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Synopsis

Pursuant to section 68 of the Canadian Environmental Protection Act, 1999
(CEPA 1999), the Ministers of the Environment and of Health have conducted a
screening assessment of the substance 5,12-naphthacenedione, 10-[(3-amino-
2,3,6-trideoxy-a-L-lyxo-hexopyranosyl)oxy]-7,8,9,10-tetrahydro-6,8,11-trinydroxy-
8-(hydroxyacetyl)-1-methoxy-, (8S-cis)-, Chemical Abstracts Service Registry
Number 23214-92-8. This substance will be referred to by its common name,
doxorubicin. Doxorubicin was prioritized for assessment because it had been
identified as posing a potential high hazard to human health based on
classifications by other national or international agencies for carcinogenicity.

Drugs containing doxorubicin as an ingredient are assessed under the Food and
Drugs Act (F&DA) with respect to their safety, effectiveness and quality. This
screening assessment focused on uses and exposures that were not covered as
part of the F&DA assessment, specifically the risks posed by the residues
resulting from manufacture, formulation and disposal after use.

Doxorubicin is an organic substance that occurs naturally in the environment. It is
produced by mutating a strain of Streptomyces using N-nitroso-N-methyl
urethane into a new strain (S. peucetius var. caesius) that produces the red-
coloured compound called doxorubicin. Doxorubicin is registered for use in
Canada primarily for cancer therapy.

Information available for this substance indicates that its uses are limited to
pharmaceuticals and research. There are several pharmaceutical companies
licensed to market doxorubicin in Canada for human consumption or research.
Chemical-grade doxorubicin can be purchased from chemical manufacturers. No
information was found regarding alternative uses or releases of this substance in
Canada. Data were available to estimate that 31 kg, 4.5 kg and 4.3 kg of the
substance were sold to hospitals and pharmacies across Canada in 2007, 2011
and 2012, respectively. Although doxorubicin was included in a survey conducted
under section 71 of CEPA 1999 to collect information relevant to its manufacture
and import in 2009, no responses were received from the Canadian public or
industry, which indicates there was no manufacture or import of the substance in
that year above the reporting threshold of 100 kg.

Based on its physical and chemical properties (high water solubility, low
volatility), doxorubicin is expected to reside predominantly in water, sediment and
soil, depending on the compartment of release. Doxorubicin can make its way
into surface waters through release from manufacturing or formulation sites
and/or releases of the substance in feces or urine from consumers directly using
this substance. The main source of ecological exposure to doxorubicin is through
surface water. However, no information was available regarding actual releases
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of this substance in Canada. Based on modelled data, it is concluded that
doxorubicin meets the persistence criteria in water, soil and sediment, but does
not meet the criterion for air, as set out in the Persistence and Bioaccumulation
Regulations of CEPA 1999.

Doxorubicin has low bioaccumulation potential given its physical and chemical
properties (i.e., high molecular weight, low octanol-water partition coefficient [log
Kow]) and the ability for some aquatic organisms to reduce cellular accumulation
of doxorubicin. It is therefore concluded that doxorubicin does not meet the
bioaccumulation criteria as set out in the Persistence and Bioaccumulation
Regulations. Additionally, doxorubicin has the potential to harm aquatic
organisms at moderately low concentrations.

For the ecological assessment, realistic conservative exposure scenarios were
selected for the aquatic environment based on expected releases for a site-
specific industrial operation and for down-the-drain releases of the substance.
The predicted environmental concentrations in water were below the predicted
no-effect concentrations calculated for fish, daphnids and algae.

Considering all available lines of evidence presented in this screening
assessment, there is low risk of harm to organisms and the broader integrity of
the environment from doxorubicin. It is concluded that doxorubicin does not meet
the criteria under paragraph 64(a) or 64(b) of CEPA 1999, as it is not entering the
environment in a quantity or concentration or under conditions that have or may
have an immediate or long-term harmful effect on the environment or its
biological diversity or that constitute or may constitute a danger to the
environment on which life depends.

In terms of general population exposure, the principal potential source of
exposure is drinking water containing the pharmaceutical. The exposure to
doxorubicin present in drinking water is significantly smaller than the exposure to
doxorubicin through the use of pharmaceuticals.

For this assessment, conservative assumptions were used when estimating the
potential indirect exposure of the general population to doxorubicin. Doxorubicin
was not detected in wastewater treatment plant influent or effluent at six plants
across Canada. In regards to potential general population exposure, upper-
bounding estimated intakes from environmental media are low. Based on these
low exposures, risks posed by this substance are not expected. To further
support this risk characterization, the upper-bounding estimated indirect
exposures of the general population were compared with the lowest therapeutic
dose identified for the substance. The margins of exposure are large (> 100 000).

Based on a comparison of conservative exposure estimates with the lowest
therapeutic dose identified for oral use of doxorubicin, the calculated margins of
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exposure are considered to be adequate to address uncertainties in the database
and to be protective of human health.

Based on the adequacy of the margins of exposure, it is concluded that
doxorubicin does not meet the criteria under paragraph 64(c) of CEPA 1999, as it
is not entering the environment in a quantity or concentration or under conditions
that constitute or may constitute a danger in Canada to human life or health.
Conclusion

It is concluded that doxorubicin does not meet any of the criteria set out in
section 64 of CEPA 1999.



Screening Assessment CAS RN 23214-92-8

Table of Contents

[T 070 1111 170 o N
SUDSTANCE TAENTILY ...t e e e e e e e eeena s
Physical and Chemical Properti€S .........coovveiuiiiiiiee e e e e e e e aeeannnns
SOUICES QNGO USES ..ouiiiiiii it e e e et e e e e b e et e e e e st e et e s anaesaneeans
Releases to the ENVIFONMENT...........ouuiiiiiiiiee e e
Measured Environmental CoONCENratiONS..........ccvviiviiiieieiee e
ENVIFONMENTAL FALE.....u i e e e e e e e e aa e e eaaeeeen
7.1 EnVIironmMental PErSISTENCE ........iivniiiiiii e
A% 0 R Y1 ] o[ oF= L I - | -
4% AV (o To (= 1 0 To TN I - | = RSP RT

7.2 Potential for BioaCCUumMUIAtION..........coovuiiiiiciie e
7.2.1 Metabolism and EXCIretioN..........iiuuiiiiiiiccee e
7.2.2 Estimating BCF and BAF ........cooiiiiiiieeiie e

8. Potential to Cause Ecological Harm ............coooiiiiiiiiiiiiii e
8.1 Ecological EffeCtS ASSESSMENT ........uuiiiiie it e e e e e e e e e
8.1.1 MOAE Of ACHION «..eeiiiiiieee e e e ea e eaae e

8.1.2 Empirical Aquatic TOXICity Data..............uuuiiiieeeiiiiiiiiiiiiieee e

8.1.3 Other Ecological Effects: Cytotoxicity and GenotoxicCity .................cc......

8.1.4 Derivation of the PNEC ........coovi e

8.2 Ecological EXPOSUIe ASSESSIMENT ......uiii ittt e e e e ettt eeeeeeanen s
8.2.1 INAUSLIIAl REIEASE .....ccvvieiieceee e

8.2.2 Down-the-Drain Releases from Pharmaceutical Use...........cccccccevnneeene.

8.3 Characterization of Ecological RiSK............ccuvvuuiiiiiiiieeieeeeeiee e
8.4 Uncertainties in Evaluation of Ecological RISK ..o

9. Potential to Cause Harm to Human Health...............oooiiiiiiii i,
9.1 Uncertainties in Evaluation of Risk to Human Health...............ccooocoviiiiiiiiinn.
O I 0] T3 [0 ] o o I
I Y (=T (=T o1

NookrwhE

Table of Figures

Table 1-1: Substance identity: dOXOrubICIN .........ccovvviviiiiiiie e, 3
Table 1-2: Substance identity: doxorubicinol, the major metabolite of doxorubicin

Table 2-1: A summary of the physical and chemical properties of the neutral form
(00 [)7(] 11 o o3 o S 6
Table 2-2: A summary of the physical and chemical properties of the metabolite,
(0 [0 )1(o ] (1] o] o] [ o IS 8
Table 7-1. Summary of the Level Il fugacity modelling (EQC 2003) for
doxorubicin, showing percent partitioning into each medium for three
FElEaSE SCENANIOS. ... coiiiiii e 12
Table 7-2: Summary of modelled data for degradation of doxorubicin................ 14



Screening Assessment CAS RN 23214-92-8

Table 7-3:

Table 7-4:

Table 7-5:

Table 8-1:

Table 8-2:

Table 8-3:
Table 8-4:

Table 8-5:

Summary of modelled data for degradation of doxorubicinol, the major

metabolite of dOXOrubICIN ..........coovviiii 15
Summary of modelled bioaccumulation data for the neutral form of

(0 [0 )1 (o ] (1] o] o] 1o 19
Summary of modelled bioaccumulation data for doxorubicinol, the
major metabolite of doXorubiCin ..........cccooeiiiiiiii 20
Summary of empirical aquatic toxicity data from key studies for

(0 [0 )1 (o ] (1] o] o] 1o 24
Summary of modelled data for aquatic toxicity for the metabolite,

(0 [0 )1(o ] (1] o] o] [ o IS 25
Summary of empirical in vitro cytotoxicity data for doxorubicin.......... 26
Summary of input values used for estimating aquatic concentrations
resulting from industrial releases of doxorubicin .............cccccceeeeeennnn. 29

Summary of input values used for estimating aquatic concentrations
resulting from use of doXorubiCin ..o 31



Screening Assessment CAS RN 23214-92-8

1. Introduction

Pursuant to sections 68 and 74 of the Canadian Environmental Protection Act,
1999 (CEPA 1999) (Canada 1999), the Minister of the Environment and the
Minister of Health conduct screening assessments of substances to determine
whether these substances present or may present a risk to the environment or to
human health.

A screening assessment was undertaken on the substance 5,12-
naphthacenedione, 10-[(3-amino-2,3,6-trideoxy-a-L-lyxo-hexopyranosyl)oxy]-
7,8,9,10-tetrahydro-6,8,11-trihydroxy-8-(hydroxyacetyl)-1-methoxy-, (8S-cis)-,
Chemical Abstracts Service Registry Number (CAS RN) 23214-92-8, as it was
identified during the categorization of substances on the Domestic Substances
List (DSL) as posing a potential high hazard to human health based on
classifications by other national or international agencies for carcinogenicity. This
substance did not meet the ecological categorization criteria for persistence or
bioaccumulation potential, but it met the criteria for inherent toxicity to aquatic
organisms.

Screening assessments focus on information critical to determining whether a
substance meets the criteria as set out in section 64 of the Canadian
Environmental Protection Act, 1999 (CEPA 1999) (Canada 1999). Screening
assessments examine scientific information and develop conclusions by
incorporating a weight of evidence approach and using precaution.*

This screening assessment includes consideration of information on chemical
properties, environmental fate, hazards, uses and exposure, including additional
information submitted by stakeholders. Relevant data were identified up to March
2013. Empirical data from key studies, as well as some results from models were
used to reach conclusions. When available and relevant, information presented
in risk and hazard assessments from other jurisdictions was considered. The
screening assessment does not represent an exhaustive or critical review of all

! A determination of whether one or more of the criteria of section 64 are met is based upon an assessment
of potential risks to the environment and/or to human health associated with exposures in the general
environment. For humans, this includes, but is not limited to, exposures from ambient and indoor air,
drinking water, foodstuffs, and the use of consumer products. A conclusion under CEPA 1999 is not relevant
to, nor does it preclude, an assessment against the hazard criteria specified in the Controlled Products
Regulations, which are part of the regulatory framework for the Workplace Hazardous Materials Information
System for products intended for workplace use. Similarly, a conclusion based on the criteria contained in
section 64 of CEPA 1999 does not preclude actions being taken under other sections of CEPA 1999 or other
Acts.
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available data. Rather, it presents the most critical studies and lines of evidence
pertinent to the conclusion.

Drugs containing doxorubicin as an ingredient were assessed under the Food
and Drugs Act (F&DA)(Canada 1985) with respect to their safety, effectiveness
and quality. This assessment focused on uses and exposures that were not
covered as part of the FDA assessment, specifically the risks posed by the
residues resulting from manufacture, formulation and disposal after use.

The screening assessment was prepared by staff in the Existing Substances
programs at Health Canada and Environment Canada and incorporates input
from other programs within these departments. The ecological and human health
portions of this assessment have undergone external written peer review and/or
consultation. Comments on the technical portions relevant to the environment
were received from Chris Metcalfe, Trent University and Vance Trudeau,
University of Ottawa. Comments on the approach used to assess the substance
with respect to human health were received from Warren Foster, McMaster
University, Sam Kacew, McLaughlin Centre for Population Health Risk
Assessment, and Beate Escher, University of Queensland.

Additionally, the draft of this screening assessment was subject to a 60-day
public comment period. While comments were taken into consideration, the final
content and outcome of the screening assessment remain the responsibility of
Health Canada and Environment Canada.

The critical information and considerations upon which the assessment is based
are summarized below.



Screening Assessment CAS RN 23214-92-8

2. Substance ldentity

For the purposes of this assessment, the substance 5,12-naphthacenedione, 10-
[(3-amino-2,3,6-trideoxy-a-L-lyxo-hexopyranosyl)oxy]-7,8,9,10-tetrahydro-6,8,11-
trinydroxy-8-(hydroxyacetyl)-1-methoxy-, (8S-cis)-, will be referred to by its
common name, doxorubicin.

Doxorubicin can be manufactured as chemical-grade doxorubicin (CAS RN
23214-92-8) or as pharmaceutical-grade doxorubicin hydrochloride (CAS RN
25316-40-9). Doxorubicin hydrochloride is available as a pharmaceutical for
human use. The presence of hydrochloride is omitted from this assessment,
given that its function is predominantly pharmacokinetic and that it is not
expected to contribute to the toxicity of or exposure to doxorubicin itself. Both the
chemical and pharmaceutical grades of doxorubicin have been used in a variety
of human and ecological toxicity studies. For the purpose of this screening
assessment, the pharmaceutical and chemical grades of doxorubicin are treated
equally and interchangeably.

Doxorubicin is part of the anthracycline class of chemotherapy drugs that are
also antibiotics. Anthracyclines have a four-ring nucleus
(tetrahydrotetrahydrotetracenedione) that is lipophilic; however, the saturated
end of the ring system contains hydroxyl groups adjacent to the amino sugar,
producing a hydrophilic centre (see Table 1a). The molecule is amphoteric,
containing acidic functions in the ring phenolic group and a basic function in the
amino sugar (glycoside) group.

Approximately 3.5-5.7% of doxorubicin is excreted unmetabolized via urine in
humans (Mahnik et al. 2006, 2007). The urinary excretion of the major metabolite
of doxorubicin, doxorubicinol, is 0.7-4.3% (Mahnik et al. 2006). Although not
clearly established, doxorubicinol may be ten times more cytotoxic than
doxorubicin (Mahnik et al. 2006). Therefore, this metabolite is evaluated
concurrently with doxorubicin in the ecological screening assessment. Substance
identity information for doxorubicin and its metabolite is presented in Tables 1-1
and 1-2, respectively.

Table 1-1: Substance identity: doxorubicin

CAS RN 23214-92-8

5,12-Naphthacenedione, 10-[(3-amino-2,3,6-trideoxy-a-L-lyxo-
DSL name | hexopyranosyl)oxy]-7,8,9,10-tetrahydro-6,8,11-trihydroxy-8-
(hydroxyacetyl)-1-methoxy-, (8S-cis)-

Doxorubicine (French) (DSL, EINECS); Doxorubicin (English,
German) (EINECS); D5,12-Naphthacenedione, 10-[(3-amino-2,3,6-
trideoxy-a-L-lyxo-hexopyranosyl)oxy]-7,8,9,10-tetrahydro-6,8,11-
trinydroxy-8-(hydroxyacetyl)-1-methoxy-, (8S,10S)- (ASIA-PAC,

NCI names

3
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NZIoC)

(1S,3S)-3-Glycoloyl-1,2,3,4,6,11-hexahydro-3,5,12-trihydroxy-10-
methoxy-6,11-dioxo-1-naphthacenyl-(3-amino-2,3,6-tridesoxy-a-L-
lyxo-hexopyranosid); (8S,10S)-10-((3-Amino-2,3,6-trideoxy-a-L-
lyxo-hexopyranosyl)oxy)-8-glycoloyl-7,8,9,10-tetrahydro-6,8,11-
trinydroxy-1-methoxy-5,12-naphthacenedione; 1,2,3,4,6,11-
Hexahydro-43,5,12-trihnydroxy-4-(hydroxyacetyl)-10-methoxy-6,11-

Other dioxonaphthacen-13-yl-3-amino-2,3,6-trideoxy-a-L-

names?® lyxohexopyranoside; 10-((3-Amino-2,3,6-trideoxy-D-
lyxohexopyranosyl)oxy)-8-glycolcyl-7,8,9,10-tetrahydro-6,8,11-
trinydroxy-1-methoxy-5,12-naphthacenedione;
14-Hydroxydaunomycin; 14-Hydroxydaunorubicine; ;ADM,;
Adriablastin; Adriamycin semiquinone; Adriblastin; Adriblastina;
CCRIS 739; Doxil;

Major

chemical Anthracycline glycoside antibiotic

class

Chemical

formula CarHzoNOn

Chemical

structure

SMILES COc4ccec5C(=0)c3c(0)c2CC(0)(CC(OC1ICC(N)C(O)C(C)O1)c2¢(
0)c3C(=0)c45)C(=0)CO

Molecular | 543 53 g/mol

mass

Abbreviations:  National Chemical Inventories (NCI). 2007: ASIA-PAC (Asia-Pacific Substances Lists;

CAS RN, Chemical Abstracts Service Registry Number; DSL, Domestic Substances List; EINECS,
European Inventory of Existing Commercial Chemical Substances; NCI, National Chemical Inventories;
NZloC, New Zealand Inventory of Chemicals; SMILES, simplified molecular input line entry system

& Chem ID Plus 1993-
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Table 1-2: Substance identity: doxorubicinol, the major metabolite of

doxorubicin
CAS Chemical structure Molecular | Chemical SMILES
RN mass formula
(g/mol)
545.55 C27N31NOy
1 c3c(c5c(cc3
5419 )C(=0)c4c(
3-28- C5(=0))c(O
1 )c2¢c(c40)C
C(C(O)CO)(
0)Ccc20C1
CC(Cc(c(o1
)
C)O)N)OC

Abbreviations: CAS RN, Chemical Abstracts Service Registry Number; SMILES, simplified molecular input

line entry system

Structural analogues having relevant empirical data may be used to help assess
those substances that lack empirical data. For this assessment, the Organization
for Economic Co-operation and Development (OECD) Quantitative Structure—
Activity Relationship (QSAR) Toolbox (OECD QSAR Toolbox 2012) was
employed to determine whether potential analogues with measured data for
physical and chemical properties, persistence, bioaccumulation and toxicity were
available. Some analogues were identified through literature review (e.qg.,
epirubicin and pirarubicin); however, no useful corresponding experimental data

were available for read-across purposes.

3. Physical and Chemical Properties

Tables 2-1 and 2-2 provide a summary of experimental and modelled physical
and chemical properties of doxorubicin and doxorubicinol, respectively, that are
relevant to their environmental fate and ecotoxicity.

The QSAR models used are mainly based on fragment addition methods; that is,
they sum the contributions of sub-structural fragments of a molecule to make
predictions for a property or endpoint. Most of these models rely on the neutral
form of a chemical as input (in simplified molecular input line entry system
[SMILES] form). Consequently, except where noted, the modelled values shown

5
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in Tables 2-1 and 2-2 are for the neutral forms of doxorubicin and doxorubicinol,

respectively.

Doxorubicin is amphoteric, containing acidic functions in the ring phenolic group
and a basic function in the amino sugar (glycoside) group. The estimated acid
dissociation constants (pKa values) indicate that this substance will also exist in
the cationic form at pH 5-9 in the environment. Approximately 50% of the
substance is ionized at pH 8.3; at pH 7, about 44% of the substance is ionized
(ACD/Percepta ©1997-2012). Therefore, the model predictions for the physical
and chemical properties of doxorubicin do not fully represent the properties and
environmental behaviour of this substance; however, the neutral form is also
relevant based on the pKa values identified in Table 2-1.

Table 2-1: A summary of the physical and chemical properties of the
neutral form of doxorubicin

Property Type Value® Tem;()oe(galture Reference
. Red-orange Pfizer Canada
Physical form NA crystalline solid NA Inc. 2010
Melting point MPBPVPWIN
°C) Modelled 344.5 NA 2008
Melting point . Pfizer Canada
°C) Experimental 204-205 NA Inc. 2010
(
?ﬁ'ce:')“”g point | Eyperimental 230 NA Lide 2007
Boiling point (°C) | Modelled 782.4 NA MPBZFZ)\(’)ZW'N
Density (kg/m®) | Experimental NA NA NA
3.37x 107"
Vapour pressure MPBPVPWIN
(Pa) Modelled |5 53 x 1023 25 2008
mmHg)®
8.99 x 107
Vapour pressure Rowney et al.
(Pa) Modelled |5 74 x 1077 25 2009
mmHg)®
Modelled
, —18
Henry’s Law (Bond 2.26 x 10
constant estimate onl NA HENRYWIN
s Groun | (2:23%107 2008
(Pa-m*/mol) 2TOUR - 5 tm.m3mol)®
estimate
incomplete)
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Temperature

Property Type Value® °C) Reference
Log Dow (for pH _ _ ACD/pK,DB
5-0) Modelled 2.74 to —2.28 NA 2005
Log Kow

Modelled 1.85 NA KOWWIN
. . 2008
(dimensionless)
Log Kow NA
Modelled 1.27* Hansch et al.
. . 1995
(dimensionless)
1.89 (estimate
Log K using log Kow)
( T onless) | Modelled NA KOCWIN 2008
3.78 (estimate
using MCI)
Log Koa
: . Modelled 22.31 NA KOAWIN 2008
(dimensionless)
Water solubility . WSKOWWIN
(mg/L) Modelled 92.8 25 2008
Water solubility
Modelled 65.1 NA AIEPS 2003-
2007
(mg/L)
pKal = 7.34
(phenol);
PKa Modelled | pKa2 =8.46 NA SPARC 2008
(dimensionless) e
(amine);
pKa3 = 9.46
(estimated)
8.22in N/20 heri
K . sodium Sop erion
PAa . Experimental ; NA Therapeutics,
(dimensionless) hydroxide
; Inc. 2006
solution
ACD/pK,DB
PKa Modelled 13.81 NA 2005
(dimensionless)
pKal = 9.28—-
PKa PALLAS
(dimensionless) Modelled 1121 NA 1994-1995
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Property

Type

Value?

Temperature
G

Reference

(phenol)
pKa2 = 8.57
(amine)

pKas3 = 14.15-
15.38

(estimated)

Abbreviations: log Dow, pH-dependent octanol-water distribution ratio; log Koa, Octanol-air partition
coefficient; log Koc, organic carbon—water partition coefficient; log Kow, 0ctanol-water partition coefficient;
MCI, molecular connectivity index; NA, not applicable; pKa, acid dissociation constant
@Values marked with an asterisk (*) are values selected for modelling purposes.
®Values in parentheses represent the original ones as reported by the authors or as estimated by the

models.

Table 2-2: A summary of the physical and chemical properties of the
metabolite, doxorubicinol

(dimensionless)

Property Type Value® Tem;()oeé;ature Reference
Melting point MPBPVPWIN
C) Modelled 349.2 NA 2008
Boiling point (°C) | Modelled 7925 NA MPBZF:)\(’;W'N
Density (kg/m®) Modelled NA NA
Vapour pressure -23 MPBPVPWIN
(Pa) Modelled 4.58 x 10 25 2008

Modelled
] _23
Henry’s Law (Bond 1.19 x 10
constant estimate onl NA HENRYWIN
a5 Grow Y1 @17 x102 2008
(Pa-m®/mol) 2M0UD - 5 tm-m3mol)?
estimate
incomplete)
Log Kow
KOWWIN
Modelled 0.91 NA 2008
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1.69 (estimate

Log Koc using log Kow)

Modelled NA Reedeh
(dimensionless) 3.78 (estimate

using MCI)

L0g Koa. Modelled 27.2 NA KOAWIN 2008
(dimensionless)
Water solubility

Modelled 183.4 25 WSKOWWIN

2008

(mg/L)

Abbreviations: log Koa, 0ctanol-air partition coefficient; log Koc, organic carbon—water partition coefficient; log
Kow, OCtanol-water partition coefficient; MCI, molecular connectivity index; NA, not applicable; pKa, acid
dissociation constant

& Value as provided by the model.

4. Sources and Uses

Doxorubicin is an organic substance that occurs naturally in the environment. It is
produced by mutating a strain of Streptomyces using N-nitroso-N-methyl
urethane into a new strain (S. peucetius var. caesius) that produces the red-
coloured compound called doxorubicin (Weiss 1992). Doxorubicin is registered
for use in Canada primarily for cancer therapy (DPD 2010).

Although doxorubicin was included in a survey conducted under section 71 of
CEPA 1999 to collect information relevant to its manufacture and import for the
year 2009, no responses were received above the reporting threshold of 100 kg.

Entry characterization for doxorubicin in Canada consisted of searching for
information on sources and releases of the substance in relevant databases to
identify the potential for exposure of the general population from all sources,
including pharmaceutical use (Canada [1978]; HSDB 1983- ; Household
Products Database 1993- ; LNHPD 2008; DPD 2010; EAFUS 2011; NHPID
2011). Based on notifications submitted under the Cosmetic Regulations to
Health Canada, doxorubicin is not used in cosmetic products in Canada (2012
email from the Consumer Product Safety Directorate, Health Canada, to the
Existing Substance Risk Assessment Bureau, Health Canada; unreferenced).
Information available for this substance indicates that its uses are limited to
pharmaceuticals and research. Searches for this substance were conducted up
to March 2013, and no information was found regarding alternative uses or
releases of this substance in Canada. Data were available to estimate that 31 kg
of the substance was sold to hospitals and pharmacies across Canada for
prescription for the year 2007 (McLaughlin and Belknap 2008). Data were also
available to estimate that 4.5 kg and 4.3 kg of doxorubicin were sold to hospitals
and pharmacies across Canada for the years 2011 and 2012, respectively (IMS
2013). Doxorubicin may also be used for additional off-label or veterinary uses

9
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that are not considered in this assessment. The quantity of the substance being
used for these purposes is unknown.

5. Releases to the Environment

Pharmaceuticals can make their way into surface waters through release from
manufacturing or formulation sites and release of the un-metabolized substances
or their metabolites in feces or urine from consumers directly using these
substances. For example, in humans, urinary excretion of doxorubicin is minimal
with only 5 % excreted during the first 5 days. After an injection of 1.5 mg/kg of
tritium-labelled doxorubicin, approximately 50% of the substance was detected in
the feces in 7 days, while the fecal excretion accounted for only 20% in patients
with impaired liver function. Doxorubicin is metabolized predominantly by the liver
to adriamycinol and several aglycone derivatives. Approximately 50% of the drug
excreted in the bile was unchanged and 30 % were metabolites (Janssen Inc.
2011; Novopharm Limited 2008; Hospira Healthcare Corporation 2008;
Sopherion Therapeutics, Inc. 2006; Pfizer Canada Inc., 2010). Undetectable or
low plasma concentrations (i.e., 0.8-26.2 ng/ml) of the metabolite, doxorubicinol,
have been reported following intravenous administration of a single 10- to 50-
mg/sg m dose of doxorubicin hydrochloride as a polymer poly-(ethylene glycol
(PEG)-stabilized liposomal injection. Additionally, doxorubicin hydrochloride
encapsulated in liposomes that have not been PEG-stabilized is metabolized to
doxorubicinol (HSDB ¢1993-2008). With non-encapsulated doxorubicin, more
than 20% of the total drug in plasma is present as metabolites 5 minutes after a
dose, 70% in 30 minutes, 75% in 4 hours, and 90% in 24 hours (HSDB ¢1993-
2008). Therefore, the use of pharmaceutical products containing doxorubicin may
result in the release of doxorubicin and its major metabolite, doxorubicinol, to the
environment through various waste streams. The potential for exposure to
doxorubicin from direct sources (i.e., releases during manufacture or formulation)
is also assessed (see section on “Ecological Exposure Assessment”); however, it
should be noted that no information was available regarding actual releases of
doxorubicin from manufacturing or formulation of the pharmaceutical.

No data on doxorubicin concentrations in Canadian biosolids or soil were found.
Mahnik et al. (2007) assessed the elimination of doxorubicin by activated sludge
and found that doxorubicin was 90% eliminated from the liquid phase. Over time,
the recovery of doxorubicin ranged between 20% and 40% in the sludge, but only
between 6% and 12% in the liquid phase, with the elimination caused by
adsorption (Rowney et al. 2009). The ring structure of doxorubicin remains stable
when it is degraded (i.e., only primary biodegradation). The application of
biosolids containing doxorubicin to agricultural land is therefore a possibility, but
it cannot be quantified at the present time.
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6. Measured Environmental Concentrations

In Canada, samples collected at six municipal wastewater treatment plants
representing typical Canadian treatment systems and geographic variations were
analyzed, but no measurable concentrations of doxorubicin were detected
(Smyth and Teslic 2013). The Canadian municipal wastewater treatment plant
influents/effluents, treated biosolids and landfill leachate samples were obtained
during the summer period (July—September 2012). The reporting limit was 37.9—
303 ng/L for liquids and 163-1790 ng/g for solids (Smyth and Teslic 2013).

Yin et al. (2010) investigated the concentrations of cytostatic drugs, including
doxorubicin and its major metabolite, doxorubicinol, in the wastewater effluent of
21 hospitals in Beijing, China. Yin et al. (2010) chose cytostatic drugs based on
their frequent use in hospitals and ease of analysis. However, neither doxorubicin
nor its major metabolite was detectable (limit of detection 10 ng/L). The authors
attributed the lack of detection either to the low usage of these drugs in the
hospitals investigated or the fact that the wastewater from these hospitals was
disinfected with chlorine before discharge, resulting in drugs that may be partially
or completely transformed and hence concentrations below the limits of
detection.

Elsewhere, doxorubicin was measured in the wastewater of the oncologic in-
patient treatment ward of a hospital in Vienna, Austria, where concentrations
ranged from the detection limit, 0.26 pg/L, to 1.35 pg/L (Lenz et al. 2007; Mahnik
et al. 2007). Doxorubicin was not detected (limit of detection 0.1 ng/L) in samples
taken from a wastewater treatment plant in Catalonia, Spain (Negreira et al.
2013).

7. Environmental Fate

Level Il fugacity modelling (EQC 2003) simulates the distribution of a substance
in a hypothetical, evaluative environment known as the “unit world.” The EQC
model simulates the environmental distribution of a chemical at a regional scale
(i.e., 100 000 km?) and outputs the fraction of the total mass in each
compartment from an emission into the unit world and the resulting concentration
in each compartment. Environment Canada uses only the mass fraction
distribution results for general information on the environmental fate of a
substance and generally does not use the compartmental concentration results
for the predicted environmental concentration (PEC) in a substance assessment.
Some exceptions to this may occur, such as when a wide dispersive release of a
substance suggests that regional-scale concentrations are appropriate for the
PEC(s).
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The mass fraction distribution for the neutral form of doxorubicin is given in Table
3-1 using individual steady-state emissions to air, water and soil. The level IlI
EQC model assumes non-equilibrium conditions between environmental
compartments, but equilibrium within compartments. The level Il EQC model
cannot address the potential for doxorubicin to ionize in the aquatic environment
as a salt, which will likely be more soluble than the free acid form (i.e., non-salt
form). Nor can the model address the potential for binding to soil components via
electrostatic interactions (cation exchange) or binding to clays that are negatively
surface charged. Therefore, the model cannot fully simulate the fate distribution
of doxorubicin in the environment.

The results in Table 7-1 represent the net effect of chemical partitioning, inter-
media transport and loss by both advection (out of the modelled region) and
degradation or transformation processes. It should be noted that the modelled
vapour pressure for doxorubicin, 3.37 x 107! Pa, is not accurately estimated, but
the value does suggest that it is negligible. The Level Il fugacity model’s
reasonable limits for vapour pressure are 10** to 10! Pa. Therefore, an input
value of 3.37 x 10" Pa was used to run the model, given the negligible
difference between 107" and 107" Pa (i.e., vapour pressure is not a sensitive
model input at less than 107" Pa).

Table 7-1. Summary of the Level Ill fugacity modelling (EQC 2003) for
doxorubicin, showing percent partitioning into each medium for three
release scenarios.

Substance released to: Air (%) Water (%) | Soil (%) Sediment
(%)
Air (100%) 0.85 29 70 0.07
Water (100%) Negligible 99.8 Negligible 0.24
Soil (100%) Negligible 27 73 0.06

If released to air, given its vapour pressure of 3.37 x 10" Pa, doxorubicin is
expected to exist solely in the particulate phase in the ambient atmosphere.
Particulate-phase doxorubicin may be removed from the air by wet or dry
deposition. However, it is not likely that doxorubicin would be released to air.

If released into water, the neutral form of doxorubicin is expected to be highly
soluble in water (estimated water solubility is 92.8 mg/L), but the cationic form
may undergo binding to negatively charged substrates (i.e., suspended solids)
via electrostatic interactions, which can be as strong as covalent bonds.
Doxorubicin will likely exist in the cationic form at pH values of 5-9, given its
estimated pKa values; therefore, volatilization from water is not expected to be
an important fate process.

If released to soil, doxorubicin is expected to have minimal mobility, based on an
estimated organic carbon—water partition coefficient (log Koc) of 1.89-3.78.
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Estimated pKa values indicate that this compound will exist in the cationic form at
pH 5-9 in the environment. Cations generally adsorb more strongly to soils
containing organic carbon and clay compared with their neutral counterparts
(HSDB ¢1993-2008). Doxorubicin is not expected to volatilize from dry soil
surfaces based on an estimated vapour pressure of 3.37 x 1072 Pa.

The results of Level Il fugacity modelling) suggest that the neutral form of
doxorubicin will reside predominantly in water (i.e., neutral form is highly water
soluble; see Table 2-1), but that the cationic form of doxorubicin will likely
undergo binding to suspended patrticles in water. Doxorubicin may also reside in
soil (as the cationic form at pH 5-9) should the substance be released to that
compartment. Doxorubicin is expected to occur in surface waters through the
release from manufacturing or formulation sites and/or through the release of the
un-metabolized substance or its metabolite in feces or urine from consumers
directly using this substance. Given these potential releases, this assessment
examined water as the main source of exposure in the ecological environment.
The application of biosolids containing doxorubicin to agricultural land is a
possibility, but the exposure potential cannot be quantified in the absence of
toxicity data and data on concentrations of doxorubicin in soil/biosolids in
Canada.

7.1 Environmental Persistence

In order to provide the best possible weight of evidence for determination of the
persistence of doxorubicin and doxorubicinol in the environment, both empirical
and modelled data were considered. Model estimates for doxorubicin are strictly
structure based and not expected to be influenced by chemical speciation.
Chemical speciation, however, may affect bioavailability for biodegradation. This
is not accounted for in model estimates of biodegradation.

7.1.1 Empirical Data

Biological degradation has not been reported for doxorubicin; however,
doxorubicin absorbs light at wavelengths > 290 nm and thus may be susceptible
to direct photolysis by sunlight (IARC 1987; Mahnik et al. 2006). Nawara et al.
(2012) showed that nitrogen-purged 40 uM doxorubicin exhibits photoreactivity in
laboratory aqueous solutions at 320 and 420 nm. One photoreactive pathway
leads to the formation of 3-methoxysalicyclic acid, a stable degradation product.
The other possible pathway is a photoreduction of doxorubicin to form
dihydroquinone, which undergoes spontaneous oxidation mediated by dissolved
oxygen to recover doxorubicin with the formation of hydrogen peroxide.

Castegnaro et al. (1997) reported the complete degradation of doxorubicin after a
1-hour treatment with sodium hypochlorite (5.25%) and Fenton reagent (30%).
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Treatment of doxorubicin with hydrogen peroxide (< 30%) was inefficient, with
32% of the parent compound remaining after 48 hours.

7.1.2 Modelling Data

Since few environmentally relevant experimental data on the degradation of
doxorubicin or doxorubicinol are available, a QSAR-based weight of evidence
approach (Environment Canada 2007) was applied using the degradation models
shown in Tables 7-2 and 7-3.

Given the ecological importance of the water compartment and the fact that
doxorubicin and its major metabolite are expected to be released to this
compartment, biodegradation in water was primarily examined. However, some
of the models in Tables 7-2 and 7-3 (i.e., AOPWIN for ozone reaction and
HYDROWIN) could not provide an estimate for doxorubicin, as chemicals with
comparable structures are not contained in their training sets. Thus, the results
for these specific models were not considered in the weight of evidence

approach.

Table 7-2: Summary of modelled data for degradation of doxorubicin

Model and model Model result and Extrapo!at
Fate process . S ed half-life
basis prediction
(days)
Atmospheric AOPWIN 20082 t,, = 0.074 day <2
oxidation
Ozone reaction AOPWIN 2008° NA® NA
Hydrolysis HYDROWIN 20082 NAP NA
BIOWIN 2008%
Primary , 3.21°
biodegradation SUb'm%%?\ll:' Expert <182
(aerobic) y “biodegrades fast”
(qualitative results)
Primary
biodegradation | )+ 0GIC 2009 1.69 days® <182
(aerobic)
BIOWIN 2008°
Ultimate , 2.02°
biodegradation SUb'm%ier\llg" Expert > 182
(aerobic) y “biodegrades slowly”

(qualitative results)
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Model and model Model result and Extrapo!at
Fate process . S ed half-life
basis prediction
(days)
BIOWIN 2008°
Ultimate 0.30°
biodegradation Sub-model 5: =182
(aerobic) “biodegrades slowly”
MITI linear probability
BIOWIN 2008°
. 0.004°
Ultimate :
biodegradation Sub-model 6: “biodearad >182
(aerobic) . iodegrades very
MITI non-linear slowly”
probability
e
Ultimate TOPKAT 2004 0
biodegradation “biodegrades ver z 182
(aerobic) Probability 9 " y
slowly
Ultimate
biodegradation | ~,ra| oGIC 2009 6 months 27 days® > 182

(aerobic)

Abbreviations: MITI, Ministry of International Trade and Industry (Japan); NA, not applicable; ty, half-life
a

EPIsuite (2008).

o

c
d

unreliable.
e

Output is a probability score.

Model does not provide an estimate for this type of structure.
Output is a numerical score from 0 to 5.
High percentage of unknown structural fragments (46.2%); therefore, this prediction is considered

Table 7-3: Summary of modelled data for degradation of doxorubicinol, the
major metabolite of doxorubicin

Model and model

Model result and

Extrapolate

Fate process basis prediction d half-life
(days)
Atmospheric AOPWIN 20082 t,, = 0.060 day <2
oxidation
Ozone reaction AOPWIN 20082 NA® NA
Hydrolysis HYDROWIN 20082 NA® NA
BIOWIN 2008%
Primary , 3.36°
biodegradation SUb'm%ier\llg' Expert <182
(aerobic) y “biodegrades fast”

(qualitative results)
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= Model and model Model result and Extrapo[ate
ate process . S d half-life
basis prediction
(days)
BIOWIN 2008°
Ultimate 2.20¢
biodegradation Sub-m%del S: Expert > 182
(aerobic) urvey “biodegrades slowly”
(qualitative results)
BIOWIN 2008°
Ultimate 0.28¢
biodegradation Sub-model 5: =182
(aerobic) “biodegrades slowly”
MITI linear probability
BIOWIN 2008° |
. 0.004
Ultimate
biodegradation Sub-model 6: e >182
(aerobic) . |odegrade”s very
MITI non-linear slowly
probability

& ModelEPIsuite (2008).

®Model does not provide an estimate for this type of structure.
¢ Output is a numerical score from 0 to 5.

d Output is a probability score.

For both doxorubicin and doxorubicinol, the ultimate biodegradation models
suggest that biodegradation is very slow and that the half-life in water would be
= 182 days, whereas the result of the BIOWIN Sub-model 4 (primary survey
model) would suggest that these substances have a primary half-life of < 182
days. The results from the BIOWIN Sub-models 3, 5 and 6 (for both doxorubicin
and doxorubicinol) and TOPKAT (for doxorubicin) indicate that these substances
may not undergo fast biodegradation. Considering all model results as well as
the structural features of doxorubicin, there is a weight of evidence to suggest
that thgz biodegradation half-life of doxorubicin and doxorubicinol is = 182 days in
water.

In air, predicted atmospheric oxidation half-life values of 0.074 day for
doxorubicin and 0.060 day for doxorubicinol (see Tables 4a and 4b) demonstrate
that these substances are likely to be rapidly oxidized. Doxorubicin is susceptible
to direct photolysis in sunlight (Mahnik et al. 2006). With a half-life of 0.074 day

2 Note that the result of the empirical 28-day ready biodegradation test is 1.5% (CHRIP ©2008).
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via reactions with hydroxyl radicals, doxorubicin is not considered persistent in
air. Also, with a half-life of 0.060 day via reactions with hydroxyl radicals,
doxorubicinol is not considered persistent in air. Due to the very low proportion of
doxorubicin expected to partition to air and the short half-life of the substance in
air (0.074 day), it is considered unlikely that doxorubicin would be transported
through the atmosphere. Its long-range atmospheric transport potential is
considered negligible.

Doxorubicin and doxorubicinol do not contain functional groups expected to
undergo hydrolysis in water. However, under acidic conditions, doxorubicin
breaks into adriamycione and daunosamine (Mahnik et al. 2006; O’Neil 2006).
The only hydrolyzable function detected was amides; however, with the
exception of a few halogenated acetamides, most amides hydrolyze to acids
extremely slowly at 25°C and at the environmentally relevant pH 7, with half-lives
measured in centuries (HSDB ¢1993-2008). Electronegative groups on carbon or
nitrogen greatly accelerate base-catalyzed hydrolysis, but alkyl groups on
nitrogen retard both acid- and base-catalyzed processes. The ring structure of
doxorubicin also remains stable when it is degraded (i.e., only primary
biodegradation), as found in the study of the removal of doxorubicin by activated
sludge (Mahnik et al. 2007). Therefore, no neutral hydrolysis is evident.

Using an extrapolation ratio of 1:1:4 for water:soil:sediment biodegradation half-
lives (Boethling et al. 1995), the half-life in soil is also = 182 days, and the half-
life in sediments is = 365 days. This indicates that doxorubicin and doxorubicinol
are expected to be persistent in water, soil and sediment.

Based on empirical and modelled data,both doxorubicin and doxorubicinol is
persistent in water, soil and sediment (half-lives in water and soil = 182 days and
half-life in sediment = 365 days), but not in air (half-life = 2 days),

7.2 Potential for Bioaccumulation

Modelled octanol-water partition coefficient (log Kow) values (1.27-1.85) for
doxorubicin and modelled pH-dependent octanol-water distribution ratio (log Dow)
values (—-2.74 to —2.28) for its ionized fraction show that both the neutral and
ionized forms of the substance have a low potential to bioaccumulate in biota
(see Tables 2-1 and 2-2). The combination of a log Koy, of 1.27 and an octanol—
air partition coefficient (log Ko,) of 22.3 indicates that doxorubicin will not have
the potential to biomagnify in terrestrial food webs, as suggested by Gobas et al.
(2003) and Kelly et al. (2007). However, Environment Canada does not consider
the use of these partition coefficients in isolation as sufficient evidence to
determine bioaccumulation potential, as they cannot account for physiological
parameters such as metabolism.
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No empirical bioaccumulation values were available for doxorubicin, its
analogues or its major metabolite (doxorubicinol). In order to provide the best
possible weight of evidence analysis of the bioaccumulation potential of
doxorubicin, the physical and chemical properties (e.qg., log Kow, solubility),
modelled data and empirical metabolism and excretion data were considered to
arrive at an overall conclusion.

7.2.1 Metabolism and Excretion

In some aquatic organisms, the uptake of many cytostatic drugs, including
doxorubicin, is reduced by the expression of a P-glycoprotein-like activity that
provides multi-xenobiotic resistance (MXR). The MXR mechanism is of most
concern in organs that have an excretion (liver, kidneys), absorption (intestine) or
blood-brain barrier function (Bard and Gadbois 2007). The MXR mechanism
provides resistance through over-expression of P-glycoprotein transporters,
encoded by the highly conserved MDR gene family. This gene family is found in
a broad range of taxa, including bacteria, protozoa, nematodes, insects, fish and
humans (Hildebrand et al. 2009). The protective role of the MXR mechanism and
the presence of the P-glycoprotein family of transporters have been
demonstrated in more than 40 aquatic species, such as the killifish (Fundulus
heteroclitus), rainbow trout (Oncorhynchus mykiss), flounder (Pleuronectes
americanus), turbot (Scophthalmus maximus), zebrafish (Danio rerio) and other
marine and freshwater bivalves (Bard 2000; Zaja et al. 2008).

Through the maintenance and regulation of defence mechanisms, it is likely that
there are energetic costs imposed on organisms under chronic exposure to
xenobiotics. In addition, the exposure of cells to the selection pressures of
cytotoxic substances can lead to the induction and over-expression of these
energy-consuming efflux transporters (Hildebrand et al. 2009). The effect of
energy consumption by cellular defence mechanisms is not well understood, but
it is suggested that these systems have significant energetic or metabolic costs
and may be disadvantageous to other processes, such as growth and
reproduction, through decreases in energy allocations. Hildebrand et al. (2009)
used an in vitro rainbow trout hepatocyte cell line to investigate the energetic
costs associated with xenobiotic efflux pumps for doxorubicin. Energetic costs
were measured through changes in cellular adenylate nucleotide and inorganic
phosphate concentrations. In the Hildebrand et al. (2009) study, for all
doxorubicin concentrations (5—-125 yM), cell accumulation was linear for 10-15
minutes, after which it levelled off, and steady state was assumed. Cells were
then placed in a doxorubicin-free medium; initial efflux was characterized by a
rapid decline in intracellular concentrations, followed by a slower elimination
phase. The rates of doxorubicin efflux were calculated as 3.57— 39.17 ug/min per
10° cells for a 5 uM treatment concentration. The results from the Hildebrand et
al. (2009) study suggest that there may be significant energetic costs associated
with the active transport activity of P-glycoprotein. However, it is unknown
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whether these costs are substantial in terms of the overall energy budget of the
organism. The metabolic competency of an organism can be related to body
weight and temperature. The lipid content of fish differs from the lipid content of
humans, and the temperature of Canadian waters is on average lower than
normal room temperature. Although phase | and phase Il metabolic activity may
be significantly lower in fish than in humans, elimination processes in humans
are rapid enough to suggest that the bioaccumulation potential in aquatic species
would be low. Albertus and Laine (2001) observed that the uptake of doxorubicin
(50 pg/mL) in Killifish hepatocytes was limited, with no significant increase in
doxorubicin accumulation over 20—-80 minutes. In the presence of 10 umol/L
verapamil (a competitive substrate or inhibitor of the MXR mechanism )
doxorubicin was time-dependently accumulated in Killifish hepatocytes.

Doxorubicin hydrochloride was administered to the rotifer, Philodina acuticornis
odiosa Milne, at a single concentration of 100 uM (54.3 mg/L) for a period of 24
hours (Poeggeler et al. 2005). At this concentration, doxorubicin accumulated
100-fold in the rotifer mitochondria, yielding organelle concentrations of 10 mM
(5.4 g/L).

7.2.2 Estimating BCF and BAF

Since few experimental data on bioaccumulation factors (BAFs) or
bioconcentration factors (BCFs) for either doxorubicin or doxorubicinol were
available, a predictive approach was applied using available BAF and BCF
models, as shown in Tables 7-4 and 7-5.

Measures of BAF are the preferred metric for assessing bioaccumulation
potential of substances. This is because BCF may not adequately account for the
bioaccumulation potential of substances via the diet, which predominates for
substances with log Koy > ~4.0 (Arnot and Gobas 2003). Kinetic mass balance
modelling is in principle considered to be the most reliable prediction method for
determining bioaccumulation potential because it allows for metabolism
correction as long as the log K, of the substance is within the log Ko, domain of
the model.

BCF and BAF estimates, corrected for potential biotransformation, were
generated using the BCFBAF model (EPIsuite 2008). Metabolic rate constants
(km) were derived using structure—activity relationships described further in Arnot
et al. (2008a, b, 2009). The middle trophic level fish was used to represent
overall model output and is most representative of the fish weight likely to be
consumed by an avian or terrestrial piscivore. The median ky is > 25.0/day. The
results of the BCF and BAF modelling are given in Tables 7-4 and 7-5.

Table 7-4: Summary of modelled bioaccumulation data for the neutral form
of doxorubicin
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Km Value
(/day) Tes.t Model anq Endpoint | (L/kg wet Reference
organism model basis .
weight)
BCFBAF
a . Sub-model 1 BCFBAF
100 Fish BCF 0.462 2008
(linear
regression)

BCFBAF BCEBAF

100? Fish Sub-model 2 BCF® 1.36 2008
(mass balance)
BCFmax with

0.17 Fish mitigating BCF® 4.26" CPOPs 2008

factors

BCFBAF

a , Sub-model 3 b BCFBAF
100 Fish BAF 1.36 2008
(Gobas mass
balance)

Abbreviations: BCF, bioconcentration factor; BAF, bioaccumulation factor; ky, metabolic rate constant
#Predicted value exceeds the theoretical whole-body maximum value.

PResults generated using weight, lipid and temperature for a middle trophic level fish.

‘Possible mitigating factors include ionization, molecular size, metabolism and water solubility.
INumber of “unknown fragments” is 61.54%, which is too high to be acceptable.

Table 7-5: Summary of modelled bioaccumulation data for doxorubicinol,

the major metabolite of doxorubicin
K Test Model and . Value (L/kg
(/day) | organism model basis Endpoint wet weight) Reference
BCFBAF
a . Sub-model 1 BCFBAF
125 Fish BCF 1.1 2008
(linear
regression)
BCFBAF BCFBAF
1252 Fish Sub-model 2 BCF® 3.16 2008
(mass balance)
125° Fish BCFBAF BAF® 1.1 BCFBAF
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Kwm Test Model and Endpoint Value (L/kg Reference
(/day) | organism model basis b wet weight)
Sub-model 3 2008

(Gobas mass
balance)

Abbreviations: BCF, bioconcentration factor; BAF, bioaccumulation factor; ky, metabolic rate constant
& Predicted value exceeds the theoretical whole-body maximum value.
® Results generated using weight, lipid and temperature for a middle trophic level fish.

The BCFBAF (2010) model flagged that the predicted metabolic rate constant
(i.e., 100-125/day for a 10 g fish) exceeds the theoretical whole-body maximum
value, suggesting that doxorubicin and doxorubicinol may be readily metabolized
in fish. In addition, at a log K, of 1.27, the BAF value suggests insignificant
dietary uptake. Metabolism is also less important, as the main loss process is gill
exchange (i.e., BAF = BCF). The model predictions for bioaccumulation were
considered acceptable as an indication of fast metabolism, although there is
some uncertainty (i.e., error would suggest that the ky will not be slow, with
potential for a false negative).

Based on three-dimensional analysis of conformers calculated using the BCFpax
model with mitigating factors (Dimitrov et al. 2005), the maximum diameters
(Dmax) of doxorubicin range from 1.51 to 1.89 nm. This suggests that doxorubicin
may likely experience restricted uptake from steric effects at the gill surface.
Information regarding molecular size and cross-sectional diameters is useful to
consider and is commonly used by international jurisdictions such as the
European Union (ECHA 2008) as weight of evidence for bioaccumulation
potential. Recent investigations relating fish BCF data to molecular size
parameters (Dimitrov et al. 2002, 2005) suggest that the probability of a molecule
crossing cell membranes as a result of passive diffusion declines significantly
with increasing Dmax. The probability of passive diffusion decreases appreciably
when the Dpax is > ~1.5 nm and much more so for molecules having a Dyax Of

> 1.7 nm. Sakuratani et al. (2008) also investigated the effect of cross-sectional
diameter on passive diffusion in a BCF test set of about 1200 new and existing
chemicals. They observed that substances that do not have a very high
bioconcentration potential (BCF < 5000) often have a Dmax 0f > 2.0 nm and an
effective diameter (Des) Of > 1.1 nm. However, as Arnot et al. (2010) noted, there
are uncertainties associated with the thresholds proposed by Dimitrov et al.
(2002, 2005) and Sakuratani et al. (2008), since the BCF studies used to derive
them were not critically evaluated. Arnot et al. (2010) pointed out that molecular
size influences solubility and diffusivity in water and organic phases
(membranes), and larger molecules may have slower uptake rates. However,
these same kinetic constraints apply to diffusive routes of chemical elimination
(i.e., slow in = slow out). Thus, significant bioaccumulation potential may remain
for substances that are subject to slow absorption processes, if they are slowly
biotransformed or slowly eliminated by other processes. However, if the rate of
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gill uptake is sufficiently mitigated by steric hindrance to the point where the rate
of elimination exceeds uptake, bioconcentration will be lowered.

The available evidence indicates that doxorubicin and doxorubicinol are expected
to have low bioaccumulation potential due to their physical and chemical
properties (i.e., high molecular weight, low log Ko and log Doyw), relatively large
cross-sectional diameter, resulting in restricted uptake from steric effects at the
gill surface, and the presence of the MXR efflux mechanism, by which aquatic
organisms can prevent the entry and accumulation of doxorubicin within the cells.
Metabolism-corrected BCF and BAF values are also < 5000, depending on the
rate of metabolism. Therefore, based on the available data and kinetic-based
modelled values corrected for metabolism, doxorubicin and doxorubicinol are not
bioaccumulative

8. Potential to Cause Ecological Harm
8.1 Ecological Effects Assessment

Anthracycline substances, including doxorubicin, are “difficult to model”; the
physical and chemical properties of many of the structural classes of
anthracyclines are not amenable to model prediction because they are
considered “out of the model domain of applicability” (e.g., structural and water
solubility domains) for ecotoxicity models. Therefore, in order to provide the best
possible weight of evidence for assessing the ecological effects of doxorubicin,
only empirical data were considered. In the absence of empirical data for the
metabolite doxorubicinol, modelling data were considered.

8.1.1 Mode of Action

Doxorubicin has the potential to cause cell death in non-human organisms, as it
interferes with the function of deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA) and can act directly on the cell membrane. The cytotoxic effect of
doxorubicin may result from a complex system of multiple modes of action
related to free radical formation secondary to metabolic activation of the
doxorubicin by electron reduction, intercalation of doxorubicin into DNA, induction
of DNA breaks and chromosomal aberrations, and alterations in cell membranes
(Bonnet et al. 2003). Doxorubicin may inhibit protein synthesis and may be active
throughout the cell cycle, including the interphase (HSDB ¢1993-2008).
Doxorubicin can also undergo enzymatic one- and two-electron reduction to the
corresponding semiquinone and dihydroquinone. 7-Deoxyaglycones are formed
enzymatically by one-electron reduction, and the resulting semiquinone free
radical reacts with oxygen to produce the hydroxyl radical in a cascade of
reactions. This radical may lead to cell death by reacting with DNA, RNA, cell
membranes and proteins (HSDB ¢1993-2008).
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8.1.2 Empirical Aquatic Toxicity Data

Zounkova et al. (2007) investigated the toxicity of doxorubicin to green algae,
bacteria, yeast and Daphnia magna. A 96-hour algal (Pseudokirchneriella
subcapitata) growth inhibition test resulted in a no-observed-effect concentration
(NOEC) of 1 mg/L, a lowest-observed-effect concentration (LOEC) of 10 mg/L
and a median effective concentration (ECso) of 13 mg/L. A 16-hour
Pseudomonas putida growth inhibition test resulted in a NOEC of 1 mg/L, a
LOEC of 10 mg/L and an ECsp > 1000 mg/L. A 48-hour Daphnia magna acute
immobilization test resulted in a NOEC of 0.01 mg/L, a LOEC of 0.1 mg/L and an
ECs of 2.0 mg/L.

Poeggeler et al. (2005) administered doxorubicin hydrochloride at a single
concentration of 100 uM (54.3 mg/L) for a period of 24 hours to the rotifer,
Philodina acuticornis odiosa Milne. The concentration of 100 uM was lethal, with
only 1.0 £ 0.5% survival.

Bonnet et al. (2003) assessed the toxicity of doxorubicin to Tetrahymena
pyriformis, a freshwater ciliated protozoan. This ciliate is characterized by a short
generation time—3 hours—enabling effects to be studied over several
generations. Bonnet et al. (2003) assessed population growth impairment and
non-specific esterase activities.®> The median inhibitory concentration (ICso) for
population growth was 44.8 mg/L, with an average ICsy of 43.3 mg/L over a
period corresponding to approximately three generations of the control
population. The ICsq for the effect of doxorubicin on non-specific esterase
activities was 25.9 mg/L.

Belyaeva et al. (2009) described toxicity to zebrafish (Danio rerio) embryos
exposed to doxorubicin. The authors compared normally developing zebrafish
embryos with zebrafish embryos exposed to concentrations of doxorubicin
ranging from 0.08 to 2.0 mg/L. The concentration of 0.08 mg/L caused tail
flexure; 0.11 mg/L caused tail flexure, head and cardiac edema; and 0.2 mg/L
caused tail flexure, strong cardiac and yolk sac edema, and impaired locomotor

% Esterases are ubiquitous enzymes in the cells of living organisms. The test consists of the hydrolysis of
fluorescein diacetate (FDA) and the spectrofluorimetric quantification of the free fluorescein. The non-polar
FDA enters the cell, where it is hydrolyzed by esterases to yield fluorescein, which is retained by the cell.
The degree of fluorescence depends on the physical and metabolic state of the cell and has been
demonstrated to be a reliable indicator of the potential toxicity of a chemical. A decreased fluorescence level
in ciliates exposed to toxic compounds can be explained by a direct inhibition of enzyme activity and/or
indirect inhibition with alterations of the membrane properties (permeability, fluidity).
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activity. The authors also noted that the increase in doxorubicin concentration
was accompanied by an increase in the number of abnormalities in the
developing zebrafish embryos.

Krysanov and Demidova (2012) determined that a doxorubicin concentration of
10 pg/L had no significant effect on the rate of embryo hatching for zebrafish
(Danio rerio). The authors noted that there was no increase in the percentage of
embryos with abnormal development compared with the controls.The aquatic
toxicity studies on doxorubicin are summarized in Table 8-1.

Table 8-1: Summary of empirical aquatic toxicity data from key studies for

doxorubicin
Test organism Type of Endpoint Value Reference
9 test b (mg/L)
Pseudokirchneriella 13 .
subcapitata (green '(Aé%u:]e) ECso Zounl;g\c/)a; etal.
alga) (12-17)
Pseudokirchneriella Acute Zounkova et al
Z}ng;:)apltata (green (96 h) NOEC 1 2007
Pseudokirchneriella .
. Acute Zounkova et al.
ztjgb;:)apltata (green (96 h) LOEC 10 2007
. 2.0% .
Daphnia magna Acute ECeo Zounkova et al.
(water flea) (48 h) (0.52-4.8) 2007
Daphnia magna Zounkova et al.
(water flea) Acute NOEC 0.01 2007
Daphnia magna Acute Zounkova et al.
(water flea) (48 h) LOEC 0.1 2007
Pseudomonas .
outida (soil Acute ECeo > 1000 Zounkova et al.
. (16 h) 2007
bacterium)
Pseudomonas Zounkova et al.
putida (soil bacteria) Acute NOEC 1 2007
Pseudomonas .
outida (oil Acute LOEC 10 Zounkova et al.
. (16 h) 2007
bacterium)
Philodina acuticornis 99% lethality 54.3
) . : Acute . Poeggeler et al.
odiosa Milne (rotifer, (24 h) (single 5005
zooplankton) concentration) | (100 yM)
Danio rerio Acute Embryotoxicity <2 Belyaeva et al.
(zebrafish) (96 h) LCso 2009
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. Type of : Value
Test organism test Endpoint (mg/L) Reference
Chronic
Tetrahyr_neng_ (24 h - ICso _ 44.8 Bonnet et al.
pyriformis (ciliated 3 (population
. 2003
protozoan) generati growth)
ons)
Chronic
Tetrahymena §]24 ICs0 (r!;?”' |
riformis (ciliated ours — specific 25 g Bonnet et al.
Py 3 esterase ' 2003
protozoan) . L
generati activities)
ons)

Abbreviations: ECsg, the concentration of a substance that is estimated to cause some effect on 50% of the
test organisms; ICsp, the inhibiting concentration for a specified percent effect; a point estimate of the
concentration of a test substance that causes a 50% reduction in a quantitative biological measurement,
such as growth rate; LCso, the concentration of a substance that is estimated to be lethal to 50% of the
test organisms; LOEC, lowest-observed-effect concentration, the lowest concentration in a toxicity test
that caused a statistically significant effect in comparison with the controls; NOEC, no-observed-effect
concentration, the highest concentration in a toxicity test not causing a statistically significant effect in
comparison with the controls

Critical value for inherent toxicity to non-human organisms.

The modelled data for doxorubicinol (see Table 8-2) suggest that doxorubicinol is
not expected to cause acute harm to aquatic organisms at low concentrations
(acute LCsps are = 1.0 mg/L).

Table 8-2: Summary of modelled data for aquatic toxicity for the metabolite,
doxorubicinol

Test organism Type of test | Endpoint (\r/naél;f) Reference
Alga Acute (96 h) | ECs 10.5 Ezg‘gte
Ejzf)hnia magna (water Acute (48 h) ECeo 35 EF;IOSOlgte
Fish Acute 96 h) | LCso azae | EOSU

Abbreviations: ECsg, the concentration of a substance that is estimated to cause some effect on 50% of the
test organisms; LCso, the concentration of a substance that is estimated to be lethal to 50% of the test
organisms

Chemical may not be soluble enough to measure this predicted effect.

8.1.3 Other Ecological Effects: Cytotoxicity and Genotoxicity

Fish cell lines from different species and different organs may serve as models
for correlation between in vitro and in vivo tests. Caminada et al. (2006)
investigated the cytotoxicity of doxorubicin by applying two assays widely used
for investigations of cytotoxicity in many fish cell lines. The 3-[4,5-dimethylthiazol-
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2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay is based on the uptake of
thiazolyl blue tetrazolium bromide and its following reduction in the mitochondria
of living cells to MTT formazan, while dead cells are completely negative in this
cleavage activity. The neutral red (NR) assay is based on the uptake and
accumulation of neutral red in the lysosomes of living cells. Damaged cells have
altered uptakes, and dead cells are not able to retain the dye. In this study, the
fish cell lines used were the fish hepatoma cell line (PLHC-1) and the rainbow
trout gonadal cell line (RTG-2). Cytotoxicity for doxorubicin was observed at an
ECs of 1.14 mg/L (0.002 60 mM) in the fish hepatoma cell line for the MTT. In
the rainbow trout gonadal cell line, cytotoxicity was observed at an ECs of 2.56
mg/L (0.004 70 mM) for the MTT assay. The results of this study are summarized
in Table 8-3.

Lehmann et al. (2003) studied the genotoxic effects of doxorubicin using the wing
somatic mutation and recombination assay (SMART) in Drosophila
melanogaster. The SMART assay using D. melanogaster was developed to
detect the loss of heterozygosity of suitable gene markers that have detectable
phenotypes expressed on the wings and can quantitatively determine the
recombinogenic and mutagenic potential of chemical and physical agents. Using
the standard version of the SMART assay, the authors estimated the quantitative
and qualitative genotoxic effects by comparing the wing spot frequencies in
marker and balancer heterozygous recombination, which is the major event
responsible for genetic toxicity. The flies were allowed to lay eggs during an 8-
hour period; 72 hours after the end of the egg-laying stage, larvae were collected
and distributed into containers with 5 mL of test solutions at four different
doxorubicin concentrations: 0 mM, 0.25 mM (135.9 mg/L), 0.5 mM (271.8 mg/L),
1.0 mM (543.5 mg/L) and 2.5 mM (1.36 g/L). The larvae fed on this medium until
the end of their development (chronic feeding). The hatching flies were collected
and stored in 70% ethanol. In the mwhflr® genotype, doxorubicin showed
significant increases (95% recombination) in all spot categories analyzed,
indicating that doxorubicin is capable of damaging the DNA of D. melanogaster.
De Rezende et al. (2011) showed that recombination was the major effect of
doxorubicin on D. melanogaster. Doxorubicin at 0.2 mM (108.7 mg/L) statistically
increased all categories of spots compared with the control with the standard
cross and the high bioactivation cross of D. melanogaster.

Table 8-3: Summary of empirical in vitro cytotoxicity data for doxorubicin

. Type of : Value
Test organism test Endpoint (mg/L) Reference
Fish (Poeciliopsis lucida) 2@;; ECso 114 | Caminadaetal.
hepatoma cell line PLHC-1 y ' (2006)
(24 h) (cell death)

26



Screening Assessment CAS RN 23214-92-8

1.18
Fish (Poeciliopsis lucida) gsR;a ECso Caminada et al.
hepatoma cell line PLHC-1 y (0.002 (2006)
Fish (Oncorhynchus MTT ECso 256 Caminada et al
mykiss) hepatoma cell line | assay (0.004 (2006) '

Abbreviations: ECsg, the concentration of a substance that is estimated to cause some effect on 50% of the
test organisms; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide; NR, neutral red

Fick et al. (2010) calculated the critical environmental concentration (CEC)—that
is, the surface water concentration expected to cause a pharmacological effect in
fish. The CEC is based on literature data on human potencies together with a
predicted BCF in fish based on lipophilicity. Fick et al. (2010) proposed that
CECs could be used as preliminary indicators of a drug’s potential to cause
adverse pharmacological effects at specific concentrations in water. In Fick et al.
(2010), the estimated log Ko was based on the neutral form of the substance.
These values were also used for substances that would be dissociated at
physiological pH valeus. The lowest value for human therapeutic plasma
concentrations (HtPC) were used to get a conservative estimate of the risk.
Theoretical plasma bioconcentration factors (Ppjood:water) Were estimated for each
substance from the following equation: l0g Ppjood:water = 0.73 % log Ko — 0.88, and
the CECs were calculated from the equation: CEC = H{PC/(CR X Ppjood:water) fOr
each pharmaceutical using a concentration ratio of 1. This approach takes both
the estimated potency (as described by the H{PC) and the physical and chemical
properties (as described by the log Koy) of each substance into account. The
calculated CEC for doxorubicin (i.e., the surface water concentration expected to
cause a pharmacological effect in fish) was 2031 ng/L (0.002 031 mg/L).

8.1.4 Derivation of the PNEC

A conservative predicted no-effect concentration (PNEC) was derived from the
critical toxicity value (CTV) as described by the acute ECsg toxicity value of 2
mg/L (as the most valid experimental value from a concentration—response
curve) for Daphnia magna. The CTV (2 mg/L) was divided by an assessment
factor of 500 to account for uncertainties and possible long-term effects resulting
from exposure to reactive compounds, as follows: a factor of 100 was applied to
account for uncertainty related to interspecies and intraspecies variability in
sensitivity, extrapolation from acute to chronic effects and extrapolation from
laboratory conditions to the field. A supplementary factor of 5 was applied to
account for the possible effects related to cytotoxicity. These effects would not be
recorded using standard short-term laboratory tests because these tests are not
designed to observe cellular or gene-level interactions. Possible carcinogenic,
mutagenic or hormonal effects from reactive substances may not be observed in
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the lifetime of the organism, but “molecular initiating events” may commence
quite rapidly upon permeation of the cell by a reactive compound (i.e., a cancer
treatment drug), disrupting cellular processes nonetheless. Therefore, additional
precaution is warranted to account for this non-quantifiable source of uncertainty,
which could result in non-predictable excess toxicity in other species.

Accounting for these uncertainties, the PNEC was calculated to be 0.004 mg/L
8.2 Ecological Exposure Assessment

No data on the concentrations of doxorubicin in water in Canada have been
identified. PECs have been estimated from available information, including
estimated substance quantities, estimated release rates and characteristics of
the receiving environment. PECs have been estimated for an industrial release
scenario and a down-the-drain release scenario, as described in the following
subsections.

8.2.1 Industrial Release

Exposure to doxorubicin is expected if the substance is released during industrial
manufacturing and processing to a wastewater system that discharges its
effluent to a receiving surface water body. The concentration of the substance in
the receiving water near the discharge point of the wastewater system is used as
the PEC in evaluating the aquatic risk of the substance. It can be calculated
using the equation:

PECa = (1000 x Q xL)x (1 -R)/(Nx F x D)

where:

PECaq: Agquatic concentration resulting from industrial releases (

Q: Total substance quantity produced annually at an industrial site (kg/year)

L: Loss to wastewater (fraction)

R: Wastewater treatment plant removal rate (fraction)
N: Number of annual release days (days/year)

F: Wastewater treatment plant effluent flow (m®/day)
D: Receiving water dilution factor (dimensionless)
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As doxorubicin may be manufactured and/or processed by industrial facilities in
Canada (CAREX Canada 2010; DPD 2010) and subsequently may be released
to Canadian surface waters, an aquatic site-specific industrial release scenario
was developed with realistic conservative assumptions. Table 8-4 presents the
inputs used to estimate resulting aquatic concentrations close to a generic
industrial point of discharge, which is assumed to be located in Mississauga, an
area known to have numerous pharmaceutical manufacturing plants. Based on
these assumptions, this scenario yields a PEC of 0.000 002 2 mg/L (Environment
Canada 2011a). This PEC value represents the level of exposure in the receiving
water near the point of discharge from the wastewater treatment system at the
site.

Table 8-4: Summary of input values used for estimating aquatic
concentrations resulting from industrial releases of doxorubicin

Input Value Justification and reference
McLaughlin and Belknap 2008; IMS
2013
Q: Quantity Estimated quantity as prescribed at
31 . :
(kglyear) hospitals and pharmacies across

Canada for the year 2007 as the most
conservative quantity in comparison
with the years 2011 and 2012

L: Loss to

wastewater (%) 0.5 Health Canada (pers. comm.)*
R: Wastewater
system removal 1.9 EPI Suite 2008
efficiency (%)
Assumed to be manufactured or
N: Number of processed in small batches over 1
annual release 21 month, due to the assumption of the
days (days/year) low substance quantity manufactured

or processed per industrial site

Effluent flow of a large wastewater
treatment plant located in Mississauga
(a typical Canadian pharmaceuticals
manufacturing site, assumed to be

F: Wastewater
system effluent 332624
flow (m*/day)

* Technical Support Document for Pharmaceutical Spreadsheets, 2007. Personal communication to
Exposure Unit, Existing Substances, Environment Canada from Environmental Assessment Unit, New
Substances, Health Canada
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Input Value Justification and reference

located in Mississauga)

Environment Canada’s default
assumption for large lakes, the WWTP
in the scenario discharges to Lake
Ontario

D: Receiving water
dilution factor 10
(dimensionless)

8.2.2 Down-the-Drain Releases from Pharmaceutical Use

As doxorubicin is used in pharmaceutical products and can be released to water,
an aquatic exposure scenario resulting from down-the-drain releases from
pharmaceutical use was developed. The scenario estimates the concentration of
doxorubicin in multiple water bodies receiving wastewater treatment system
effluents where pharmaceutical products that contain doxorubicin may have been
released (Environment Canada 2009). This scenario provides estimates for
approximately 1000 release sites across Canada.

Table 8-5 presents a summary of the inputs used to estimate aquatic
concentrations resulting from the use of pharmaceutical products containing
doxorubicin. The approach and equations used to calculate the PECs are
described in Environment Canada (2011b).

The total mass of doxorubicin used in Canada was assumed to be evenly
distributed across the country. Releases may result from the excretion of un-
metabolized or unchanged doxorubicin by patients in feces and urine. Mahnik et
al. (2006, 2007) measured doxorubicin in the Vienna University Hospital (Austria)
wastewater effluent at concentrations ranging from 0.26 to 5 pg/L. Although,
Lenz et al. (2007) calculated that 0.1-0.2% of the administered amount of
doxorubicin would be in the wastewater, the authorsdid not find doxorubicin in a
Vienna (Austria) hospital wastewater effluent above the detection limit of 0.05
Hg/L. The authors suggest that as the presence of suspended solids in the
storage tanks and biomass production could not be inhibited, elimination of
doxorubicin during the storage period may be reason why the substance was not
found above the detection limit. Rowney et al. (2009) suggested that doxorubicin
is excreted, unchanged, in urine at 6-45%. Therefore, the loss to wastewater of
unmetabolized or unchanged doxorubicin was assumed to range between 3.5%
and 45% (Mahnik et al. 2007, Rowney et al. (2009)(see Table 8-5). In addition, in
light of the uncertainty relating to the environmental stability of the major
metabolite of doxorubicin, a conservative environmental concentration value was
also obtained by considering metabolism in the derivation of the PECs.

The number of annual release days was assumed to be 365 to account for the

variable use of the drug throughout the year as well as the variability between
locations (i.e., hospitals where the drug is administered).
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The PECs of doxorubicin in receiving water bodies were estimated to range
between 0.000 001 6 and 0.000 046 mg/L. These PEC values are maximum
estimates for 1000 sites and are based on 10% flows for all watercourses

covered in the scenario.

Table 8-5: Summary of input values used for estimating aquatic
concentrations resulting from use of doxorubicin

Input Value(s) Justification and reference
McLaughlin and Belknap 2008. IMS 2013
Quantity (kg/year) 3l Estimated quantity as sold to hospitals and
pharmacies across Canada for the year
2007 as the most conservative quantity in
comparison with the years 2011 and 2012
1)2 3-5-45% 1. Assumes some uptake or metabolism of
) 100% o
(assumes the su_bstance within human body
(Mahnik et al. 2007; Rowney et al.
no
Loss to metabolis 2009.) -
2. Assumes no metabolism in light of the
wastewater (%) m) . ) .
uncertainty relating to the environmental
stability of doxorubicinol, the major
metabolite of doxorubicin
Variability factor® 2 Default
Wastewater
system removal 1.9 EPIlsuite 2008
efficiency (%)
Number of annual
release days 365 Number of annual release days
(dayslyear)
;?uct%\r/]'?gc\fﬁter 1-10 Environment Canada Existing Substances

(dimensionless)

default assumption

a

The variability factor is used to define the level of variability of the use of a pharmaceutical in the

country. When multiple products are on the same market, one may be used at a different average rate by
inhabitants in one region compared with those in another region. By default, a value of 2 is used as a

realistic worst-case scenario applied to all sites.

31




Screening Assessment CAS RN 23214-92-8

8.3 Characterization of Ecological Risk

The approach taken in this ecological screening assessment was to examine
various supporting information and develop conclusions based on a weight of
evidence approach and using precaution, as required under CEPA 1999. Lines of
evidence considered include results from risk quotient calculations as well as
information on persistence, bioaccumulation, inherent or ecological toxicity,
sources and fate of the substance, and presence and distribution in the
environment.

Doxorubicin can make its way into surface waters through release from
manufacturing or formulation sites and/or release of the un-metabolized
substance or its metabolites in feces or urine from consumers directly using
doxorubicin.

The loss to wastewater of un-metabolized/unchanged doxorubicin was assumed
to range between 3.5% and 45% (Mahnik et al. 2007; Rowney et al. 2009).
Therefore, the use of pharmaceutical products containing doxorubicin may result
in the release of doxorubicin and its major metabolite, doxorubicinol, to the
environment through various waste streams. The available information on the
use of doxorubicin as a pharmaceutical product in Canada indicates a potential
for dispersive release into the Canadian environment. Doxorubicin is expected to
be persistent in water, soil and sediment, but is expected to have a low
bioaccumulation potential. Once released into the environment, doxorubicin may
be found mainly in water and soil. The application of biosolids containing
doxorubicin to agricultural land is a possibility, but it cannot be quantified in the
absence of toxicity data and data on concentrations of doxorubicin in
soil/biosolids in Canada. Therefore, given the potential releases through
prescribed use and industrial manufacture/formulation, this assessment
examined water as the main source of exposure in the ecological environment.

Empirical evidence indicates that doxorubicin can cause harm to aquatic
organisms at moderately low concentrations. Some of the evidence of potential
ecological harm caused by doxorubicin relates to endpoints such as cytotoxicity
(i.e., fish cell lines) and genotoxicity (i.e., fruit flies). These effects are part of the
weight of evidence indicating that doxorubicin has the potential to be hazardous
to organisms. There is uncertainty in how these effects translate to long-term
effects on whole organisms and wildlife populations in the environment. These
effects are part of the weight of evidence considered in the development of the
PNEC, reflected in the increase of the assessment factor to 500. Modelling
results indicate that doxorubicinol, the major metabolite, may not cause harm to
aquatic organisms (acute LCsps are 21.0 mg/L).

A risk quotient analysis, integrating a realistic conservative exposure with toxicity
information, was performed for the aquatic medium to determine whether there is
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potential for ecological harm in Canada. The site-specific industrial scenario
(considering the actual receiving water body) presented above yielded a PEC of
0.000 002 2 mg/L (Environment Canada 2011a). A PNEC was derived from the
ECso of 2.0 mg/L (as the most sensitive valid experimental value) for the aquatic
invertebrate Daphnia magna, by dividing this value by an assessment factor of
500 (to account for interspecies and intraspecies variability in sensitivity, to
estimate a long-term no-effects concentration from a short-term ECso and to
account for its inherent genotoxicity and cytotoxicity), to give a value of 0.004
mg/L. The resulting risk quotient (PEC/PNEC) is 0.0006. Therefore, harm to
aquatic organisms as a result of industrial releases of the substance is unlikely.

The PECs (0.000 001 6 — 0.000 046 mg/L) will not exceed the PNEC (0.004
mg/L) at any site across Canada for exposures resulting from down-the-drain
releases through the consumption of pharmaceutical products that contain
doxorubicin (Environment Canada 2011b). Based on the estimated number of
receiving water bodies that will not be negatively affected by the use of the
substance, coupled with the magnitude of the risk quotient and the more realistic
scenario run, doxorubicin is not expected to cause harm to aquatic organisms
due to down-the-drain releases.

Based on the information available, there is low risk of harm to organisms or the
broader integrity of the environment from this substance. It is therefore concluded
that doxorubicin does not meet the criteria under paragraph 64(a) or 64(b) of
CEPA 1999, as it is not entering the environment in a quantity or concentration or
under conditions that have or may have an immediate or long-term harmful effect
on the environment or its biological diversity or that constitute or may constitute a
danger to the environment on which life depends.

8.4 Uncertainties in Evaluation of Ecological Risk

There is a lack of information on the sources of doxorubicin in the Canadian
environment. Uncertainties are also present due to the lack of information on
manufacturing and use in Canada and the quantity of this substance imported
into Canada. The proportion of doxorubicin manufactured by and released from
each individual industrial facility is unknown. These uncertainties were addressed
by making conservative assumptions using best model estimates. Additionally,
the locations of the release sites are unknown. As such, the quantitative results
provide only a general indication of the magnitude of the potential risk to aquatic
organisms. Uncertainties are also associated with the fraction of the substance
that is released during use and with the fraction that is removed in wastewater
treatment plants. Therefore, it was conservatively assumed that all doxorubicin
used in Canada was manufactured at a single location. Similarly, as the
distribution of the pharmaceutical across Canada is unknown, a variability factor
of 2 was applied to every location in Mega Flush to account for uneven
distribution.
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The assessment of bioaccumulation potential is limited by the absence of
empirical bioaccumulation data. Modelled BAFs and BCFs were derived, and,
although all predictions using models have some degree of error (e.g., low log
Kow and high water solubility) bioaccumulation model results could be interpreted
as a false negative), the metabolism-corrected model outputs also support the
expectation that doxorubicin, given its structural characteristics, has low
bioaccumulation potential.

Regarding ecotoxicity, based on the predicted partitioning behaviour of
doxorubicin, the significance of soil and sediment as important media of
exposure is not well addressed by the available effects data. The application of
biosolids containing doxorubicin to agricultural land is a possibility, but it cannot
be quantified in the absence of toxicity data and data on concentrations of
doxorubicin in soil/biosolids in Canada. In addition, it should be noted that the
partitioning model cannot address the potential for doxorubicin to ionize in the
aquatic environment or the potential for binding to soil components via
electrostatic interactions (cation exchange) or binding to clays that are negatively
surface charged. Thus, the model cannot fully account for the fate distribution of
doxorubicin in the environment.

Regarding the ecotoxicity of doxorubicin, there is uncertainty associated with the
consideration of modelled results in the effects characterization of the substance,
as doxorubicin may not be included in the training sets of the QSAR models.
Anthracycline substances, including doxorubicin, are “difficult to model,” as the
physical and chemical properties of many of the structural classes of
anthracyclines are not amenable to toxicity model prediction. They are
considered “out of the model domain of applicability” (e.g., structural and water
solubility domains). In addition to acute toxicity, some of the evidence of harm for
doxorubicin relates to endpoints such as cytotoxicity (i.e., fish cell lines) and
genotoxicity (i.e., fruit flies). There is uncertainty in how these effects translate to
long-term effects on whole organisms and wildlife populations in the
environment. These effects are part of the weight of evidence that has been
considered in the development of the PNEC, reflected in the increase of the
application factor to 500.

9. Potential to Cause Harm to Human Health

Doxorubicin has been classified as probably carcinogenic to humans (Group 2A)
by the International Agency for Research on Cancer (IARC 1987) and as
reasonably anticipated to be a human carcinogen by the National Toxicology
Program in the United States (NTP 2011).

Drugs containing doxorubicin as an ingredient are assessed under the F&DA
with respect to their safety, effectiveness and quality. This assessment focused
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on uses and exposures that were not covered as part of the F&DA assessment,
specifically the risks posed by the residues resulting from manufacture,
formulation and disposal after use.

As discussed in section 8.2.1, doxorubicin may be manufactured and/or
processed by industrial facilities in Canada and subsequently may be released to
Canadian surface waters. An aquatic site-specific industrial release scenario was
developed with realistic conservative assumptions, which yields a PEC of

0.000 002 2 mg/L (2.2 ng/L)(Environment Canada 2011a). This PEC value
represents the level of exposure in the receiving water near the point of
discharge from the wastewater treatment system at the site.

When patients use pharmaceuticals, some of the drugs may not be absorbed or
metabolized, and even drugs that are metabolized may have active metabolites
or may revert to the parent form in environmental media. This may lead to
excretion of active drug residues into the wastewater system and release of the
wastewater effluent containing these residues into surface water (i.e., lakes,
rivers), and this surface water has the potential to be used as drinking water.
Additionally, the drug may be released to wastewater during the manufacturing
process or via incorrect disposal of the excess pharmaceutical. Therefore, a
focus of this assessment is on the potential for indirect exposure of humans to
these pharmaceuticals through drinking water.

Only a portion of the pharmaceutical used in Canada would be released into the
wastewater system. Metabolism results in a smaller portion of the pharmaceutical
being excreted by the patient in the urine and/or feces. This amount can be
further reduced as a result of wastewater treatment, environmental
biodegradation and/or drinking water treatment prior to consumption. The
concentration in the water source is also significantly reduced via dilution as the
waste is released into waterways.

For this assessment, conservative assumptions were used when estimating the
potential indirect exposure of the general population to doxorubicin. Releases to
surface water were modelled using a down-the-drain release from
pharmaceutical use scenario, as described above. For the purposes of
modelling, it was assumed that 100% of the pharmaceutical that was prescribed
was excreted and released into wastewater. It was also assumed that only 1.9%
of the doxorubicin was removed during wastewater treatment.

This scenario estimates concentrations in approximately 1000 waterways across
Canada. The highest values estimated by this scenario are typically in small
waterways with low dilution capacity, which are unlikely to be sources of drinking
water. As a result, this scenario would be expected to highly overestimate actual
concentrations in drinking water. The maximum PEC estimated was 0.000 046
mg/L (46 ng/L).
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Limited measured concentration data for doxorubicin were identified. Smyth and
Teslic (2013) analyzed influent and effluent samples from six wastewater
treatment plants across Canada for doxorubicin. Doxorubicin was not detected in
any of the samples of influent or effluent, with detection limits ranging from 37.9
to 303 ng/L. As this substance was not detected even at the lowest reporting
limit, this value (37.9 ng/L) is considered to be a conservative proxy for actual
concentrations. It is recognized that this concentration would not be expected to
be found in drinking water, as it would be further reduced via dilution after the
effluent was released to surface water and possibly reduced during the drinking
water treatment process prior to consumption. However, this value can be used
as an upper-bounding estimate of exposure of Canadians.

The estimated intakes of doxorubicin by humans can be represented by formula-
fed infants 0—6 months of age, which is estimated to be the most highly exposed
age class, on a body weight basis, of those examined. The equation for deriving
the estimated intake is given below:

Intake = (PEC % IR) / bw
where:

Intake: Estimated intake of the substance from drinking water (mg/kg bw
per day)

PEC: Predicted environmental concentration in receiving water from
modelled or measured data (mg/L)

IR: Ingestion rate of drinking water for formula-fed infants: 0.8 L/day
(Health Canada 1998)

bw:  Default body weight for infants 0—6 months of age: 7.5 kg (Health
Canada 1998)

The maximum estimated intake for doxorubicin based on a modelled
concentration of 46 ng/L is 5 ng/kg bw per day. The maximum intake based on
samples of wastewater influent and effluent in which doxorubicin was not
detected based on a detection limit of 37.9 ng/L is 4 ng/kg bw per day. It is
expected that these are conservative upper-bounding estimates of possible
exposure and that actual exposures would be significantly lower. Given the low
levels of estimated exposure, the potential risk associated with indirect exposure
to doxorubicin is expected to be low.
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To further characterize potential risks associated with the intake of doxorubicin
via drinking water, the lowest therapeutic dose (LTD) for doxorubicin was
identified, and a margin of exposure (MOE) was calculated to determine the ratio
between the upper-bounding estimate of intake by the general population and the
dose that would be expected to produce a pharmacological effect. This approach
is consistent with methodology described elsewhere (Webb et al. 2003; Schwab
et al. 2005; Watts et al. 2007; Bull et al. 2011; WHO 2011). The LTD is the lowest
concentration that evokes a desired therapeutic effect among target populations
and is equivalent to the lowest dose prescribed or recommended, taking into
account the number of doses per day (WHO 2011). These values are derived
from an assessment of the balance between safety and efficacy.

The products registered for use in Canada are only for intravenous administration
(DPD 2010). Dosage information indicates a recommended dose of 20-75
mg/m? per day (Hospira Healthcare Corporation 2008; Novopharm Limited 2008;
Pfizer Canada Inc. 2010; Janssen Inc. 2011). Using an adult body weight of

70.9 kg (Health Canada 1998) and a body surface area of 1.82 m? for an adult
(Health Canada 1995), the LTD of 20 mg/m? is equivalent to a dose of 0.5 mg/kg
bw per day.

MOEs were derived using the equation below:
MOE = LTD/Intake
where:
MOE: Margin of exposure (dimensionless)
LTD: Lowest therapeutic dose (mg/kg bw per day)

Intake: Maximum estimated intake for drinking water derived from
modelled or measured concentrations (mg/kg bw per day)

For doxorubicin, using the intake based on the reporting limit of samples of
wastewater influent and effluent in which doxorubicin was not detected results in
an MOE of 125 000. The MOE using the maximum modelled PEC would be 100
000. Given the very highly conservative nature of the exposure inputs and the
use of human data to derive a point of departure for risk characterization, these
MOEs support the determination that risks from indirect exposure to doxorubicin
are low.

Based on the available information, it is concluded that doxorubicin does not
meet the criteria set out in paragraph 64(c) of CEPA 1999, as it is not entering
the environment in a quantity or concentration or under conditions that constitute
or may constitute a danger in Canada to human life or health.
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9.1 Uncertainties in Evaluation of Risk to Human Health

There is uncertainty regarding the estimation of exposure due to the lack of
representative Canadian surface water or drinking water data and the use of
models for estimating risk to human health. However, confidence is high that
actual exposures would be lower than the ones used from both the models and
the concentrations in influent and effluent. This is supported by the data available
from other countries and the highly conservative default assumptions used. The
uncertainty in the human risk estimates could be reduced significantly by the use
of measured doxorubicin concentrations in Canadian surface water and/or
drinking water.

Potential exposures to doxorubicin could occur via other sources, such as
ingestion of fish or swimming in waters where the pharmaceutical is present, but
these exposures are expected to be much less than the exposure through
drinking water and so are not considered in this assessment.

Doxorubicin may also be used for additional off-label or veterinary uses that are
not considered in this assessment. The quantity of the substance being used for
these purposes is unknown, and so estimation of releases is not possible at this
time. These potential releases may be accounted for in the measured
concentrations.

It is recognized that the LTD represents an exposure level at which a desired
pharmacological response is achieved and further that at this exposure level,
adverse effects, in addition to intended effects, may occur in some patients. For
certain indications and certain classes of drugs, the nature of these unintended
effects may be significant. However, the LTD is developed for patients who
require treatment for a particular illness and therefore are likely to be more
susceptible to potential effects than a healthy individual. Although the use of the
LTD provides a tier 1 type of assessment that does not utilize all the toxicity data
that may be available for each substance, the highly conservative exposure
defaults that have been used lead to significant margins between the LTD and
the estimated intakes. The LTD also allows for derivation of an MOE based on a
human dose as the point of departure, which is preferable to using a point of
departure developed using experimental animals.

10. Conclusion

Considering all available lines of evidence presented in this screening
assessment, there is low risk of harm to organisms and the broader integrity of
the environment from doxorubicin. It is concluded that doxorubicin does not meet
the criteria under paragraph 64(a) or 64(b) of CEPA 1999, as it is not entering the
environment in a quantity or concentration or under conditions that have or may
have an immediate or long-term harmful effect on the environment or its
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biological diversity or that constitute or may constitute a danger to the
environment on which life depends.

Based on the information presented in this screening assessment, it is concluded
that doxorubicin does not meet the criteria set out in paragraph 64(c) of CEPA
1999, as it is not entering the environment in a quantity or concentration or under
conditions that constitute or may constitute a danger in Canada to human life or
health.

It is concluded that this substance does not meet any of the criteria set out in
section 64 of CEPA 1999.
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