
lable at ScienceDirect

Environmental Pollution 242 (2018) 1998e2004
Contents lists avai
Environmental Pollution

journal homepage: www.elsevier .com/locate/envpol
Preliminary test on the distribution, hydrolyzation and excretion of
aluminum dialkyl phosphinate flame retardants in rats*

Yumin Niu a, b, Yong Liang c, *, Lisha Li d, Yuchen Liu e, Jiyan Liu f, Jingfu Liu a

a State Key Laboratory of Environmental Chemistry and Ecotoxicology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences,
Beijing, 100085, China
b Beijing Key Laboratory of Diagnostic and Traceability Technologies for Food Poisoning, Beijing Center for Disease Prevention and Control, Beijing, 100013,
China
c Institute of Environment and Health, Jianghan University, Wuhan, 430056, China
d College of Resources and Environment, Huazhong Agricultural University, Wuhan, 430070, China
e School of Medicine, Jianghan University, Wuhan, 430056, China
f Key Laboratory of Optoelectronic Chemical Materials and Devices of Ministry of Education, Jianghan University, Wuhan, 430056, China
a r t i c l e i n f o

Article history:
Received 7 May 2018
Received in revised form
9 July 2018
Accepted 10 July 2018
Available online 27 July 2018

Keywords:
Aluminum methylcyclohexyl phosphinic
Distribution
Excretion
Hydrolysis
* This paper has been recommended for acceptanc
* Corresponding author.

E-mail address: ly76@263.net (Y. Liang).

https://doi.org/10.1016/j.envpol.2018.07.040
0269-7491/© 2018 Published by Elsevier Ltd.
a b s t r a c t

Aluminum dialkyl phosphinates (ADPs) are a promising class of chemicals offering superior flame
retardance. However, knowledge on their behavior in vivo is scarce. Hydrolysis has been suggested as one
of the major routes of environmental degradation of ADPs. Herein, aluminum methylcyclohexyl phos-
phinic (AMHP), a kind of ADPs with industrial production in China, and its hydrolysate methyl cyclohexyl
phosphinic acid (MHPA) were continuously exposed to Sprague Dawley (SD) rats for 28 days in this
study. The same ratio of MHPA in organs to serum and the same daily excretion of MHPA were observed
for AMHP exposure group and MHPA exposure group, suggesting the hydrolysis of AMHP in vivo. The
hydrolysis of AMHP to MHPA was further confirmed by in vitro simulated human gastric intestinal juice.
Therefore, both AMHP and MHPA distributed in liver, kidney and even brain in the form of MHPA. More
than 80% of AMHP and MHPA could be excreted by feces and urine. Feces are the main route of excretion
of AMHP and MHPA. The denseness of the inflammatory cell in the hepatic portal area and biochemical
indexes showed the obvious dose-effect relationship. However, the toxicity of AMHP and MHPA was
quite low even with exposure level up to 100mg/kg dw/day. The low cumulative ability and mild toxicity
indicated AMHP as a promising substitute for brominated flame retardant.

© 2018 Published by Elsevier Ltd.
1. Introduction

Flame retardants are chemicals used in thermoplastics, ther-
mosets, textiles, and coatings for inhibition or resistance of the
spread of fire(Van der Veen and de Boer, 2012). In 2008 the total
production for flame retardants in the United States (US), Europe
and Asia was about 1.8 billion metric tons, and brominated flame
retardants (BFRs) accounted for about 23% of the world market
(Fink et al., 2008). However, concerns about the persistence, bio-
accumulation, and toxicity (PBT) of some BFRs have led to more
restriction on the production and use by European Union (EU) and
voluntary phase out in the US.(Fonnum and Mariussen, 2009;
e by Dr. Chen Da.
Meerts et al., 2001; Schecter et al., 2005; Schreiber et al., 2010; Van
der Veen and de Boer, 2012) Therefore, alternatives for BFRs have
been urged (M€oller et al., 2012; Van den Eede et al., 2012).
Aluminum dialkyl phosphinates (ADPs, aluminum salts of phos-
phinic acid having alkyl and/or aryl substitutes) are one class of the
most promising flame retardants with superior characteristics, like
strong flame retardant activity of its own and the synergism to
combine with some nitrogen-containing organic substances. ADPs
have the potential to be a class of promising flame retardants in the
electricity and electronics industry as the excellent heat stability,
improved mechanical and electrical property, and low smoke dur-
ing combustion of ADP-containing composites (Schmitt, 2007).
Although no information is available on the production volumes,
ADPs with levels up to 4628.0 mg/kg have been detected in soil and
sediment samples around a manufacturing plant in our previous
study (Niu et al., 2014). More importantly, we found that once
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released into the environment, ADPs are likely to hydrolyze and
coexist with their hydrolysates (dialkyl phosphinate acids,
DPAs).(Niu et al., 2014).

There is very little literature on the toxicity of ADPs and DPAs.
According to the basic toxicological investigations conducted by the
National Industrial Chemicals Notification and Assessment Scheme
(NICNAS), Australia, aluminum salts of diethyl phosphinic (ADEP)
showed low toxicity to rats and aquatic organism.(Scheme), 2005)
However, the toxicity of ADEP increased with exposure time. It was
observed that ADEP could affect the sublethal life cycle parameters
of daphnid for chronic exposure, such as cumulative reproductive
output and population growth rate. Therefore, a low toxicity upon
acute exposure changed to a moderate toxic potential after chronic
exposure (Waaijers et al., 2013). We also found ADPs has mild
toxicity in male BALB/c mice (Bao et al., 2017). However, ADPs are
easily hydrolyzed to DPAs once dissolved in water (Niu et al., 2014),
whichwould increase the distribution, excretion and bioavailability
of ADPs. Therefore, it is important to find out whether the hydro-
lysis of ADPs occurred in living animals, as well as the contribution
of ADPs alone or their dissociation products to ADPs-caused
toxicity.

In the current study, Sprague-Dawley (SD) rats were continually
exposed to aluminum methylcyclohexyl phosphinic (AMHP), a
representative ADPs product in China or its hydrolysate methyl
cyclohexyl phosphinic acid (MHPA) for 28 days. The purpose of this
work is to (1) calculate the absorption and excretion ratios of AMHP
and its hydrolysate; (2) characterize the tissue distribution of
AMHP and its hydrolysate in dosed rats; and (3) clarify the hy-
drolysis of AMHP in vivo.

2. Material and methods

2.1. Chemicals

AMHP with purity >95% was provided by Jianghan University
(Hubei province, China). MHPAwith purity >90% were synthesized
from AMHP as described in our previous work (Niu et al., 2014).
Ultrapure water was obtained from a Milli-Q ultra-pure water
system (Millipore, Bedford, MA, USA). HPLC grade methanol and
acetonitrile were supplied by Fisher Scientific (Fair Lawn, NJ, USA).
Formic acid (99% purity) was fromAcros Organics (Morris Plains, NJ,
USA). Ammonium hydroxide (NH3$H2O, 15M), NaCl, NaOH and
KH2PO4 were from Sinopharm Chemical Reagent Co. (Beijing,
China). Pepsin with declared activities of 1:3000 U/g and trypsin
with declared activities of 1:250 U/g were purchased from Amresco
(Solon, OH, USA).

2.2. Animal exposure experiments

Four-week-old male SD rats were purchased from Hubei
Research Center of Laboratory Animal. All the rats were conven-
tionally housed at adequate temperature (22e24 �C) and humidity
(40e60%) with 12:12 h light/dark photo cycles and free access to
food and purified water. All the rats were domesticated at meta-
bolism cages for 7 days before exposure experiment. Animals were
raised and employed in accordance with the guiding principles of
the ethics committee of Jianghan University on animal welfare.

All rats were randomly divided into two batches. Each batchwas
then divided into three groups with five rats per group. The first
batch included one corn oil control group, and two experimental
groups received 10mg/kg bw/day of AMHP and 100mg/kg bw/day
of AMHP, respectively. The second batch included one normal sa-
line (NS) control group, and two experimental groups received
10mg/kg bw/day of MHPA and 100mg/kg bw/day of MHPA,
respectively. The treatment was performed through oral-gavage
every morning for 28 days continuously. Cumulative consump-
tion for each rat was the sum of daily consumption. Urine and feces
were collected in the morning of day 1, 2, 3, 4, 5, 6, 7, 10, 14, 21 and
28 for later analysis (froze at �20 �C). The volume of each stock
solution of chemical used in gavage was adjusted every day ac-
cording to rat body weight. Body weight, feed consumptions and
excretion amount of feces/urine of each rat were recorded every
day during the exposure. Rats were sacrificed by decapitation after
overnight fasting. Trunk blood was extracted from the carotid ar-
tery and centrifuged at 4000 r/min for 10min after 2 h incubation
at room temperature, and serum was kept frozen (�80 �C) until
further assay. Heart, liver, spleen, lung, kidney, thymus, and testis
were collected and weighed immediately, and kept for further
measurement at �80 �C.

2.3. Animal preparation for histology and biochemical index
analysis

Liver, kidney and testicle were sampled for histological exami-
nation. The tissues were fixed in paraformaldehyde solution (4%,w/
v) for 24 h, dehydrated using an ethanol gradient, embedded into
paraffinwax, and sectioned at 3 mm. The sections were stained with
hematoxylin and eosin (H&E) and examined under a light-
microscope (Olympus BX41, Tokyo, Japan).

An Abbott Aeroset automated instrument analyzer (Abbott Di-
agnostics, Abbott Park, Chicago, IL, USA) was employed to measure
biochemical indexes such as alanine transaminase (ALT), albumin
(ALB), blood urea nitrogen (BUN), serum glucose (GLU), triglyceride
(TG), cholesterol (CHOL), high-density lipoprotein cholesterol
(HDL-CHOL), and low-density lipoprotein cholesterol (LDL-CHOL)
in serum.

2.4. Sample extraction and analysis

Liver, kidney, brain and feces were homogenized, freeze-dried,
and ground into fine powders. Aliquots of 100mg of samples
wereweighed into a 1.5mL polypropylene centrifuge tube. Aliquots
of 100 mL of urine and serum samples were transferred into a 1.5mL
centrifuge tube. As reported in our previous study (Niu et al., 2014),
once dissolved, AMHP could be hydrolyzed to MHPA. However, we
did not find an appropriate solvent that could extract MHPA with
little AMHP hydrolyzed in the studied biological matrix. Therefore,
one milliliter NH3-water-methanol (20:10:70, v/v/v) was added to
hydrolyze AMHP to MHPA, and to extract both AMHP and MHPA in
the form of MHPA. The method determined both AMHP and MHPA
in the form of MHPA. After vortex-mixed for 1min, the mixtures
were then sonicated for 30min and centrifuged at 10,000 r/min for
10min at 4 �C. The supernatants were purified with HLB cartridges
(60mg, 3 cc, Waters, Milford, MA, USA), with 4mL of 15mM
NH3$H2O washing the cartridges. Both the loading and washing
solutions eluted from the HLB cartridges were subjected to the
MAX cartridges (60mg, 3 cc, Waters, Milford, MA, USA) precondi-
tioned sequentially with 6mL of methanol and 6mL of water. Then
theMAX cartridges werewashedwith 1mL of 15mMNH3$H2O and
1mL of methanol successively. Analytes were eluted using meth-
anol with 2% formic acid. The eluents were evaporated to complete
dryness by a gentle stream of nitrogen under 40 �C and finallymade
up to 1.0mL with 30mM NH3$H2O for analysis.

MHPA analysis was accomplished by ultra-high performance
liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
with a Waters Acquity UPLC system (Waters, Milford, MA, USA)
equipped with an electrospray ionization tandem MS (TSQ Quan-
tum Access, Thermo Fisher Scientific, San Jose, CA, USA). A detailed
description of instrument parameters was provided in our previous
study (Niu et al., 2014).
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2.5. Quality assurance and quality control

The analytical methodwas evaluated by the linear range, limit of
quantification (LOQ), limit of detection (LOD), matrix effects, re-
coveries and precisions according to Commission Decision (2002)/
657/EC. As the current analytical method could not differentiate
AMHP and MHPA, MHPA concentrationwas given in this study. The
linearity was conducted by the matrix-matched standard curves
plotted by using standard spiked in extracts of blank samples
before UPLC-MS/MS analysis. The correlation coefficients (r2) were
all above 0.99 in the ranging 19e1900 mg/kg for MHPA (see Sup-
porting Information Table S1). The LOQ and LOD represented the
spiked concentration that can yield a signal-to-noise ratio (S/N) of
10 and 3. The LOQs were 19 mg/kg and the LODs were 5.7 mg/kg (see
Supporting Information Table S1). Recoveries and precisions were
determined by analyzing samples spiked at three levels in six
replicates. The mean recoveries were ranged from 76.4% to 111.8%
with RSDs no more than 19%. The matrix effect was evaluated by
the ratio between the slope of the matrix-matched standard curve
and the slope of standard solution curve which was subtracted and
multiplied by 100. The matrix-matched standard curve was pre-
pared by using the standards spiked in blank samples after pre-
treatment. The matrix effects of MHPA were �5.4% to 27.8% (see
Supporting Information Table S1), which were acceptable for the
analysis.

2.6. In vitro test

One liter of simulated gastric juice with pH 1.2, containing 2 g of
NaCl, 3.2 g of pepsin and 7mL of HCl was prepared according to the
U. S. Pharmacopeia.(The United States Pharmacopeia, 2015) The
simulated intestinal fluid was prepared by dissolving 6.8 g of
KH2PO4 in 250mL of water, and then adding 77mL of 0.2mol/L
NaOH and 500mL of water. Aliquot of 10.0 g trypsin was added and
then the resulting solution was adjusting with NaOH and HCl to a
pH of 6.8 and finally diluted to 1 L.(United States Pharmacopeia)
The simulated gastric juice and intestinal fluid were incubated at
37 �C for 2 h before use. Into the 10mL of simulated gastric juice
and intestinal fluid were added 100mg of AMHP, respectively, and
the mixtures were incubated for 24 h at 37 �C in a shaking water
bath. The incubated samples were then centrifuged at 10,000 rpm
for 10min and then filtered through a 0.22 mm filter. Because of the
high concentration of the inorganic salts in solutions, LC-MS was
not appropriate for the direct determination of hydrolysate of
AMHP in simulated gastric juice and intestinal fluid. Thus, ion
chromatography (IC) with conductivity detection was employed
here to determine the hydrolyzed AMHP, which present at a rela-
tively high concentration in the studied solutions. The employed IC
system is the Dionex ICS-3000 IC Regent-Free™ Ion Chromatog-
raphy (Dionex, Sunnyvale, CA), which consists of an autosampler
(AS), a dual pump unit (DP), an eluent generator unit (EG) and a
column and detector compartment (DC). The separations were
performed using a 4mm� 250mm IonPac® AS11-HC weak anion-
exchange analytical column and its corresponding guard column,
AG11-HC (4mm� 50mm), with a flow rate of 1.0mL/min at a
temperature of 30 �C. A 30mM KOH eluant was generated by the
EG under isocratic conditions. Eluent suppression was achieved
using an ASRS ULTRA II (4mm) suppressor with 75mA current. The
injection volume was set at 25 mL.

2.7. Data analysis

Total intake amount of MHPA for MHPA exposure group for each
rat was calculated by adding the daily intake amount of MHPA,
whereas daily intake amount of MHPA (mg) was calculated by
multiplying the exposure concentration (mg/kg dw) and theweight
(kg) of each rat. For AMHP exposure group, a factor of 0.947 should
be used. The amounts detected in liver, kidney, brain and serum
were obtained by multiplying the corresponding detected con-
centration and theweight of the organs. Theweights of serumwere
estimated by the blood volume were 6 mL/100 g weight of rats and
0.3mL serum could get from 1mL blood. The amount detected in
urine and feces were the sum of daily excretion masses of MHPA,
which were calculated based on the measured concentrations of
MHPA in urine/feces multiplied by the recorded fecal/urinary pro-
duction. Then, divided the total intake amount by the corre-
sponding organ or excretion amount, we get the partition ratio of
MHPA in vivo and in vitro. Daily feces/urine excretion ratios of total
MHPA were calculated as the proportion of detected daily fecal/
urine excretion masses (mg) in the daily intake of total MHPA (mg).

Ratios of AMHP/MHPA in different tissue to serum were calcu-
lated by dividing the concentrations of MHPA in tissues (liver and
kidney) by the corresponding concentrations in serum. Similarly,
ratios in the liver to kidney were obtained by a portion of con-
centrations of MHPA in liver and kidney. The degree of blood-brain
barrier (BBB) penetration was defined as the ratio of the concen-
tration of MHPA in the brain and in the blood (Remko and
Kov�a�cikov�a, 2011).

The total MHPA contents and the ratios in different exposure
groups were compared using one-way analysis of variance
(ANOVA) test (p< 0.05) after F-test of the equality of variances
using SPSS Statistical Analysis Software (ver. 16.0; SPSS Inc., Chi-
cago, IL).

3. Results and discussion

3.1. Organ burdens after oral administration

Liver, kidney and brain were selected for comparing the distri-
bution of MHPA in exposed rats. Liver and kidney were selected as
target organs as liver is the main detoxification organ and kidney is
the main metabolic organs, in which organic pollutants preferred
accumulated (DeLeve and Kaplowitz, 1995; Filipovi�c and Raspor,
2003; Shiogiri et al., 2012). In addition, brain was also selected as
the structure of MHPA was similar to organophosphorus com-
pounds, which might exert cholinergic toxicity by the phosphory-
lation of acetylcholinesterase.(Van der Veen and de Boer, 2012).

The concentrations of MHPA in the studied organs were shown
in Fig. 1. The concentrations of MHPA in organs and serum of the
control animals were below the LOD.MHPA burdens in organswere
dose-dependent. For the 10mg/kg bw/day exposure groups, MHPA
concentrations in serum, liver and kidney were 25.2e60.5 mg/L,
210.1e507.4 mg/kg and 335.5e633.7 mg/kg, respectively for the
exposure groups treated with AMHP. Higher MHPA burdens were
observed when treated with 100mg/kg dw/day AMHP. The con-
centrations in serum, liver and kidney were 651.8e930.9 mg/L,
5404.1e8485.0 mg/kg and 8566.8e13468.4 mg/kg, respectively.
Similar results were observed in the groups treated byMHPA. Since
the exposure level of AMHP and MHPA were the same and the
amounts of AMHP or MHPA in vivo were both determined as the
form of MHPA, the exposure levels of rats treated with MHPA were
higher than that treated with AMHP. Therefore, the MHPA burden
in vivo in groups treated by MHPA was higher than the corre-
sponding exposure levels treated with AMHP (p< 0.05, Fig. 1A and
B and C) for both 10mg/kg dw/day and 100mg/kg bw/day exposure
groups. Moreover, no significant differences were found between
the MHPA burden in the liver and that in the kidney in all treated
groups, and the concentrations in liver and kidney were much
higher than that observed in serum, suggesting that liver and kid-
ney were both accumulation organs for MHPA. It should be
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mentioned that not all the five rats’ brains contained MHPA. The
detection rates of MHPA were 2/5 and 4/5, respectively, in AMHP
and MHPA exposure group with 10mg/kg bw/day dose. However,
MHPA was detected in all the brain samples with 100mg/kg bw/
day exposure groups, with concentrations ranging from 52.9 mg/kg
to 88.3 mg/kg. The results indicated that MHPA has the potential of
penetrating the BBB. Further study showed that the degrees of BBB
penetrationwere ranging from 0.04 to 0.10, demonstrating the poor
penetration of MHPA into the brain (Clark, 1999). The poor pene-
tration ability could be attributed to the relatively high hydrophily
of MHPA (logKow 1.01).(Shi and Liu, 2017).

3.2. Evaluation of the excretion

MHPA concentrations in urine and feces were also shown in
Fig. 1E and F. The concentrations of MHPA in urine were more than
two orders of magnitude higher than that in liver and kidney,
whereas the concentrations in feces were more than one order of
magnitude higher than that in urine in the same exposure group.
There was no difference between the concentrations of MHPA in
urine between the AMHP exposure group and MHPA exposure
group for both low and high exposure groups. For the 10mg/kg bw/
day exposure groups, there was still no difference in the concen-
trations of MHPA in feces between the AMHP exposure group and
MHPA exposure group. However, the concentrations in feces for the
AMHP exposure group were higher than the MHPA exposure group
for the 100mg/kg dw/day exposure groups. The results could be
explained by the poor solubility of AMHP. AMHP is more prone to
excrete through the intestines via feces, especially for the high
exposure dose. This could also explain the observed higher con-
centrations in vivo for MHPA exposure groups.

3.3. Partition ratio of MHPA between in vivo and excretion

The partition ratio of MHPA in liver, kidney, brain, serum, urine
and feces were shown in Table 1. The MHPA levels in vivo (including
Fig. 1. Concentrations of MHPA in rat serum (A), liver (B), kidney (C), brain (D), urine (E) a
centrations in the control animals were below the LOD. Statistically significant differences
liver, kidney, brain and serum) were quite low (no more than
0.01%). Most of MHPA was excreted by urine and feces (more than
80%). The elimination of MHPA via feces ranged from 57.82% to
65.24%, and to a much lesser extent via the urine (22.49%e25.00%).
These data suggested that the MHPA were hard to enrich in vivo.
The results can further illustrate the low toxicity of AMHP and
MHPA. Fecal excretion was the major route of elimination, and
urinary excretion was the secondary route. However, as shown in
Table 1, the total percentage of MHPA in organs and excretions only
accounted for 80e88% of the total intakes. The discrepancy could be
attributed to the undetected organs (such as spleen et al.) and body
fluid (such as bile) and undetected feces in intestines.

3.4. Hydrolysis of AMHP

If AMHP existed in the prototype form in vivo, the distribution
ratio of MHPA in vivo would be different because of their different
solubility. We calculated the partition ratio of MHPA in different
organs to that in serum. The data were shown in Fig. 2. The ratio
between concentrations of MHPA in liver and in serum was
8.0± 0.34 and 9.7± 1.27, respectively, for AMHP exposure group
andMHPA exposure group for the 10mg/kg bw/day exposure dose;
while the ratio was 9.1± 1.44 and 9.0± 1.64 for the 100mg/kg bw/
day exposure dose. There was no difference between the AMHP
exposure group and MHPA exposure group for the same exposure
dose, and there was no difference between low and high exposure
dose. Similar results were found in the concentration ratio of MHPA
in kidney to serum, and the ratio of MHPA in liver to kidney. The
same distribution ratio of AMHP and MHPA demonstrated the hy-
drolysis of AMHP in vivo.

Furthermore, daily excretion rates (expressed as percentages of
the administered dose) of AMHP/MHPAwere further calculated and
shown in Fig. 3. The daily excretion rates of MHPA in urine were
19.6e30.4% for AMHP exposure group and 21.1e28.1% for MHPA,
respectively, for 10mg/kg bw/day exposure groups; and
20.3e26.9% and 20.6e28.2% for the 100mg/kg bw/day exposure
nd feces (F) after 28 days oral administration of AMHP and MHPA, respectively. Con-
(p < 0.05, *) between the groups are used. Data are the mean ± SD, n¼ 5 per group.



Table 1
Percentage of MHPA amount in organs and excretions account for the total intake of MHPA (%).

Exposure group AMHP MHPA

10mg/kg bw/day 100mg/kg bw/day 10mg/kg bw/day 100mg/kg bw/day

In vivo Serum 1.4 e�3 3.2 e�3 2.7 e�3 4.5 e�3

Liver 6.1 e�4 1.8 e�3 1.2 e�3 1.9 e�3

Kidney 2.4 e�4 5.7 e�4 4.8 e�4 7.3 e�4

Brain 2.2 e�6 4.8 e�6 4.6 e�6 6.1 e�6

Sum 2.2 e�3 5.6 e�3 4.4 e�3 7.1 e�3

In vitro Urine 22 23 25 23
Feces 58 65 62 59
Sum 80 88 87 82

Total 80 88 87 82

Fig. 2. Ratio of MHPA in liver to serum (A), kideny to serum (B) and liver to kidney (C), respectively. Statistically significant differences (p < 0.05) between the groups are used. Data
are the mean± SD, n¼ 5 per group.
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groups. There was no difference between the AMHP exposure
group and MHPA exposure group for both low and high exposure
doses. Similarly, therewas also no difference in the excretion rate in
feces between the AMHP and MHPA exposure groups for low
exposure dose. The excretion rate was 60.0e77.1% for AMHP and
59.1e74.5% for MHPA, for the daily dose of 10mg/kg dw/day
exposure groups. However, the excretion rate was 67.8e77.2% for
AMHP, which was higher than the excretion rate 54.6e63.8% for
MHPA, for the daily dose of 100mg/kg bw/day exposure groups.
These results were consistent with the observed higher concen-
trations in feces for AMHP exposure groups with 100mg/kg bw/day
oral administration. However, the similar excretion rates in urine
Fig. 3. Urinary excretion rate, fecal excretion rate and total excretion rate of MHPA for AM
100mg/kg bw/day (B). Data are the mean ± SD, n¼ 5 per group.
and in feces with 10mg/kg bw/day exposure groups showed that
AMHP and MHPA had the same excretion routes, which also
demonstrated the hydrolysis of AMHP in vivo.

In addition, the hydrolyzation of AMHP to MHPA could also be
proved by in vitro study. After incubated at 37 �C for 24 h, 1.9%,
46.6% and 42.5% AMHP were hydrolyzed to MHPA in pure water,
simulated gastric juice and intestinal fluid, respectively. The result
suggested that after uptake to the rat, nearly all of AMHP were
hydrolyzed to MHPA in intestines and stomach. In the previous
study,10 we have demonstrated that AMHP exhibited a U-shaped
pH solubility profile, with minimum solubility at the pure water,
which is close to neutral. Therefore, a significant increase in
HP exposure and MHPA exposure with oral administration 10mg/kg bw/day (A) and



Fig. 4. Histopathological sections of SD rat liver after 28 days AMHP and MHPA exposure. A, liver of AMHP control, presents normal; B, liver of 10mg/kg bw/day AMHP exposure
group; C, liver of 100mg/kg bw/day AMHP exposure group; D, liver of MHPA control, present normal; E, liver of 10mg/kg bw/day MHPA exposure group; F, liver of 100mg/kg bw/
day MHPA exposure group. Triangles indicate inflammatory cell infiltration. The scales in the figures represent 100 mm.
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solubility was obtained in gastric juice with pH 1.2. For the high
solubility of AMHP in intestinal fluid, one possible reason is that
aluminum could be complexed by H2PO4

�, with a total stability
constant logb¼ 7.6 (Department of Analytical Chemistry, 1987),
thus the hydrolysis reaction was promoted. In addition, it has been
reported that trypsin-aluminum (III) complex could be observed in
aqueous solution (Noto et al., 1999), which means the interaction
between aluminum and trypsin could further promote the hydro-
lysis of AMHP. Therefore, the hydrolysis of AMHP to MHPA in
digestion system was confirmed in vitro in artificial gastric and
intestinal juice. In combination with the in vitro study results, we
could infer that most of AMHP were hydrolyzed to MHPA in the
gastrointestinal fluid of the stomach, and then distributed to other
tissues.
3.5. Evaluation of rats’ health and growth

No death or remarkable body weight change occurred during
the study period. No difference in organ index (Table S2, see Sup-
porting Information) or serum biological indexes (Table S2, see
Supporting Information) existed among all the AMHP exposure
groups and the control group. However, for the MHPA exposure
groups, although therewas no changes in organ index (Table S2, see
Supporting Information), ALT level in 100mg/kg bw/day MHPA
exposure group was significantly increased (p< 0.01) compared
with the control group. In addition, infiltrating inflammatory cells
were found in the hepatic portal area in all exposure groups (Fig. 4).
The denseness of the inflammatory factor in high dose exposure
groups was higher than the low dose exposure groups, showing a
dose-dependent manner. Infiltrating inflammatory cell observed
on liver indicated the hepatic cell injury, which led to increased
release of ALT into the serum. Therefore, the ALT levels increased by
100mg/kg bw/day MHPA exposure group. In addition, no other
obvious change of biochemical change was observed in serum for
all the exposure groups (Table S2). This indicated that no overt
toxicity was observed at these dose levels. In addition, no obvious
lesion was observed in histopathological sections of testical and
renal cortex and medulla (Figure S1 - Figure S3, see Supporting
Information). Therefore, the preliminary toxicity of AMHP and
MHPA to rat wasmild evenwith the exposure level up to 100mg/kg
dw/day. The result was in accordance with our previous study (Bao
et al., 2017). Since the exposure level of AMHP in the current study
is far exceeding the reported maximum environmental concen-
tration of 1279.3 mg/kg in soil and sediment, diet may be the major
source of overall exposure to AMHP, and most AMHP could be
hydrolyzed to MHPA in digestive tract and excreted by feces and
urine; AMHP could be hardly accumulated in vivo. Therefore, AMHP
would be a favorable substitute for the BFRs.

4. Conclusion

In summary, our results confirmed the occurrence of hydrolysis
of AMHP toMHPA in vitro and in vivo. Most of the oral-gavage dosed
AMHP to rats were hydrolyzed mainly in the digestion system, and
then be uptake into serum and distributed to different tissues in the
form of MHPA. Although >80% of AMHP and MHPA could be
excreted, the enrichment in liver and kidney was observed as their
concentrations in liver and kidney were much higher than that in
serum. However, the long-term accumulation of MHPA in liver and
kidney was low due to the low detected concentration compared
with the exposure level. We expected that AMHP and MHPA could
be excreted in the form of MHPA if the external exposure stopped.
The toxicity of AMHP or MHPA to rat was mild under the exposure
level up to 100mg/kg bw/day, which suggested that AMHP would
be a favorable substitute for the BFRs. Our research offered the first
primary data for the evaluation of the environmental safety of
AMHP.
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