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Expressed in liver, aquaglyceroporin-9 (AQP9) is permeated by
glycerol, arsenite, and other small, neutral solutes. To evaluate a
possible protective role, AQP9-null mice were evaluated for in vivo
arsenic toxicity. After injection with NaAsO,, AQP9-null mice suffer
reduced survival rates (LDso, 12 mg/kg) compared with WT mice
(LDso, 15 mg/kg). The highest tissue level of arsenic is in heart, with
AQP9-null mice accumulating 10-20 times more arsenic than WT
mice. Within hours after NaAsO; injection, AQP9-null mice sustain
profound bradycardia, despite normal serum electrolytes. In-
creased arsenic levels are also present in liver, lung, spleen, and
testis of AQP9-null mice. Arsenic levels in the feces and urine of
AQP9-null mice are only ~10% of the WT levels, and reduced
clearance of multiple arsenic species by the AQP9-null mice sug-
gests that AQP9 is involved in the export of multiple forms of
arsenic. Immunohistochemical staining of liver sections revealed
that AQP9 is most abundant in basolateral membrane of hepato-
cytes adjacent to the sinusoids. AQP9 is not detected in heart or
kidney by PCR or immunohistochemistry. We propose that AQP9
provides a route for excretion of arsenic by the liver, thereby
providing partial protection of the whole animal from arsenic
toxicity.

Evolutionary exposure to environmental arsenic has led to
selection of organisms ranging from microbes to mammals
with mechanisms for coping with arsenic toxicity. Humans may
be inadvertently exposed to arsenic from water contaminated
from geological sources or industrial pollution. Up to 57 million
people in Bangladesh presently drink groundwater with arsenic
concentrations above the World Health Organization acceptable
standard (1). In clinical medicine, arsenic trioxide is used in
tandem with all-trans-retinoic acid to treat acute promyelocytic
leukemia (2, 3), and drugs containing arsenic and antimony are
used to treat parasitic infections, African sleeping sickness, and
leishmaniasis (4).

Transport proteins are critical in the response to arsenic
toxicity, because uptake and export are two key features in the
cellular drug response. Members of the ATP-binding cassette
transporter family export certain drugs, and some cell lines
resistant to arsenic have increased expression of multidrug-
resistance proteins (MRPs) (5-7). MRP1-null mice exhibit in-
creased sensitivity to sodium arsenite (8). Multidrug-resistance
gene MDR1a/1b double-null mice are even more sensitive and
accumulate arsenic in their organs after exposure (9).

Several lines of evidence indicate that aquaglyceroporins are
involved in arsenite uptake by mammalian cells. A member of
the aquaporin gene family, yeast glycerol transporter (Fpslp),
was shown to facilitate arsenite [As(III)] and antimonite
[Sb(I1T)] uptake by eukaryotic cells (10). The mammalian aqua-
glyceroporins AQP3, AQP7, and AQP9 were shown to transport
arsenite and antimonite (7, 11). Studies of multiple cultured cell
lines revealed increased AQP3 or AQPY expression, resulting in
increased arsenic accumulation and toxicity (7, 12-15). A human
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lung adenocarcinoma cell line resistant to arsenic was found to
have decreased levels of AQP3 (7). When AQP3 expression was
reduced further, arsenite uptake declined still further, and
cellular resistance to arsenic toxicity increased (7).

Known to transport a range of small, neutral solutes (16),
including arsenite, antimonite, and methylarsonous acid
[MAs(IIT)] (11, 17), AQP9 is expressed in liver, testes, brain, and
leukocytes (16, 18, 19), some tissues being sensitive to arsenite.
In vivo studies may be complicated by conversion of arsenite to
other forms by oxidation, reduction (20), methylation (21, 22),
and glutathionylation (20, 23). Despite plentiful evidence that
aquaglyceroporins are involved in arsenite transport, arsenic
toxicity has not been reported in AQP9-null mice.

Here, we describe arsenic toxicity studies of AQP9-null mice
compared with WT mice. We determined that AQP9-null mice
suffer reduced survival after injection with sodium arsenite
(NaAsQy). Increased accumulation of arsenic was observed in
multiple organs of AQP9-null mice, with highest levels of arsenic
in heart, accompanied by profound bradycardia. Excretion of
arsenic in urine and feces of AQP9-null mice is greatly reduced.
Although AQP9 is known to facilitate uptake of arsenite by
single cells in culture (12-15), our studies cause us to propose
that AQP9 also facilitates in vivo arsenic excretion by the liver,
thereby providing partial protection against arsenic toxicity.

Results

Lethal Arsenic Dose. AQP9-null mice and WT mice were s.c.
injected with various doses of NaAsO; to determine the median
lethal dose. At doses of NaAsO, of 12, 13, and 15 mg/kg,
AQP9-null mice suffered lower survival rates than the WT mice
(Fig. 1). The LDsy for the AQP9-null mice was 12 mg/kg,
compared with 15 mg/kg for the WT mice.

Organ Accumulation of Arsenic. AQP9-null mice and WT mice
received injections into the peritoneum with 10 mg/kg NaAsO..
After 12-24 h, organs were harvested to determine the arsenic
concentration by inductively coupled plasma mass spectrometry
(ICP-MS). In most organs tested, AQP9-null mice had much
higher concentrations of arsenic compared with WT mice. The
highest accumulation was in AQP9-null heart, at ~10-20 times
the arsenic level found in WT hearts (Fig. 2). Arsenic levels were
comparably high in bladder of both AQP9-null mice and WT
mice. Although lower than heart, arsenic levels were measured
in liver, lung, spleen, and testis, with the AQP9-null levels
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Fig. 1. Survival of WT and AQP9-null mice 24 h after injection with NaAsO5.

Unless indicated with numbers next to the data points, six animals are for each
data group.

consistently two to four times higher than the WT tissues.
Twenty hours after injection, red blood cells and plasma from
AQP9-null mice contained low but measurable levels of arsenic
(Fig. 2 Inset), whereas arsenic was not detectable in blood of WT
mice.

Arsenic-Induced Cardiac Conduction Defect. Because the hearts of
AQP9-null mice accumulated greatly elevated levels of arsenic,
electrocardiography was used to detect any resulting arrhyth-
mias. Mice received i.p. injections with 10 mg/kg NaAsO, and
were monitored for 24 h. Representative electrocardiograms
showed normal heart rhythm before injection. However, at 5-
and 7-h time points, the electrocardiograms of the AQP9-null
mice revealed an atrioventricular block and a conduction delay
(Fig. 34). Further analysis of the electrocardiograms of the WT
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Fig. 2. Arsenic accumulation in various organs of WT and AQP9-null mice
12-24 h after 10 mg/kg NaAsO; injection. The concentration of arsenic in the
organs was determined by ICP-MS in four to six WT or AQP9-null mice. (Inset)
Arsenic in red blood cells (RBC) and plasma from WT and AQP9-null mice.
Arsenic was not detected in the blood of WT mice 24 h after injection. Error
bars represent SEM.
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Fig.3. Effect of NaAsO; on the heart rhythm of WT and AQP9-null mice. (A)

Representative electrocardiograms from WT and AQP9-null mice taken at 0-,
5-, and 7-h time points after 10 mg/kg NaAsO; injection. Six WT and five
AQP9-null mice were monitored. (B) Serum concentration of Na*, K+, Cl~, and
Ca?* in WT and AQP9-null mice 24 h after NaAsO; injection. Samples were
analyzed from four WT and four AQP9-null mice. Error bars represent SEM.

and AQP9-null mice revealed that NaAsO, treatment prolonged
the RR, PR, and QT intervals in AQP9-null mice only. In
addition, the PR interval was longer at 5 and 7 h after NaAsO,
treatment compared with the control condition in the AQP9-null
mice only (Table 1).

To exclude an ion imbalance as the cause of the AQP9-null
mouse arrhythmia, serum ion concentrations were determined.
However, there was no significant difference between Na™, K*,
Cl~, or Ca?* concentrations in the serum of WT and AQP9-null
mice during the postinjection period when arrhythmias occur
(Fig. 3B).

Excretion of Arsenic. Because arsenic accumulates in the organs of
AQP9-null mice, it was presumed that excretion is reduced in

Table 1. RR, PR, and QRS intervals as well as QT duration in WT
and AQP9-null (KO) mice before NaAsO, injection (control) and
at 5 and 7 h after NaAsO, treatment

RR, ms PR, ms QRS, ms QT, ms

Control

WT 90 = 3 34 + 9+0.2 13 0.5

KO 98 =2 36 =1 8+04 14 + 0.5
Five hours

WT 9 + 1 36 =1 9+0.1 14+ 0.4

KO 134 = 25* 70 = 7%t 8 +0.1 24 + 5.0*
Seven hours

WT 97 +1 32 +2 10 = 0.7 151

KO 159 += 22~ 68 = 11*t 10 = 1.1 22 = 3*

*, P <0.05 WTvs. KO; t, P < 0.05, control vs. 5 h and 7 h.
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Fig. 4. Arsenic excretion in feces and urine in WT and AQP9-null mice. (A)
Arsenic content of feces from five WT and five AQP9-null mice 24 h after 10
mg/kg NaAsO; injection. (B) Arsenic content and speciation in the urine of four
WT and four AQP9-null mice 24 h after 10 mg/kg NaAsO; injection. Total
arsenic content of urine from WT and AQP9-null mice and the amount of the
various arsenic species in the urine are shown. Error bars represent SEM.

those mice. To confirm this, AQP9-null mice and WT mice were
injected i.p. with 10 mg/kg NaAsO,. After injection, mice were
kept in metabolic cages to collect urine and feces from individual
animals. The amount of arsenic in feces of WT mice was more
than 10-fold greater than for AQP9-null mice when measured
between 12 and 24 h after injection (Fig. 44). Similarly, the urine
of WT mice contained more arsenic compared with AQP9-null
mice when measured between 12 and 24 h after injection (Fig.
4B). WT mice were found to have elevated levels of arsenite
[As(III)], arsenate [As(V)], and dimethlyarsenate [DMA(V)] in
urine compared with AQP9-null animals. In contrast, only low
levels of monomethylarsenate [MMA(V)] were detected in urine
of AQP9-null or WT animals (Fig. 4B).

AQP9 Immunohistochemistry. As reported previously, AQP9 ex-
pression is abundant in liver (16, 18), where it is specifically
present in hepatocytes (16, 24). We confirmed this distribution
in WT mice but not AQP9-null mice (Fig. 54 and B). Moreover,
expression was most dramatic at the basolateral membranes
adjacent to sinusoids. A smaller level of AQP9 expression was
noted at the apical membranes where hepatocytes abut each
other (Fig. 54). This location is entirely consistent with AQP9
playing a role in the excretion of arsenic into bile; hence, the high
fecal level of arsenic in the WT mice.

Possible presence of AQP9 in heart was evaluated. This was
deemed important because of the pronounced level of arsenic in
hearts of AQP9-null mice (Fig. 2). Moreover, the accompanying
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Fig.5. Immunohistochemistry of tissues from WT and AQP9KO mice stained
with antibody against AQP9 (RA2674-685). All tissues were stained with the
same dilution of the antibody. (A) WT mouse liver showing strong staining of
AQP9 in the basolateral membranes of the hepatocytes facing the liver
sinusoids. (B) AQP9-KO mouse liver showing the absence of staining for AQP9.
(C) WT mouse cardiac muscle showing the absence of staining for AQP9. (D-F)
WT mouse kidney, showing the absence of staining for AQP9: (D) kidney
cortex, (E) kidney outer medulla, and (F) kidney inner medulla.

bradycardia found in AQP9-null mice was not found in WT mice
(Fig. 3). No immunohistochemical evidence for AQP9 expres-
sion was found in WT heart (Fig. 5C), suggesting that arsenic
deposition and cardiotoxicity simply reflect the efficient ex-
change of arsenic from blood to heart. Thus, no evidence
suggests that AQP9 provides an escape route for arsenic from
heart.

Potential presence of AQPY in kidney was also evaluated. This
was deemed important because both AQP9-null and WT mice
have high levels of arsenic in bladder (Fig. 2), and AQP9-null
mice exhibit lower levels of arsenic in urine (Fig. 4B). No
immunohistochemical evidence for AQP9 expression was found
in kidney, including cortex, outer medulla, and inner medulla
(Fig. 5 D-F). Thus, the high levels of arsenic in urine of WT mice
may simply result from glomerular filtration.

Discussion

The aquaporin and aquaglyceroporin family of membrane chan-
nels have previously been implicated in multiple clinical situa-
tions, including Colton blood group incompatibility, spinal fluid
dynamics, aqueous humor pressures, nephrogenic diabetes in-
sipidus, congenital cataracts, skin hydration, brain edema, neu-
romyelitis optica, deafness, salivary and lacrimal gland dysfunc-
tion, fat metabolism, and malaria (reviewed in ref. 25). The
studies reported here extend this impressive list to include
arsenic toxicity, an important clinical disorder affecting millions
of individuals in Bangladesh and other developing countries (1).

Despite impressive levels of arsenic in multiple tissues after
injection of AQP9-null mice, the LDsy was altered significantly
but not dramatically (Fig. 1). This is not surprising, because
evidence for arsenic transport by MRPs has been reported (9).
Despite being measured at different institutions under somewhat
different conditions, the magnitude of the differences in LDsy is
reasonably consistent: AQP9-null 12 mg/kg vs. WT 15 mg/kg

Carbrey et al.
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(Fig. 1) compared with mdrla/1b double-null 14.5 mg/kg vs. WT
17 mg/kg (9). The existence of multiple arsenic transport pro-
teins should not be surprising given the high toxicity of the
arsenic, and the identification of still additional classes of arsenic
transport proteins should be sought.

The decrease in LDs, in the AQP9-null mice can be explained
by the retention of arsenic in several organs. Some of the organs
in which arsenic is accumulated are known to express AQP9,
including brain, liver, lung, spleen, red blood cells, and testis (16,
18, 19, 26, 27). The organ with the highest arsenic concentration
in the AQP9-null mice was heart, with ~10-fold higher arsenic
concentration than heart of WT mice. AQP9 has not been
reported to be expressed in the myocardium. Our studies failed
to identify AQP9 in heart by immunohistochemistry (Fig. 5C).

In response to the significant accumulation of arsenic in the
heart, we monitored the WT and AQP9-null mice for arrhythmia
after arsenite injection. The electrocardiograms of the AQP9-
null mice revealed arrhythmia that started within 5 h after
injection and lasted until at least 24 h after injection. However,
serum concentrations of ions critical for heart conduction were
normal in the AQP9-null mice, suggesting that arsenic is directly
toxic to myocardium. It is notable that similar atrioventricular
block has been observed in human patients treated with arsenic
trioxide (28, 29). In addition, the duration of action potentials
was prolonged in guinea pig papillary muscles (30) and cultured
cardiomyocytes (31) after exposure to arsenic trioxide.

Increased accumulation of arsenic in the organs of the AQP9-
null mice suggests a reduced rate of clearance and excretion from
the body. We collected feces and urine from WT and AQP9-null
mice 12-24 h after arsenite injection. The urine and feces from
the AQP9-null mice contained only ~10% of the arsenic levels
found in feces and urine of WT mice (Fig. 4). Because arsenite
is converted into many different species in the body, we analyzed
the urine to determine the content of different species of arsenic
in the urine. Increased concentrations of As(III), As(V), and
DMA(V) were excreted in the urine by the WT mice compared
with the AQP9-null mice. The reduced excretion of most of the
arsenic species suggests that AQP9 may be responsible for export
of multiple arsenic species. AQP9 has been shown to transport
As(IIT) and MMAC(III), which is rapidly oxidized to DMA(V)
(11, 17). However, further experiments are needed to determine
the species that AQP9 transports in vivo. In addition, injecting
mice with other species of arsenic, such as As(V), may also help
to determine the precise role of AQPY in arsenic clearance.

Our results are consistent with a role for AQP9 in arsenite
export, which is in contrast to previous studies of cultured cells
(7, 12-15). However, our studies do not exclude a role for AQP9
in arsenite import. Further experiments at earlier time points are
needed to determine whether AQP9 is involved in arsenite
import in mice. In addition, there is conversion of arsenite to
multiple species in mice, some of which may be exported by
AQP9. Export of methylated or trivalent inorganic arsenic
species by AQPY has not been studied in cultured cells.

Provision of pure drinking water should be considered a basic
human right, but this right is lacking in some of the most
impoverished regions of the world. We reported previously that
expression of AQP9 in liver is profoundly up-regulated by fasting
experimental animals (24). However, the identities of all of the
molecular determinants of AQP9 expression remain undefined.
This raises a possibility that identities of small molecules that
increase AQP9 expression or decrease AQP9 degradation may
be discovered. It may be that pharmacological resistance to
arsenic toxicity by increasing arsenic excretion could be bene-
ficial to individuals consuming arsenic-tainted water. Thus, we
feel that the studies reported here may be highly relevant in light
of the continued exposure of humans to groundwater tainted
with arsenic as well as the use of arsenic-containing compounds
as therapeutic drugs. Certainly, more research is warranted.

Carbrey et al.

Materials and Methods

Animals. AQP9-null mice were generated (32) and backcrossed onto a C57BL/6
background. Genotyping was carried out by using PCR (32). Under normal
physiological conditions, AQP9-null mice have an increase in blood concen-
trations of glycerol and triglycerides compared with WT mice (32). All exper-
iments with mice were approved by the Duke University or Wayne State
University Institutional Animal Care and Use Committees. Mice used for all
experiments were 2-9 months old and were age- and sex-matched.

LDso Studies. WT and AQP9-null mice were s.c. injected with various doses of
sterile NaAsO; (Sigma-Aldrich) in PBS. At least six mice were injected for each
dose. Mice exhibiting neurological problems, difficulty breathing, orimpaired
ambulation were euthanized.

Arsenic Accumulation in Organs. WT and AQP9-null mice were i.p. injected with
sterile NaAsO, (10 mg/kg) in PBS. Between 12 and 24 h after injection,
different organs were harvested and digested with 70% nitric acid (0.4-0.6
g/mL) at 70 °C for 2 h. Blood was treated with 0.5 mg/mL heparin. Plasma and
RBCs were digested with equal volumes of 70% nitric acid at 70 °C for 2 h. The
nitric acid digests were vortexed thoroughly and centrifuged at 16,000 X g for
5 min at room temperature. The supernatant was diluted to a final concen-
tration of 2% nitric acid with HPLC-grade water, and total arsenic content of
each sample was determined by ICP-MS (Elan 9000; Perkin-Elmer) as described
previously (33).

ECG Recording of Mice. ECG recording electrodes were surgically attached to
six WT male mice and five AQP9-null male mice. Recording electrodes were
sutured s.c. in a modified lead Il configuration by placing the negative elec-
trode slightly to the right of the manubrium and the positive electrode at the
anterior axillary line along the fifth intercostal space on the left side. The
ground electrode was sutured s.c. on the dorsal thorax. The electrodes were
exteriorized and secured at the back of the neck. During the recovery period,
the mice were handled, weighed, and acclimatized to the laboratory and
investigators. The electrodes were connected to a high-impedance probe (HIP
511GA; Grass Instruments) and differential preamplifier (Grass P511; Grass
Instruments). The conscious, unrestrained mice were studied in their home
cages and allowed to adapt to the laboratory environment for approximately
1 h to ensure stable hemodynamic conditions. After the stabilization period,
beat-by-beat ECG was recorded continuously at 4 kHz for approximately 1 h.
After 1 h of recording, all mice were i.p. injected with sodium arsenite (10
mag/kg), and recordings continued for an additional 24 h.

The ECGs were analyzed offline to measure the R-R interval (measured
from the peak of one R wave to the peak of the next R wave), the P-R interval
(measured from the beginning of the P wave to the beginning of the QRS
complex), QRS duration (measured from the beginning of the Q wave to the
end of the S wave), and the QT interval (measured from the beginning of the
QRS complex to the end of the T wave) by using the ECG analysis software,
Chart (ADInstruments). A two-factor ANOVA was used to compare RR, PR, and
QT intervals as well as QRS duration in WT and AQP9-null mice. The Tukey
method was used as the post hoc analysis for within-group and within-
condition pairwise comparisons when significant group X condition interac-
tions were present.

To determine serum ion concentrations after NaAsO; injection, four WT
and four AQP9-null mice were injected i.p. with a 10-mg/kg dose, and blood
was collected after 24 h. Frozen serum was sent for blood chemistry analysis
(Rabbit & Rodent Diagnostic Associates).

Arsenic Excretion. WT and AQP9-null mice were i.p. injected with 10 mg/kg
NaAsO; and placed into individual metabolic cages (Lab Products). Feces was
collected between 12 and 24 h after injection, weighed, and diluted to 4 ul/mg
by using 70% nitric acid. The samples were incubated at 70 °Cfor 1 h, spun down
to remove particulate matter, and used for ICP-MS as described above.

Urine was collected between 12 and 24 h after injection, spun to remove
particulate matter, and used for HPLC and ICP-MS to determine arsenic
speciation. Protein was removed from the samples by centrifugation using a
10-kDa-cutoff Amicon Ultrafilter (Millipore). The filtrate was analyzed by
HPLC (Series 2000; Perkin—Elmer) and ICP-MS (ELAN 9000; Perkin—Elmer) using
a reverse-phase C18 column (Jupiter 300; Jupiter) and was eluted isocratically
with a mobile phase consisting of 3mM malonicacid, 5 mM tetrabutylammonium
hydroxide, and 5% methanol, pH 5.6, with a flow rate of 1.0 mL/min (34).

For total arsenic determinations, an equal volume of 70% nitric acid was
added to the urine samples and incubated at 70 °Cfor 2 h. Debris was removed
by centrifugation at 16,000 X g for 5 min at room temperature and processed
as above for ICP-MS.
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Immunohistochemistry. The organs of WT and AQP9-null mice were fixed by
perfusion via the heart with 3% paraformaldehyde in PBS buffer (pH 7.4),
postfixed for 1 h in the same fixative, and embedded in paraffin after
dehydration. The tissues were cut 2 um thick on a rotary microtome (Leica).
The sections were dewaxed with xylene and rehydrated with graded ethanol.
Endogenous peroxidase activity was blocked with 0.5% H,0O; in absolute
methanol for 10 min. The sections were boiled for 10 min in a microwave oven
in target retrieval solution (1 mM Tris, pH 9.0; and 0.5 mM EGTA). Nonspecific
binding was blocked with 50 mM NH4Cl in PBS for 30 min, followed by 3 X
10-min washes with PBS blocking buffer (1% BSA, 0.05% saponin, and 0.2%
gelatin). The sections were incubated with primary antibody RA2674-685 (19)
diluted in PBS with 0.1% BSA and 0.3% Triton X-100 overnight at 4 °C. The
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