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Abstract: This study was made to explore the effects of aotanide on tumor growth,
metastasis and the possible mechanisms. The man@ngewith Lewis lung carcinomas
were taken as the animal model. The effects ofazotamide were compared with the
combination treatment of NaHGMn tumor growth, metastasis and carbonic anhydrase
activity in lung and tumor tissues using imidazohes technique. And also the possible role
of AQP1 in tumor tissues was investigated by Westdpt and immuno-histochemical
analysis. Results showed that acetazolamide aloulel sharply reduce the number of lung
metastasis and primary tumor growth, and appeareda i dose-dependent manner.
Acetazolamide significantly inhibited carbonic adhgse activity in tumor tissue. After the
addition of NaHCQ, the suppression of acetazolamide on tumor growtimber of
metastasis and carbonic anhydrase activity in pginb@mor tissue could not be altered
significantly, but the inhibitory rate of metast#n lung and carbonic anhydrase activity in
lung tissue appeared to show a reversal trenceinldise dependency from the acetazolamide
treatment alone. The exactly mechanisms need tdd#ied in future. Western blot and
immunohistochemical analysis demonstrated that A@kitession in the tumor tissue was
higher than both tissue of normal and treated wattetazolamide treatment alone.
Combination with NaHC®@could not synergistically inhibit the expression ADP1 with
acetazolamide. The results suggested that the misamaf acetazolamide on anti-tumor
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especially on its anti-metastasis actions mightlyamvolve either inhibiting the carbonic
anhydrase activity or reducing AQP1 water chanmetgin expression, whatever if treated
with or without NaHCQ.
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1. Introduction

Tumor metastasis is the major characteristic ofinama and the direct cause of clinical death.
Carbonic anhydrases (CA) are a family of zinc-bagdmetalloproteinases that catalyze reversible
hydration of carbon dioxide, producé Hnd HCQ', and induce pH decrease [1]. Some CA isozymes
(CA 1V, IX, XIl) were prominently found to be exmsed only in tumor cells [2]. The cell surface CA
might play an important role in controlling the é&wf protons and bicarbonate in the immediate
vicinity of tumor cells by sensing pH and tippirgetproton balance across the cell membrane. It has
been shown that acidic pH enhances invasive behai/tomor cells [3, 4]. Acetazolamide is a kind of
sulfanilamide served as a carbonic anhydrase itanibi

Teicher et al. [5] reported that CA inhibitors, part of a chemotherapy regimen enhances the
chemotherapeutic drug effects and help the delaynmor growth. Several new type CA inhibitors
have acted as the effective compounds on suppgesamor cell growthin vitro, such as on
leukaemia, non-small cell lung cancer, melanomayianm, renal, prostate, and breast cancer cel line
[6]. Although several mechanisms of action of CAiltors exist, it is believed that they could ldad
the suppression in the acidification of tumor @lkra-environment after directly inhibiting tumor
related CA isozymes. That seems to be contraryh theory described above. Therefore, we
postulated that there must be other pathways opressing tumor metastasis by CA inhibitors.

Aquaporins, is a large family of membrane protefreg function as highly selective water channels
[7]. Recently published articles have drawn attemto their role in physiology[21]and several human
diseases involving rapid water transport and thayehbeen identified as potential targets for
therapeutic intervention. AQP1 as the first chamazeéd water channel protein[8], was identified in
erythrocyte membranes, renal proximal tubule, cldsrglexus, eye, lung, vascular endothelium,
hepatobiliary epithelium [9], and some tumor cehemselves [10]. Most tumors have shown to
exhibit high vascular permeability and high intéist fluid pressure [11,12], but the transport
pathways for water within tumors remain unknown.

In reviewing the previous published studies on AQ@IRAtl carbonic anhydrase, especially carbonic
anhydrase 1l and carbonic anhydrase IV, we founat tihhey shared many common biological
characteristics. For instance, they are all widakstributed in fluid transporting tissues includitige
kidney, lung, brain, eye, erythrocytes, pancreassame glands and having the function of faciligti
reabsorption and secretion of water [13]. AQP1thagendency to increase the response to estrn [14
and developmentally increase after birth [15]. didition, AQP1 is capable of transporting £J06],
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CO; is a substrate of carbonic anhydrase in catalytiegormation of HC@, which suggests a close
relationship in biological characteristics betweanbonic anhydrase and aquaporins.

As a carbonic anhydrase inhibitor, acetazolamideniy used for edematous diseases such as
glaucoma, mountain sickness, congestive heartréaillrug-induced edema, and to correct metabolic
alkalosis. Parkkila et al. [Lilave shown that acetazolamide alone can inhibiinesive potential of
cancer cellsn vitro, but the mechanism of action has not been cldrif@ur laboratory have indicated
that acetazolamide inhibited gene expression of AQP rat kidney and testis, where we have
established a AQPdxpression system by usixgnopusoocytes to study the effect of acetazolamide
on water transport function of AQPAnd confirmed that acetazolamide was a direct itdribf AQP1
[18-21]. Hence we have hypothesized that the rédriciction of acetazolamide on AQRB&ne
expression and water transportation might be dmied to their effects on cancer growth and
metastasis.

In this study, we characterized and evaluated ttpression of AQP1 in tumor tissues and its
relation with carbonic anhydrase activity, and Hert explored the possible mechanisms of
acetazolamide on tumor metastasisvivo. It is well known that the most serious side ffet CA
inhibitor is metabolic acidosis after a long perafcadministration. In order to correct the acichfiion
of the extracellular milieu, animals were treatathvacetazolamide that was combined with NaHCO
for comparison.

2. Methods
2.1 Lewis-lung-carcinoma in vivo model

Female C57BL/6 mice weighing 18-20 g were purchdsmu the Experimental Animal Center of
Peking University (Gradg, Certificate 9 11-00-0004). Lewis lung carcinoma cells were predidy

the Chinese Medical Science Institute and were ta@ed in C57BL/6 mice by subcutaneous
injections in the axillary region of 0.2 ml of hogenized tumor tissues [tumor tissue (g): 0.9%
Sodium chloride (ml) = 1:3] that were prepared fralmnors who were similarly inoculated for
experimental tumor transplantation purposes.

2.2 Drug treatment and tissue collection

Acetazolamide was purchased from Sigma and givea alume of 0.1 ml/mice. NaHG®O0
mg/kg/day ig was applied. The animals were dividegd nine groups of 10 mice each, control (C):
normal animals; model (M): with tumor implantatioacetazolamide treatment (AH, AM, AL):
corresponding to 80, 40, 20 mg/kg/day ig; acetammla combined with NaHC{JABH, ABM, ABL):
corresponding to acetazolamide 80, 40, 20 mg/kgatal NaHCQ@ 30 mg/kg/day ig (the dosage of
NaHCGQ; used here was according to the dose clinicallg uisé@uman and converted to mice dosage in
order to neutralize the metabolic acidosis).

Treatment was initiated the first day after tum@nsplant for a period of 20 days. On day 21,
animals of every group were killed to calculate tinmor weight ratio in comparison to the body and
lung weights (g/g). Also the numbers of lung metsss were counted under microscopy as well.
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Primary tumor and lungs were then surgically resgteind the tissue specimens were snap-frozen in
liquid nitrogen for further analysis.

2.3 Carbonic anhydrase activity assay

The tissue specimens of lung and tumor were saddat a lysis buffer containing 0.3 M sucrose.
The activity of CA in tissue was analyzed accordim@n established procedure [22]. One enzyme unit
(EU) of CA activity was defined as the amount ofmtogenate necessary to halve the time of the
control. CA activity was generally calculated froine formula:

CA (EU/mg prot) = [log(B/S)]/[(prot)log2]

Where B and S are the times measured for pairdddomactivated enzyme and active sample,
respectively. (prot) is milligrams of protein uded the measurement.

2.4 Western Blot analysis

Homogenized tissue specimens were solubilizeddanaple buffer and heated to°@0for 15 min
[23]. The total protein concentration was measimetowry’s method, using bovine serum albumin as
a standard. Each sample containingrgGf protein was loaded on a 12% SDS-polyacrylargeleand
electroblotted onto nitrocellulose membranes. TIES-$AGE gels were stained with Coomassie
brilliant blue to confirm equivalence of the sangpl@he nitrocellulose membranes were blocked in
blotting buffer containing 5% nonfat dry milk ini$fbuffered Saline (TBS, 50 mM pH 7.4), followed
by incubation with anti-AQP1 antibody (rabbit ahtiman IgG, a gift from Dr. Yang BX, University of
California, San Francisco) diluted 1:1000 in blugtibuffer at 4C overnight. The membranes were
washed three times for 5 min with TBS containing580 Tween-20 (TBST) and incubated for 2 h
with alkaline phosphatase-conjugated goat antiitdg® which was diluted in 1:5000 in TBS buffer.
After washing three times for 5 min with TBST buffestaining was developed with BCIP/NBT.
Stained bands were scanned and the pixel intewsisyquantified using Gel Doc 2000 Image system
(Bio-Rad, USA) (n = 6-9 for each experiment).

2.5 Immunohistochemistry

On day 2% of treatment, mice were killed. Tissue specimemsewthen surgically resected into
small blocks and transferred immediately into dotdtive solution (4% paraformaldehyde in PBS 0.1
M, pH 7.4). The tissue blocks were then rinsed B8Pembedded in paraffin, and sectioned atrb
The paraffin sections were deparaffinized with rgleand rehydrated in a gradient series of ethanol.
Slides were then submerged in 3% hydrogen perdwidpiench any endogenous peroxidase activity,
washed with distilled water, and heated in cittaiéer (10 mM, pH 6.0) in a microwave oven for 15
min, then cooled and washed with PBS. Non-immumansefor blocking was applied to eliminate
nonspecific staining. Sections were incubated agatrat £C with rabbit anti-human AQPdntibody.
The sections were washed with PBS and incubateu té secondary antibody of biotinylated goat
anti-rabbit 1gG for 40 min, rewashed with PBS andubated with peroxidase-conjugated streptavidin
for 40 min. The peroxidation activity was visualizby incubating the sections with a peroxidase



Int. J. Mol. Sci2007, 8 233

substrate solution (DAB kit) after sufficient washi The sections were counterstained with
hematoxylin and mounted. Non-immune rabbit serurs wsed as a negative control.

2.6 Statistical analysis

Data were expressed as a mean+SD. The comparigbfiepénces in metastasis number and tumor
weight indexes between treatment group and modaeipgwere evaluated with Mann-Whitnelytest.
The comparisons of AQP1 expression level in thgduand CA activity in tissues between treatment
group and model group were done by one way anabysiariance (ANOVA). All statistical analyses
were performed using SPSS version 10.0, p < 0.G5oeasidered to be statistically significant.

3. Results

3.1 Effect of acetazolamide with or without NaHC@&n primary tumor growth and formation of
spontaneous lung metastasis

The murine Lewis lung carcinoma is known to prodspentaneous lung metastasis. To determine
whether combination treatment with acetazolamidé HaHCQ could reduce the number of lung
metastasis synergistically, we compared the effetwo medications. Data that was collected from th
treatment with acetazolamide alone were previovsported in Life ScienceR24]. We found that
acetazolamide treatment alone could sharply rethe@umber of lung metastasis and primary tumor
growth. The tumor weight index were 122.8 20.2+ 2.8 19.5+ 3.4 (p < 0.05)and the inhibition rate
of metastasis were 62.0, 72.5, 77.7 % (p < 0.0&esponding to the doses of 20, 40, 80 mg/kg/day,
appeared in a dose-depend manner.

After adding the NaHCg¢) the suppression of acetazolamide on tumor gr@mth metastasis was
almost the same as a single therapy, but the tndnbrate of lung metastasis appeared to show a
reversal in the dose dependency from the acetambdameatment alone, which suggested the NapHiCO
might deprave the action of acetazolamide on megtasespecially in combination with higher dose of
acetazolamide (Tablel). The exact mechanisms wodeel ¢larified.

3.2 Effect of acetazolamide with or without NaH®@ carbonic anhydrase activity

Carbonic anhydrase activity was measured by imigaZds technique.The results that are
displayed that acetazolamide treatment signifigainthibited CA activity in primary tumor tissue and
lungs. Increased doses of acetazolamide showedse-dépendent inhibitory effect. After adding
NaHCG;, the result showed a trend to reverse the dosendiepcy of acetazolamide on CA activity in
the lung. Whereas in primary tumor tissue, the N@gI@id not affect the action of acetazolamide
dramatically, and appeared a dose dependent sgppreand the tendency was same as that
acetazolamide treated alone (Table 2).
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Table 1. Effect of acetazolamide treatment with NaH{®@ experimental tumor growth and
metastasis in mice (mean = SD). Acetazolamide aatd@0; i.g. were used for 21days. C: normal
M: tumor model, ABL: low dose of acetazolamide @trdg/kgand NaHCQ30 mg/kg, ABM:
acetazolamide at medium dose of 40 maikd NaHCQ30 mg/kg, ABH: high dose of acetazolamide
at 80 mg/kg with NaHCeB0 mg/kg.2Tumor weight index means the ratio of tumor weighibody

weight (g/g)EL00. Inhibition rate of lung metastases = Model-Treattfidadel-Control(lung wet
weight)x100%. *p < 0.001, ** p < 0.01, *** p < 0.08 Model.

Group Number Tumor weight  Number of Lungs wet Inhibition rate of
index Metastasis  weight(mg) lung metastases Y%

C 9 170.8f 17.1*

M 7 25.3f 7.3 18.6f 3.9* 250.0f 30.2 0

ABL 8 18.6f 3.7*** 11.0f 2.6* 192.5f 17.4* 72.8

ABM 9 18.0f 5.2%** 7.2f 1.9* 199.7f 23.6** 64.6

ABH 6 19.8f 6.5 7.2f 2.3* 201.8f 38.9*** 61.0

Table 2. Effect of Acetazolamide or combination with NaH&D total CA activity (mean+SD). C:
normal, M: tumor model, B: NaHGDAL: acetazolamide 20 mg/kg, AM: acetazolamidendfkg,
AH: acetazolamide 80 mg/kéBL: acetazolamide 20 mg/kapd NaHCQ30 mg/kg, ABM:
acetazolamide 40 mg/lesnd NaHCQ30 mg/kg, ABH: acetazolamide 80 mg/kg and NaHG®
mg/kg. *p < 0.001, **p < 0.01, **p < 0.05 vs Model

Number CA activity in lung CA activity in primary
EU/mg prot tumor (EU/mg prot)

C 9 1.98+0.39

M 7 2.09+0.42 0.99+0.20

B 9 1.68+0.25%** 0.78+0.20%**

AL 8 1.16+0.33* 0.79+0.23

AM 7 0.95+0.27* 0.65+0.19**

AH 8 0.71+0.25* 0.57+0.10*

ABL 8 0.78+0.24* 0.89+0.08

ABM 9 1.31+0.26* 0.7740.14%*=
ABH 6 1.98+0.38 0.65+0.16**
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3.3 AQP1 protein expression

Western blot demonstrated that the AQP1 expressidhe lungs bearing tumor was higher than
that of normal mice tissue. Acetazolamide cleanlyibited the protein expression of AQP1 in the
treated group in comparison to the tumor transpthmbodel group. The dose of 20 mgékghe most
effective group. Adding NaHC{) there was a trend of decrease in the suppressition of
acetazolamide (Figure 1) but not dramatically, Wwhias identical with the changes of CA activity in
the lung and the rate of metastasis in lungs.
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Figure 1. The AQPL1 protein level in the lung specimen of egrdup. Arrow points to the 28 kD
AQP1 protein. C: normal, M: tumor model, B: NaHE®L: acetazolamide 20 mg/kg, AM:
acetazolamide 40 mg/kg, AH: acetazolamide 80 mg¥R},: acetazolamide 20 mg/kapd NaHCQ30
mg/kg, ABM: acetazolamide 40 mg/kgd NaHCQ30 mg/kg, ABH: acetazolamide 80 mg/kg and
NaHCGQG; 30 mg/kg. n = 6-9, meanzSD, *p < 0.001, **p < 0'01p < 0.05 vs Model.

3.4 Localization and expression of AQP1 in tumssues

Immunohistochemical localization of AQR1 mice tumor and lung was labeled in capillaries,
postcapillary venules and bronchiolar basal mend(&igure 2, positive staining was showed in dark
color). Immunostaining showed strongly staining AQPLlin mice bearing Lewis lung carcinoma
(Figure 3. A), but presented a diminished stainmdreated by acetazolamide at the medium dose
(40mg/kg, Figure 3. B) which was consistent witke tesult of Western blotting. Combination with
NaHCQO; (30 mg/kg) could not dramatically inhibit the exgs®n of AQP1 (Figure 3.D) , in
comparison with mice bearing Lewis lung carcinoffigre 3. C).
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Figure 2. Localization of AQP1n mice lung. AQPDositive staining were found in capillaries,
postcapillary venules, bronchiolar basal membrantkadveolar epithelial cells as arrows pointed(M
groupx100).

Figure 3. Localization and expression of AQP1 protein inltmegs after treatment with or without
NaHCG;. The arrow indicate the expression of AQP1 in alleepithelial cells. A: M group, showed
strongly positive for AQPIh mice bearing Lewis lung carcinoma400); B: treated with
acetazolamide showed a thin staining of AQP1 atlttse of 40 mg/kg (400), C: M group’( 100),
D: treated with acetazolamide (40 mg/kg) and NakRIB0 mg/kg) which could not inhibit the
expression of AQP1 dramatically in comparison witice bearing Lewis lung carcinoma 100).

4. Discussion

It is reported that some new sulfonamide denveatipossessing potent carbonic anhydrase
(CA) inhibitory properties are effective on repiiegstumor cell growth and metastasisvitro [6]. In
the present study and in our previous study, weehdgmonstrated that acetazolamide could
dramatically reduce the rate of lung metastasismimdary tumor growth, which appeared in a dose-
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dependent manner. Its inhibition rate of lung mekses was 77.7% (80 mg/kg/day i.g. for 21days). In
addition, we observed that acetazolamide couldifgggntly inhibit CA activity in tumor tissue and
lung tissue. After adding NaHGOthe suppression of acetazolamide on tumor gromttastasis and
CA activity could not be increased. Therefore, tuppressive effects of acetazolamide on some
tumor-associated CA,( ,, ,9 ,9 ,; ;)isozymes activity may be one of the mechanisms in
promoting its inhibitory effect on tumor metastasis

As we know, when acetazolamide was introducedcdsemotherapeutic agent, a notable side effect
was detected which is metabolic acidosis. Furtheeneatracellular pH in solid tumors is more acidic
than that in adjacent normal tissue [25]. Acidi¢razellular microenvironment is beneficial to tumor
growth and metastasis [26]. Hence, the neutralitivegmetabolic acidosis can assist the anti-tumor
effect of acetazolamide. However our results ditl stow that adding NaHCG(zould synergize the
effect of acetazolamide. This fact provides a cdimgeargument for a more thorough evaluation of
metabolic acidosis as an underlying interferingdaor mechanism of action to CA inhibitors on its
anti-tumor activity and leading the emergence omeoother hypothesized mechanisms of
acetazolamide.

In this study, the results of Western blottinglgsia indicated that AQP1 protein expression in the
lung of mice bearing tumor was higher than thahammal mice tissue. Acetazolamide dramatically
inhibited the expression of AQP1 and addiction cddHCQO; could not synergize the effect of
acetazolamide. Immunohistochemical localizationAGiIP1in mice lung was labeled in capillaries,
postcapillary venules and bronchiolar basal menmdgoranmunostaining showed a strongly positive for
AQP1lin mice bearing Lewis lung carcinoma, but negatiesult in those animals treated with
acetazolamide. This study suggests the possilitit tumors growth might have higher water
permeability since that a general function of AQR10 increase membrane water permeability. We
proposed that appropriate management of fluid & \thscular, interstitial, and cells would be in
parallel to anti-tumor growth. Furthermore, the regsion of AQP1 in tumors might reflect a role of
this water channel in pathological processes inotuthe development of effusions or edema due to
changes in hydrostatic or tumor oncotic pressukesiov et al. [27] reported that the high vascular
permeability and high interstitial fluid pressuré raost tumors might result from activation, as a
consequence of the acidic tumor microenvironmehtrans-membrane aquaporins that are widely
distributed in tumors. Therefore, the most strdmiard explanation for our finding is that
acetazolamide suppresses tumor metastases, ap&tistly by inhibiting the expression of AQP1.
Our finding is consistent with the views of thaarscript levels of AQP1 might serve as a new
molecular prognostic marker in patients with reoall carcinoma following nephrectomy [28], and
might be a therapeutic target for human diseasdébdncoming future. The exact role of AQP1 in
tumor growth and metastasis is being studied thraeme transfectiom vitro by our laboratory.

On the basis of our daia vivo, the possible mechanisms remain to be exploretktail. We have
carried out a comprehensive proteomic analysisigstigating the protein targets of acetazolamide o
tumor growth and tumor metastases, which will hetpto understand the molecular insight for its
antagonistic effects on carcinogenesis and mets@df Angiogenesis, the formation of new blood
vessels, is required for sustaining tumor growtthaface of an accumulating cell mass and progidin
access to the systemic circulation so that tumarasmboli can be transported to distant sites and
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established metastatic foci. In a previous study, laboratory has demonstrated acetazolamide can
repress the ability of the endothelial cell to m#pate in the angiogenic process, and the mecimaafs
acetazolamide on tumor metastases could be invoivereducing AQP1 water channel protein
expression[29].

In conclusion, acetazolamide has a strong anti-tuamal anti-metastasis effect on mice bearing
Lewis-lung-carcinoma. The mechanism on its antigureffects especially on the anti-metastasis
actions might partly involve either inhibiting tlvarbonic anhydrase activity or reducing AQP1 water
channel protein expression, whatever if treateti witwithout NaHCQ.
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