to 70 mL/min,
30 to 50 mL/min, and <30 mL/min; these values suggest slight,
moderate and severe kidney damage, respectively. Creatinine
clearance is expressed as mL/min in Japan, but this actually means
mL/min/1.73m? Therefore, Japanese creatinine clearance is con-
sidered to be almost equal to that in the western people, and boron
clearance data obtained from western people is considered able to
be directly applied to Japanese.

As for UF, (TK), appropriate boron clearance data for rats and
humans were obtained and the calculation formula given by (US
EPA, 2004) was applied. On the other hand, to consider TK variabil-
ity in pregnant women, WHO and US EPA adopted GFR variation
data in healthy pregnant women to adequately cover pregnant wo-
men with very low GFR. WHO used UF,, (TK) of 1.8 on the basis of
GFRA/(GFRA-GFRysp) from the data of late pregnant women in
three reports (Dunlop, 1981; Krutzen et al., 1992; Sturgiss et al.,
1996), and US EPA used UF;, (TK) of 2.0 given as an average of three
values; GFRa/(GFRa~GFR3sp) for early to late pregnant women in
the same three reports. However, we understand that human var-

iability means how much the values differ between the standard -

population and sensitive subpopulation. In this case, it should be
considered that a standard population is healthy pregnant women
and a sensitive subpopulation is pregnant subjects suffering from
the most concerned disease, preeclampsia. There is only one report
on preeclampsia, which clearly indicates lower GFR than in other
pregnant women. We therefore decided to use the lower 95th per-
centile GFR in preeclampsia subjects and average GFR in healthy
pregnant women in the same report (Krutzen et al., 1992). These

data and the UF, (TK) calculation method are considered to be
preferable from the aspect of sufficient safety.

Other groups have developed tolerable upper intake limits,
which are similar to the TDIs described here. For example, an
Upper Limit (UL) for boron was developed by the US Institute of
Medicine (US IOM, 2001) based on the same animal study but
using a NOAEL for the same endpoint rather than BMDL. The
NOAEL of 9.6 mg B/kg/day was divided by an UF of 30, resulting
in an UL of 0.3 mg B/kg/day. For interspecies differences, the usual
default value of 10 was selected but an UF of 3 was chosen for
intraspecies variability, in view of the expected similarity in toxic-
okinetics among humans, leading to yield a UF of 30. Subsequently,
the European Food Safety Authority (2004) developed an UL based
on the same NOAEL of 9.6 mg B/kg/day but divided by an UF of 60
to allow for variability between rats and humans and between-per-
son variability in humans. The resulting UL was 0.16 mg B/kg/day
(EFSA, 2004). In a review of information developed for the Pesticide
Management Regulatory Authority (PMRA) of Health Canada by an
independent scientific panel, it was concluded that a BMDL of
14 mg B/kg/day could be developed from testicular effects in dogs
and that a combined UF of approximately 160 would be appropri-
ate. This UF consisted of a 3-fold factor for database concerns, a 6.4
factor for intraspecies variability, and a 8.3 factor for interspecies
variability (Chapin et al., Submitted for publication).

This article presents a new concept for UFs and the subsequent
subdivision led to new TDIs, based on the appropriate NOAEL or
BMDLgs derived from the reevaluation of available toxicity studies,
and measured boron clearance and GFR used to derive them (Ta-
ble 6). TDIs calculated from rat or dog studies were very similar,
specifically, 0.26 and 0.22 mgB/kg/day, respectively. TDIs for
developmental toxicity in mice and rats were also very similar,
specifically 0.18 and 0.13 mg B/kg/day, and lower than TDIs for tes-
ticular toxicity. At this moment, it is considered that this is the best
approach based on the latest scientific concept of uncertainty fac-
tors. In conclusion, the overall TDI of boron is 0.13 mg B/kg/day,
based on a BMDLgs from rat developmental toxicity and the scien-
tifically developed uncertainty factors.
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a) JT AV
BUHEH%0.1 mol-AVLIZ 7 D X 5 [Milli-QukiZ THHR
L7=tk, 7=or Bk FEFid-3—Fx /U5
AR B, CHINOS, TRtiiZeTse) |, B LU v
L, HCOB ZIOMI-QKIZE D ERI L= 7 = b VRETR
W25 mLIZ20 uLESIN LT, TE= T RT A v I AH—
Z—%&FAVTIOMEHERE Lotk EEANIS®%E X
D205 %O NE (FR366 nm) 2436 HER (UV-
1700, EEEEUERT) (T THRIE L7z (GHriEopHI4-572
) . TxuliEd, Tl LEERICESENAT L
2= MEORTEEOEV D, T =0 LEOHR
EEEREEZ ST FETHH 0L, 7anm
CEISURICRIS L= 7 VS =0 LfERE /) < —IRD
TLI=ULFE (AFE/ <) , 159061200 0ICK
JELT=T NI = LEERY v —REOT /I =0 L&
AR Y =—) , R0GLEL 7z LK LRh-
TNy LR and RROTAI =YL (A=
oA R) U7 728, HIRU7Z01 moAVLOBEEEA
DpHZ 0512722 X 5 IZHHBRIZ TRREEL, ZNnE FT A
F—T % TS I CREREMEV ¢ 2 2 L2 LY,
BEAICEENDIAIR Y ~—BLUAIzn A FEAIE/
v —FE THMESEHE, Bl U FIE CEERIRM 4
BOWKELZREL-ZLOEETAI=TLE L, BHE
BIRDOT VI =0 MEOTRETFESIE ZEHE L

b) ESLFT-MSi&

BEHER 520 mg-AVLIZ 72 2 X 9 WIMIllFQ/KIZ THR
Li=bozEFEREE U, ESIFT-MSEEE  (Exactive, Thermo
Scientific) IZHEL7=. Ztrids ) R T ERWZA

VT a—=Ua ETERL, RYT 4 TAFEF,

SMREE 50000, EEME 50-1000 miz, AT L—RILT—
V30KV, FXETY—RLT—V2BV, Fa—TLr
RRNT— 55V, AFxw— 75— 15V, ik 200
Wimin& U7z (GATREOPHIZASTEE) - Onic L&
bz RAARRY MG, BEERIFOT VI =0 hFE

EHFE LT

o) 7AINMR%
FUHERI 0.1 molFAVLIZ 725 L 9 IZMilli-Q/K - THTIR

LTtg, BEKET% (W) ERDESTMULIZLOER

BhE L7z, ZRENMROGHTARERY LV TAF a—7T
(MZ 50 mm, PR 42 mm, 7 ) WKHEALE. E
7o, TAI VBT Y ULE001 molAVLIZZ2 5 X DT
Mil-Q7kIc THAR L1zk, BARET% W) L2555
MU b OEPNEMEEWE & UCEM L. SRR
WEIX, NMROVTHAA 7 A8 F = — 7 (4MF 30
mm, P25 mm, V7)) WKEALRLE, Bzgt
Yo TNF2—THICHEAL, —EREEL L. 0
TEEICF T Xy (RU=F L, FHEET
%) & L727%, NMREE (BCA-600, JEOL) (ZftL 7.
2B, M7 A=y Lk ERUEFIETHRELEZLO
wEMEYE L L, REOFES T MEFE L. ST
TNV AIETER L, REEME 1409 T, HERE
PHK 15639 MHz, #LALE 50 ps, 7L AHR D IR UESRE
113 s, EAIEEE 78247, A 2 MK 65536, FEEEEK
8000[E & L7z (DHTREOpHIIASIRE) . HFTC L vE
BILVIENMR AT bbb, BEERFROT LI =0 A
EEHFE L.

d) 204 REEE

Milli-Q7K 150 mLIZFEM mARHHETHE L LT hA Y
T N—FEREEIR (CsHCINGS, FLMigEIse) %
300 \LESIML, w727 4 v o AF—F—%RWTEE
L7z, ZZIZ, EERIZ10, 15, 16, 20 mg-AVLIZ725
IoWEmMLEYE EbicT=4r ) <w—THBERY
o VREES U U A K ATEEEREBL, LA TrT
N—DEFNE LT REEER S L L. FEEEER
S UEERAORMIY, BENETERE (COM-555, A
FEE) ZAWVTITY, RY = EEED Y Y AOFBEERE
DHEERIDa oA NHEEREE L.

(4) EREEILRALEREER

AR T, EIOREEBER L 2 RIBE 7 7 —
DOMSLOAFRMEZFHIE L7-. 55 L 7-MS2%10° PFU/ML
12722 XD \CHIN Uiz A E R AT ) LFRT) [k GRLIR
FI7KIE A EIEUK: pH 74, DOC 08 mglL, UV260
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H-1. BEFOEEESMO2OVEEITEZ ZHE: M2RERX TS v IMRIE (a) BLTYTLEA L

FERT-PCRE (b) ITTEE

0.029 cm’, ¥ 72 NTU, 7 /L7 U EE 17.1 mg-CaCOs/L)

ZEAKE L, ARE—H—IZ1,000 mLEM L. =218,
BRI % 1.89 mg-AVL (A1) /KERK B O e 1 /K 1 85
VD EHEFITRIEE) (Z/ed Lo HnL, EHIZHA
HBVNINaOHIZ TpHE6, 7H D VISR L. =
NATEHRE A FIV TG00 sYZ T4 RIAsESEEE, 20 <7
IZTIOSRHEEEEE L, 600MEE Lz, FARkBLU%

B1%00_EEIKKI600 mLAEEL L, ENENOMSAEE %
TS5 I REB LY TLZ A AFEERTPCRIEIZT
FETAZLIZLEY, MS20OUETEBAERM: % 5540 L 7=
7, BABLIOEEKEA TV TVE— (B
045 um, PTFE, Advantec) (IZTAEL, ZRZhoRE
DRHE (FR260 nm) 3 0EER (UV-1700, BEE
BUERT) ICTHRIET 2 Z &ick Y, NOMOLIEEZFY
L7z, M2 T, AHEEOFEHNHEEEZ1% (W) &7
XML, ICPMS (Agient 7,700, Agilent
Technologies) |2 CT7 V2 =7 ABERAIET S Z LIk
D, EEROBETILI = AMERFHME L.

(5) RN B LUVESKBEEE

TR RIT KB 7 7 — OMS2ORIER L U
BB IR T 272010, FEOFB L UESBE
EORIEZIToT. SESF&100,00000UFE (YM-100,
BAE/La—X, Milipore) (Z2CAIE L&) Rk
%, HClZ A\ CpH 718 L7-1%, B L 7-MS2%10"
PFUMLIZ 72 5 X HICERILT-. Z OB ORIEST R
FUESBHELZ Y — ¥ E - KR - D TFEIIEEE
(Zetasizer Nano 7S, Malvemn) 1 CHRIE L.

3 REREEE

(1) BHERIDIEREAY 1 LR DRIB (=5 % S8

TEPACI (PACIB50s) EPACIDHEE ZED-EE
EEPACI (PACIB70s) # AV T=i5& ORREINIRILERE
FER) OMS2ORERZH-NIRT. 28, Kot
#1 3 Log[Cy/C] (Co EKDMSAEEE, C: ALERK DMS2E
) WZTEHRRLL, MBELIT 7 v o FadE (@) BX
WY T/LZ A LEBRTPCRIE (b) CTEELE. HE
D, BEEFIZEMUZWERIE, WThopHERIZE
VT HMSAEIA L BRES NN ot FIARICBE S
MS2ORIESTREBIE LIz L 25, MS2ORHRIE, 20-30
mmOFEFH & 70 ), EFEMERSIC L VERINZE
BREFRETH-7-D. £, FAIIKFICBIT AMS20
EXBEEFRELZEZA, 1734 (umsy(Viem) & 72
D, BIZEELTWAIENBELMN ol 5T,

AWFFECER L7z IRz, BICEE Lk
FRINESHIREINTL Y, MS2HMEER TR,

BEANCESH UTORETHEEL QWD &b, BHE
F2EHmLiaWgEaE, WIThOpHEEIZB W TS
MS2iF &< BEENRP- T LD EEZ BN, ZhiT
Xt L, PACIBS0s% iV Mc356&, pH 6fHiT D 55ERMfEk
BLUPH 7HEOFHEREIC R T2 logDRERAE
Bz, T, BEFRORMCLY, ACEELE
MS2E L O 2 BE ORI BT S, MS2
MH2WVIEM2EBEER DS/ (77 T /LT —LA
F1) MESHRENIATREL D LIZEY, B
EILRERTRE RN E SECHEEME L, BEICE VK4
POLEBREENZT-DTHE LEZ L. o,

Hinen 513, BHEDEEILBLIRIZ L5 7 A /L ABRIEHE
REERA T —/VEEERE LT ETReview LTRY, #
EIRIRIZ L 0 1.8 ogDBRERENELNL EHELT
WBP ZoZ kb, #EEPACITH 5PACHBS0s%
WEEAITE IR gk, ZUMETHS
EEZbND. —75, pHHEDFIT /v U EEE T,
BREAMEYS L OVPPERRI L TR ERNE LK T L-
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2. BEFIRORBRAMS2OMNERICE R HHE: M2EERX TS vIBEE () BLUBUTPILEA L

FEERT-PCRE (b) ITTER

BEoT, REFPACIE B\ T EHE IR ALTRIZ 33V T,
BT Lh U MEOpHEER TIX D A IV ADBRERMIE A
CHIFFCERWI RGN o T

Zhuzxt L, PACIOHEELEE % & 8 7-PACHB70s % AV >
7258, 77 v 7RI CRHE L7-FREER1E, pH 6fF
T4 ogheRE, pHHECIXEICH LEL, 67ogiE
Lipots. iz, pH MHTIZEBWTY, 12 loghafE ok
EEPELN, WTNOpHEEIZI W TH, PACHBS0s
ERWCH SIS TEVREENSE . —F, Y
TE A LFEBRT-PCRIEN. TEHE L7-BRERIZ, pH6
138 ZOpH 7RHTIZ B8V Tid, PACEBS0s% AV =35
HLRBETHY, pH SFITIZHVTIE, PACHBS0s%
AWTESEIETERWREENE LR, AT,
PACI-B70s% iV /=556, pH6fT3AH L UpH 76HTic s
T, 77 v 7 EREIC CRHA Uba R e U T AL A
LTEERT-PCRIEIC TEHE L7z EROBNC2-5 loglRE D
ENRRLI, 7T v 7 HEGEIC TR LZBREROHMN
U T NH A LEERT-PCRIEIC TR L 7zBRERIz A~
TR goTe. 200FEFRIZL > TELN-ERIZE
PECTEFERE LT, BN EERST=-TANR, 72
B, NELUIZTAIADIFHEE, 800D
BUANAZE > TSN DEESRE T o 7 FERkE
WCRHIl L 723581 U A BREROBRTHE D205
Z BXT-. 723, Matsushitab i, PACIE IV - 4ErE
BRI X > TUANAPRREZINLA DI BT
ENBD I EERELTNDEY. Z0Z EHb, PACHBT0s
BRI I TS, T A LA DR
BREDZIL LT, NELEHR G EIFFCE 2 FIREEL RS
SNz, LLEORERDG, BERAIOEEEIZ VA VAD
IR, HEE OBV VERERIDITA T A )L AL
B CTH D Z MRS

() BEHIPOBHEENDA I ADINEHRIZE X 2EE
TR EEEEPAC (PACHB70ns) % FV =3
B OEEITIRIR% OMS2OBRERE AT Y. 725,
MSAHREX T T v 7L (@ BLOY TAEABE
ERT-PCRIE (b) ICTEEL. RXY, HEERNO
PACIB70ns% AV N384, 777 v 7 BRI CEME L7
FRFESRIL, pH 61 X UPH 7Hmiz 8V v THRI7 logd 72
7= F£77, pH $FHEIZBWTH, §95 bgDREENRE
b, WTHNOpHEEIZEB W T Y, Rtz EiemEk
FEPACI (PACIB70s) %AV =BAIZE_NTEVBRESR
NEBELNTZ. —F, UTAZA LEEBRT-PCREIC TEE
L7 BERIL, W OpHERIZHB W T, PACH
B70s% AW -1F& S FRBE Th -7, 728, PACHBTOns

ERWAES, pH6MBER L UpH HEnZ47257, pH

SFHTIZHBWT Y, 7T v 7 G Tl L 7zBrER
& U T NH A LEBRT-PCRIEIC TR L 72 RER DR
\THI3 logDENR b Z &5, PACHBT0ns% Ay -
BRSEILIRALEL BV TS, FRBAMER X U O pHAE R
DHILGS, BT AL JEOPHEBICH N TH U A v
ADNE DRI ERF CTE B AMFEMIS IR Sz, SAE
DFERN D, BEERIROREIL Y A )V A DMFEME R
L, Bilsa a8 E2 VEERIOFE R T A WV ARBRIZENT
HDHZEBTRENT.

() 7z OVi%k 04 FEEXICE D EEHOSH
T2 u RIS L D BB NERBERTROT LI = A
BOMEEESESZH3ITRYT. LY, AL A0N
M3 E Ao 7-PACHB70sH & ONPACIHBT0ns! S, FiEE D
F 281 & FPACHBS0sIZ LL R TAIE / = —DTEIEE|
BWNEL, Alma A FOFEEIEBRED-TZ. -
T, BEEAIDEREENT A I =y MEOHEEFEEIAIT
G2 DEBIIRENT ENRALN a7z, BHERIFTIC
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3. 7JxAVEIZLYBOLALBEEERDD
FILI o) LBEOREFEES

BT, EHEEAIOEEEFEH5 T LiC LY, ERER
FOAIE ) v —DEEEIEBRED L, AlzaA FOFEE
BIGIMENT B Z EBBE STV E™RP, —F, =i
EEPACUIRBWTIE, FiBBOARIIELLT, Win
DT NI =y AEOEFEEIELERE Tho . %
ST, BEEXKIFORBENT VI = MAEOEREEE
W52 BB N ENLDEEL BN,

aoA NEEEIZL VBN EEEROan A R
EEZFATT. PACHB0siE, PACHBS0s|ZH~_T =2
04 RTEENRKENoT. 1E-T, BEAIDEEES
EODHTEIZEY, BHEEAIFOAIT nA FOTEEEIED
L, #RE UTHETIAMENLED Stk v
A A DIBEENE _E UFTREM SRR S =, T,
FREAEEIRINOPACI-BT0nsIE, FilE% & ToPACKB70sIZ Lt
RTavA NRAEENSTERIFEMICEEICRE o (
E, n=3, P<005 . PACICRIE A IEA SED &
IZ& Y, FIEEM OpHAEEIZ I T DBE OIS E
TEZERREENTVEND, oo FEFERIZHOWV
TR T2 ENRBH LN IR0z, fE-T, BERIF
IZHBR A S 2 Sk, FrERRAMENL, &
RELTUANVAOREENR E LI-FTREMEDRIR Sh
7=. :

@) FRT IV =) LRESEFI DS

B L7290, BEEREL, MBBEE TV EE
RSB RS Z Lic kY, 5Bk, i,
5T NH VIEOWTHOpHEEHIZ BT, &V r A
WADUEENELND Z LRGN E o, E2,
BEE OIS BEERT DAl oA ROFEEIED
HEANAS D A NV ADKEREDE_EIZEEE L T D FETREMEDS

0.020
"<-' . M foy
“ -  —
£ 0.015
g
E
o 0.010
20 _
<
=
<
= 0.005 |
)
Q
0.000 1 1 L L J
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H4. 304 FEEZRICLVEOAE-EEBEROD
a04 FHER

Bz bivlc. 2IT, BEAIFOT NI =7 LRENR Y
A NVAOUIME T B 2 DA L0 FECEHES 2709,
BHEFIF DT VI =0 MTEREO R X < B/p AHEEOHPA
ZERILUT-. HPADOIERUZBWTIE, BEESZEDDZ
LIZE VAR Y ~—DOFFEEIG ML, BT =
U LYRIRIREE RS L UNOHIBE 2 @, B OINEE e
MERELSTHZ LICLVAIZ B A FOEEEIEIEMT
BEAPR LN, THHDOERNEEZEEL, ARY v—
DIFEEIE MR EVHPAL (EEE 70%, Bk 0%) Bk
VAlz A ROFEEIGHRE\VHPA2 (HEE 70%,
BilE 0%) Z/ERLL7- (K3) . e, Zhb2@Eo
HPAD =t A RTGEEIY, GEEFIFOT I =0 LJFRE
BREERDICHLEDLLTHREBE TH-7= (K4) .

(6) FIRTILI =) LRBEFNZL D04 )L ADIE
YESL U 7HPALR L UHPA2 & FAV V=354 OOERETEER AL
% OMSLOMREREZH-SIRT. 7236, MSAREILS
Ty o ERE () BXOY TLF 4 LEERTPCREE
b) {ZTEELE. KLY, AIRY w—OFEEEIEN
KEVHPALZ FIVVERE, 7T v/ RIEIC CEHME L
TeBRZERIL, pH 6FHEE X UPH 7HhHEizn\T, 7-8 log
BELeo7-. —J5, pH $fhmizk\\WTi, 5EsER L
O OpHFEIIZ LA TBREZEME T L2 b 0D, 35
ogREDBRERNE SN, ZHCKL, Alzaq K
DTFEBIG R E VHPA2E AW =54, pH 6Tk &
OpH 7MHEI8V T, HPAIZ VW54 L RBRED
BRERTH-ZOICH L, pH $fHLTiE, HPALZ AW
AT EEATHIR logE\ 67 ogl2E DIRERNE LI
7. Fie, BEAER XUFET VL ) HEOpHEEEIZ R
T, FEREERMOPACIB0ns % AW =3B TE W
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s FRFPILSSYVARBERICLAMS20NE: M2EBREXTSvIEEE (a) BEUUTILEA A

SEERT-PCRZE (b) IZTREE

MREFENELNGE. VT LZ A LAEERTPCRIEIZ T
fili L72BRFERIZOWVT Y, HPALR L UPACEHB70ns %
WA AR TEVBREERERE L. BLEORERD
B, BEEAIFROT VI =0 AR D A VA DN
HEL, AlmoA FOFEEIEDKEWVEERIOH D
A VAN B THD Z LRI NIz,

(6) ESHFT-MSi%, “ANMREIC & B BHERI D4

{EE U7HPAL CHPAUZ B ENA TV I =0 LFER I
ET B7-9IZ, ESIFT-MSHER L UOVAINMRIEIZ X 557
Wr&{T->7-. ESFFT-MSIEI & D B 5 7/zHPAIB L OF
HPA2D < A AT MVEE-6ICTAT. BELY, W
DEEFNZ BT, TAI =T LBEE (mz=97,
[AOHLH0)]) P & — 7 O HIRENHE H K E <,
FEXTBRESOWIRE DTV 2 = U L2EK (m/z = 157,
[ALHOJ) Yo —27 b EnT-. Mz T, HPANC
BT, FERPBRE20%LLEZRBVT, miz=309, 315,
321, M50 —27 R, iz, HPAAIRTIE, miz=315,
321, 436, 445, 454DE—7 PP ENTZ. Zhbor
=7, TAI=ZVLBEEDT Z T A b4 Th
HIERRESRLTWAZ 2D (mz = 309,
[Al 3O OH)s(H0)", m/z = 315, [AlOOH)ys(HO)I,
mz = 321, [AlOOHH0)]" , mz = 436 ,
[AlZO{OH)sJ”", m/z = 445, [AlOOH) ', miz = 454,
[AlLO(OH)[™) ", VEBLL7=HPAICIZT LI =7 A13E
EREENTNDZERPLNE 207,

TARNMRIELZ L 1) 18 5 417-HPA1ES L UHPA20NMR A
R RERNGRT. KLY, WTHOBEAIZR
Th, T/WI=yLHEEE (6 =0pm) , TAI=
LBEME (6 =63 ppm) , WNEMEEMEL LTHERLE
T UBEF R A (8 =80 ppm) 0 —r 25
H&Eni. £7-, HPAIOT L = 7 AB3EEDE—

97
100

g 157 HPA1
@
~ 80}
oy
2 60 }
]
=
P 315 321 445
B 309
= 20 }
E

0 Ly 4 N
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E-6. ESIFL-MS#IZ& YBShi=HPALE & U
HPA2D T R A RY L

i%, HPA2DO E'— 7 | TRE o7, —J5, HPA2IZ
BWTIE, HPAUZIZR.ON2Do72 6 = 10-12 ppmis L
U0 ppmiZ BN T T r— RIRO E—7 B S hiz. §
=10-12 ppmD E— 7%, TS =7 ABEEBLIUT L
T = DIOERDIEE S OTFEEE, F77, § =70 ppm
DY—71%, T3 =T DIOEEOEE S ORE R
TERMEINTODZ LD, (R L ZHPA2IZ I
TN =0 ABEERDLIELTT VI =0 LIEEDE
FNTWBZ EDBHALNE R ZhITH L, itk
PACI T # HPACIBS0siZ 38\ Tk, ESIFT-MSiEER L
TAINMRIEDVTHOSHTIZIN T, T/AI=T7 4513
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E-7. YALNMREIT & Y 1§ S5h7zHPALE & (FHPA2

DNMRARY L

BihB LUSORGO '~ i Shizor-. BED

RS, T =0 ABEER X US0EEDFENY
ANWAOUIBBEZ REFEEL, FThH, TAI=TA
OEEEETAlT B A REERS & DEER 2 EEIL
BHFRIZAWD Z Lk b, B, T 557
PEDOWFN OpHEEIZB T, #EFPACT (PACH
B50s) (ZHART U A NAOBREEEFRENCH LETES
AMREMED SRS STz

@) BERL=HR T IV 2 =) LR BERIOBARTAEE
AWTFECRAZE LIEERET0%, FERMOAID oA
RA&ERS & HEHRT LI =7 LREES (HPA2)
FUEEBOERIC AW, e, i BTN
U DT NOpHEBIHZ BT, #6logdy B\ NIZENL
PIEOBENT A NVADBRERNELNZZ LD, TR
DTN = LREER] (PACHBS0s) &AW RHE
H, BEBEOEENE~OBH{KENTRETH Y, HE
KEREOHIRICOERZ L0 LEZOND. 1, K
HFIFECEMA LIBHEAIOT T, HERIESOERYE
THONOMDEREENFRHE < (pH TV TS
60%L1_E, PACIBS0s% IV \=3-A1320-30%F2E) |, AL
KPDOEET VI =0 LARELR LK, Z 200
(pH 81z T $006 mg-AVLH, PACKHBS50s% f
VW EEATI03-04 mg-AVLEEE) |, ACREMERE D A 7
DI O A 70 59, R O RIS 7V
I=ULABEOEBRICLENR S LD EELZLND. UL
DI ENG, FHFECHRE LIEHRT LS = ARERE
B EEINBNEBICER T 2 8ic kY, BESOLZE
AR L DpHAIENCHES = & 7e<, JL#a7epH
BEIDIFKD A L ARBRITHIERRE T D L B X b
5.

4. 5

ARFFCCIY, BEERIOEEE, BERTOREER LV
TV =0 DFGHEN 7 A L ADIERIET 5 2 DE R
B, “hoORREFEE L ET, YALRL
BICHBREHT VI =y LREHERIZ B L.

AT RN EFLUTICE LD 5.

(1) BEEFIOEEER L UBEERFORMBRT Y A )LAD
FBMEIC L, HEENEL, WMBEE R E
EREZRANDZLICLY, FERPACUZLE~NTHEW
BREFELF LI ,

Q) BEERIFOT NI = LEEEIL T A VA DMERMEI
AL, AlmuA ROFEEIENREVEERI,
AR U = —DTFEBIE DR E VEERC AT Y A
NVANBBZBZ Th Tz

() AlzuA ROFEFEBREVEERICIE, 713
=7 LABEERDIZIZ LT T NI =) DINERNREE
NTWEZ b, TNOOTAI=ULERTA
A OMEBEDR FIZKE B L TV EREMEDS
B X,

@ AWFETREEL-AlmnA FEERSETIHHRT
VR =0 BREEER R R EITBAERIC AVB Z 2T
v, BEEsE, P, BT AL VEOWTILOpH
RV T, 96 logh 2WNTENLLEORENY
A NABREEIE L.

SiEE - ARFORIY, BEMIREMEEe REERX S — b
HiB [ A VA S FHERERIOBRR) (P
VALERE, FREEE S 23860002, fRFE [lEMEE) , &
FIREMEE FEBUIREB) [VLPsE RV oREE R
BE72 U A VA DENMIBIEHN] (R4, 3
REES 24360211, &R BT ROWIEATBRS
WrEEmEE TGEICBT 2KE Y 2 7§l L OB
B ARG CER2-AFE, FEMEE 2
HEZ) X viThhiz. L TUESOEEET.
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Development of Novel Aluminum-Based Coagulant for Effective Virus Removal

Nobutaka SHIRASAKI', Taku MATSUSHITA', Yoshihiko MATSUI',
and Atsushi OSHIBA'!

'Division of Environmental Engineering, Faculty of Engineering, Hokkaido University

A novel aluminum-based coagulant for effective virus removal was developed in the present study
based on the investigation of roles of the basicity, sulfate ion and aluminum speciation in coagulation of
virus. The coagulation process with the novel aluminum-based coagulant effectively removed viruses
compared with other aluminum-based coagulants, and achieved apporimately 6-log removals not only in
the weakly acidic and neutral pH conditions but also weakly alkaline pH conditions. In addition, Alj3 and °
Also polymers were detecteded by electrospray ionization mass spectrometry and *’AI-NMR spectrometry
in the novel aluminum-based coagulant. Accordingly, Al;; and Aly species are probably dominant
species to control the virus removal performance, and that lead effective removals of viruses in the
coagulation process with novel aluminum-based coagulant even in the weakly alkaline pH condition.
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Difference in behaviors of F-specific DNA and RNA
bacteriophages during coagulation-rapid sand filtration
and coagulation-microfiltration processes

N. Shirasaki, T. Matsushita, Y. Matsui, T. Urasaki and K. Ohno

ABSTRACT

Difference in behaviors of F-specific DNA and RNA bacteriophages during coagulation-rapid sand
filtration and coagulation-microfiltration (MF) processes were investigated by using river water
spiked with F-specific DNA bacteriophage f1 and RNA bacteriophage 2. Because the particle
characteristics of f1 (filamentous) and f2 (spherical) are quite different and the surface charge of f1in
the river water was slightly more negative than that of f2, the removal ratios of {1 were approximately
1-log lower than the removal ratio of f2 after any treatment process used in the present study. This
result indicates that the behaviors of the two bacteriophages during the treatment processes were
different, and that the removal of f1 by the combination of coagulation and filtration processes was
more difficult than that of f2. The removal ratios for {1 and f2 were approximately 3-log and 4-log,
respectively, in the coagulation-rapid sand filtration process, and é-log and 7-log, respectively, in the
coagulation-MF filtration process. Therefore, as expected, the coagulation-MF process appears to
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be more effective than the coagulation-rapid sand filtration process for the removal of not only

spherical viruses but also filamentous viruses.

Key words | coagulation, F-specific DNA bacteriophage, F-specific RNA bacteriophage,

microfiltration, rapid sand filtration

INTRODUCTION

Microbial safety of drinking water has been of primary inter-
est for public health protection. Most waterborne pathogens
are introduced into drinking water supplies by human or
animal feces (Guiliot & Loret 2010). Because fecal coliform
bacteria are consistently present and often abundant in
human and animal feces (Nappier ef al. 2006), these bacteria
have traditionally been used as surrogates for fecal contami-
nation in source and drinking water. However, some
researchers have demonstrated that fecal coliferm bacteria
may not be appropriate surrogates for waterborne enteric
viruses, owing to the differences in their resistance to drink-
ing water treatment processes (Payment ef al. 1983;
Havelaar ef al. 1993). In other words, fecal coliform bacteria
are less resistant than enteric viruses to physicochemical
treatments such as filtration and disinfection processes.

doi: 10.2166/ws.2012.041

Hence, other reliable surrogates are required for enteric
viruses so as to guarantee the microbial safety of drinking
water.

Bacteriophages, which are viruses that infect bacteria,
have been proposed as surrogate candidates for enteric
viruses. This is based on the greater similarity of bacterio-
phages to enteric viruses than to fecal coliform bacteria, in
terms of their environmental persistence and resistance to
drinking water treatment processes as well as lack of patho-
genicity to humans (Stetler 1984; Havelaar et al. 19g3).
Among bacteriophages, especially the F-specific bacterio-
phages, viruses that infect P+ male Escherichia coli
bacteria through the F sex pilus, are considered to be
better surrogates for enteric viruses (World Health Organiz-
ation 2008).
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F-specific bacteriophages are categorized into DNA and
RNA bacteriophages, and belong to the two families, Inovir-
idae and Leviviridae (Cole ef al. 2003). Virions in the
Inoviridae family are rods or filaments containing a single
molecule of circular, positive-sense, single-stranded DNA,
whereas virions in the Leviviridae family are spherical and
of icosahedral symmetry and contain a single molecule of
linear, positive-sense, single-stranded RNA (Fauquet ef al.
2005). Because these F-specific DNA and RNA bacterio-
phages are widely present in fecal waste (Cole ef al. 2003),
the presence, prevalence and population of P-specific DNA
and RNA bacteriophages in surface water have been investi-
gated to identify fecal contamination sources (Cole ef al.
2003; Haramoto ef al. 2009). In addition, because F-specific
RNA bacteriophages are morphologically similar to hepatitis
A viruses and polioviruses, the bacteriophages are used
worldwide as surrogates for enteric viruses to estimate the
removal of enteric viruses during drinking water treatment
processes {Shelton & Drewry 1973; Matsushita ef al. 2005;
Zhu et al. 2005; Fiksdal & Leiknes 2006; Shirasaki ef al.
2000; Plerre ef al. 2010). F-specific DNA bacteriophages are
not used as surrogates for enteric viruses because of their
morphological differences. However, the F-specific DNA
bacteriophage of Vibrio cholerae has been implicated in the
lysogenic conversion of V. cholerae to its toxic form,
suggesting that at least some F-specific DNA bacteriophages
are indirectly involved in waterborne disease transmission
(Waldor & Mekalanos 1996; Redman ef al. 1999). Accord-
ingly, removal of not only enteric viruses but also F-specific
DNA bacteriophages by drinking water treatment processes
is important to demonstrate the microbial safety of drinking
water. However, removal of F-specific DNA bacteriophages
has not been fully investigated in drinking water treatment
processes, although the environmental persistence of F-
specific DNA bacteriophages has been investigated and com-
pared with that of F-specific RNA bacteriophages (Long &
Sobsey 2004).

Our objective in the present study was to investigate the
difference in behaviors of F-specific DNA and RNA bac-
teriophages during the coagulation-rapid sand filtration
process, which is commonly used in drinking water treat-
ment facilities, and during the coagulation-microfiltration
(MF) process, which is becoming an important technology
in this century for drinking water treatment.

MATERIALS AND METHODS

Source water, coagulant, filter media and
MF membrane

River water was sampled from the Toyohira River (Sapporo,
Japan; water quality shown in Table 1) on 12 October 2007.
The coagulant used was a commercial aluminium coagulant,
polyaluminium chloride (PACI) (PACI 2504A; 10.5% Al,Os,
relative density 1.2 at 20°C; Taki Chemical Co., Ltd,
Hyogo, Japan). Silica sand (effective size 0.6 mm, uniformity
coefficient <3; Nihon Genryo Co., Ltd, Kanagawa, Japan)
was used as a filter medium for rapid sand filtration. A flat
type of ceramic MF membrane (nominal pore size 0.1 um,
effective filtration area 0.0007 m%;, NGK Insulators, Ltd,
Nagoya, Japan), which was installed in an acrylic-resin
casing, was used for the MF process.

Bacteriophages

The F-specific DNA bacteriophage, f1 (NBRC 20015), and
the F-specific RNA bacteriophage, 2 (NBRC 20011), were
obtained from the NITE Biological Research Center
(NBRC, Chiba, Japan). {1 is a filamentous particle that has
a diameter of 6 nm and length of 800 nm (Dotto ef al.
1981). In contrast, {2 is an icosahedral particle that has a
diameter of 22 nm (Shelton & Drewry 1973). Each bacterio-
phage was propagated for 22-24 h at 37 “C in E. coli (NBRC
13965) obtained from NBRC. The bacteriophage culture sol-
ution was centrifuged (2,000xg, 10 min) and then passed
through a membrane filter (pore size 0.45 um, hydrophilic
cellulose acetate; Dismic-25c‘s, Toyo Roshi Kaisha, Ltd,
Tokyo, Japan). The filtrate was purified by using a centrifu-
weight cutoff 100,000,
regenerated cellulose; Centriplus-100, Millipore Corp.,

gal filter device (molecular

Table 1 [ Water quality of the Toyohira River

pH 7.5
DOC (mg/L) 0.90
0OD260 (cm™%) 0.027
Turbidity (NTU) 0.50
Alkalinity (mg-CaCO3/L) 19.1
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Billerica, MA, USA) to prepare the bacteriophage stock sol-
ution. The concentration of each bacteriophage stock
solution was approximately 10'? PFU/mL.

Coagulation experiments

Batch coagulation experiments were conducted with
200 mL of bacteriophage-spiked river water in glass beakers
at 20 °C. The bacteriophage stock solution (see section on
Bacteriophages) was added to the beaker at approximately
10° or 10® PFU/mL, and the spiked water was mixed with
an impeller stirrer. Because around 1 mg-Al/L of PACI is
usually dosed for the treatment of Toyohira River water,
which is the source water in the present study, in the
actual drinking water treatment plant (Moiwa drinking
water treatment plant, Sapporo, Japan), PACI was injected
into the water at a coagulant dose of 0.54, 1.08 or
1.62 mg-Al/L. The pH of the water was immediately
adjusted to, and maintained at, 6.8 with HCL. The water
was stirred rapidly for 2min (G=200s"} 61rpm) and
then slowly for 28 min (G=20s"", 13rpm). The water
was then left at rest for 20 min to settle the generated alu-
minium floc particles. Samples were taken from the
beaker before coagulant dosing (C.o) and after settling
(Ce) for quahtiﬁcation of the bacteriophage concentrations.

The suspended aluminium floc particles that had not
settled by gravity were separated from the floc mixture by
centrifugation (2,000xg, 10 min) to quantify the bacterio-
phage concentration in the liquid phase of the floc mixture.

Rapid sand filtration experiments

After the coagulation experiments (without centrifugal sep-
aration), rapid sand filtration experiments were carried out
with a glass column (diameter 0.8 cm, length 20 cm)
packed with silica sand washed with Milli-Q water and
dried at 105 “C for 1 h. The cleaned silica sand was gradually
added into the glass column to achieve a filter depth of
10 cm. This column was connected to another such
column to achieve a total filter depth of 20 cm. Sub-
sequently, Milli-Q water was pumped through the column
with the help of a peristaltic pump for 15 min to saturate
the filter medium, and the excess Milli-Q water was drained
from the column just before the filtration experiment.

Approximately 170 mL of the supernatant of the settling
sample (see section on Coagulation experiments) was with-
drawn from the beaker by the peristaltic pump and
transferred to another glass beaker to be considered as
raw water for rapid sand filtration experiments. During the
filtration experiments, the raw water was continuously
mixed with a magnetic stirrer at 200 rpm and fed into the
column at a constant flow rate (120 m/day) by the peristaltic

- pump. Samples were taken from the beaker (Cy) and from

the first (10 cm) and second (20 cm) column filtrates (Cyf)
at 5, 15 and 30 min after the initiation of filtration for the
quantification of bacteriophage concentrations.

MF experiments

After the coagulation experiments (without centrifugal sep-
aration), MF filtration experiments were carried out with a

" flat type of ceramic MF membrane. Approximately 170 mL

of the supernatant of the settling sample (see section on
Coagulation experiments) was withdrawn from the beaker
by the peristaltic pump and transferred to another glass
beaker to be considered as raw water for MF filtration exper-
iments. During the filtration experiment, the raw water was
continuously mixed with a magnetic stirrer at 200 rpm and
fed into a ceramic MF membrane at a constant flux (83 L/
(m®h)) by the peristaltic pump. Samples were taken from
the beaker (Cp0) and from the MF permeate (Cns) at 15,
30, 60 and 120 min after the initiation of filtration for the
quantification of bacteriophage concentrations.

Bacteriophage assay

The infectious bacteriophages were enumerated by the
determination of the number of plaque-forming units
(PFU) according to the double-layer method (Adams 1959)
with the bacterial host E. coli (NBRC 13965). The average
of the plaque counts of triplicate plates prepared from one
sample was considered as the infectious bacteriophage con-
centration for that sample.

Electron micrograph

Negative-stain electron microscopy was used to analyze the
morphology of the bacteriophages. Ten microliters of f1 or



