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ABSTRACT. Aquaporin-2 (AQP2), a vasopressin-regulated water channel, plays an important role 
in renal water homeostasis. It has been reported that the level of AQP2 in human urine is altered 
during pregnancy. However, little is known about the level of urinary AQP2 in pregnant cattle. 
In this study, we examined the level of AQP2-bearing extracellular vesicles (uEV-AQP2), which 
account for most urinary AQP2, in both heifers and cows during the gestational and postpartum 
periods. The level of uEV-AQP2 was significantly decreased during gestation in comparison with 
the other cattle examined. Similarly, the levels of EV marker proteins in uEVs, including tumor 
susceptibility gene 101 (TSG101) protein and apoptosis-linked gene 2-interacting protein X (ALIX), 
were significantly decreased during gestation. There were significant correlations between the 
levels of uEV-AQP2 and uEV-TSG101, or uEV-ALIX. Immunohistochemistry data from pregnant 
and non-pregnant cattle supported the notion that the level of uEV-AQP2 was decreased during 
gestation. These data indicate that the level of uEV-AQP2 is decreased in pregnant cattle, possibly 
through a decrease in both the number of EVs released into the urine and renal AQP2 expression.

KEY WORDS: aquaporin-2 (AQP2), exosomes, Japanese Black cattle, pregnancy, urinary extracellular 
vesicles

Urine is a non-invasive biomarker source for many diseases, and includes components useful for this purpose, such as 
electrolytes, glucose, proteins, amino acids, erythrocytes, and ketones [5]. In addition to these traditional components, renal 
functional proteins, such as aquaporin-1 (AQP1), AQP2, sodium-potassium-chloride co-transporter 2, and sodium-chloride 
cotransporter, have been found in urinary extracellular vesicles (uEVs) [25], which are now receiving considerable attention as a 
possible source for discovery of novel biomarkers that might be used as indicators of cellular pathological change [24].

In 1992, AQP1 was discovered as a water channel protein by Agre’s group [26], and since then PCR-based homologous cloning 
has identified 12 other AQP isoforms in mammals [9, 13, 22]. Among these AQPs, AQP2 has been shown to be the most important 
protein for the water homeostasis regulated by vasopressin [13, 22]. AQP2 is expressed in principal cells of kidney collecting 
ducts. Vasopressin regulates AQP2 in two ways: short-term and long-term. Short-term regulation occurs within one hr after 
activation of the V2 receptor by vasopressin in the principal cells. This leads to accumulation of AQP2 on the apical membrane 
through the vesicular trafficking, and this apical expression of AQP2 provides a portal for water reabsorption. In long-term 
regulation, the renal abundance of AQP2 is increased through transcriptional regulation upon exposure to vasopressin. Increased 
renal abundance of AQP2 enhances water reabsorption, thereby increasing the body’s extracellular fluid volume.

AQP2 in the uEVs (uEV-AQP2) was first discovered by Kanno et al. [14] and a subsequent proteomic analysis performed by 
Pistukun et al. confirmed this observation [25]. Later, using differential centrifugation, Miyazawa et al. [20] found that most AQP2 
(more than 80%) in the urine is localized to uEVs.

In pregnant humans, it is known that extracellular fluid volume is increased by 30–50% [27, 28]. Buemi et al. [4] have reported 
that the level of urinary AQP2 in humans is increased during the gestational period. Furthermore, Ohara et al. [23] have reported 
that upregulation of renal AQP2 contributes to the water retention in pregnant rats. These data suggest that the state of body fluid 
in pregnancy is regulated by renal expression of AQP2, which is reflected by its urinary excretion. However, in pregnant cattle, the 
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level of urinary AQP2 has yet to be clarified.
In the present study, we examined the level of uEV-AQP2 from 5 heifers (H), 19 cows during gestation (G), and 10 cows during 

the postpartum period (P).

MATERIALS AND METHODS

Animals
All studies were performed with approval from the University of Miyazaki in accordance with the Guidelines for the Care and 

Use of Laboratory Animals in the University of Miyazaki. Spot urine samples (10–40 ml) were obtained from Japanese Black cattle 
in the morning by urethral catheterization. Urine samples were obtained from pregnant cows, including 6 cows in the first trimester 
(G1), 7 cows in the second trimester (G2), and 6 cows in the last trimester of pregnancy (G3).

Analysis of urine parameters
Initially, we tested urine with Multistix®PRO 10 LS Urinalysis Strips (Siemen Healthcare Diagnostics, Inc., Tokyo, Japan) for 

examination of health status. Samples yielding normal results including subclinical proteinuria were used, and these samples were 
subjected to determination of urinary creatinine and electrolyte concentrations (Na, K, Cl, and Ca) using a autoanalyzer (Fuji Film 
Medical, Tokyo, Japan), and urine osmolality using a osmometer (Osmostation OM-6060; Arkray, Kyoto, Japan).

Isolation of uEVs
uEVs were isolated from urine within 24 hr after collection using an ultracentrifugation technique that is considered to be a 

gold standard for isolation of EVs [2, 12, 16]. The urine was centrifuged at 1,000 g for 15 min for removal of cell debris. The 
volume of the 1,000 g supernatant was adjusted to include a certain amount of creatinine. Thereafter, we added protease inhibitor 
mixture (3.75% pAPMSF, 5% of 0.5 mM EDTA solution, 0.5% leupeptin in PBS) to the samples at 4% and centrifuged them 
again at 17,000 g for 15 min. The 17,000 g supernatant was retained. The pellet was dissolved in 50 µl of isolation solution (10 
mM trimethanolamine, 250 mM sucrose, 50 mg/ml dithiothreitol (DTT), and 8 mM HEPES, pH 7.6) and the pellet solution was 
incubated at 37°C with vortexing for 1 min. Thereafter, the volume of the pellet solution was adjusted to the original volume by 
addition of isolation solution without DTT and the solution was centrifuged again at 17,000 g for 15 min. The first and second 
supernatants after centrifugation at 17,000 g were mixed, and the mixture was spun at 200,000 g (Beckman Coulter, Fullerton, 
CA, U.S.A.), at 25°C for 1 hr. The resulting pellet was dissolved in a solution containing a protease inhibitor cocktail (Complete®, 
Roche Diagnostics, Tokyo, Japan) and the pellet solution was mixed with 4 × sample buffer (8% SDS, 50% glycerol, 250 mM 
Tris-HCl, 0.05% bromophenol blue, 200 mM DTT), followed by an incubation at 37°C for 30 min. The final samples were stored 
at −80°C until immunoblotting analysis.

Immunoblotting
After separation by SDS-PAGE, the protein was transferred on to a polyvinylidene difluoride (PVDF) membranes. After a 

blocking with a 5% skim milk in a tris-buffered solution containing 0.05% Tween-20 (TTBS), the PVDF membrane was incubated 
in TTBS containing 1.7% skim milk and primary antibody for 1 hr at 30°C. Thereafter, the PVDF membrane was washed with 
TTBS and was then incubated with TTBS containing 1.7% skim milk and anti-rabbit secondary antibody for 45 min at 30°C. 
After washing the PVDF membrane with TTBS, proteins on the membrane associated with antibodies were visualized by a 
Super Signal chemiluminescence detection system (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.) and the visualized 
bands were quantified using the ImageQuant TL software (GE Healthcare, Uppsala, Sweden). Antibodies used in this study were 
anti-AQP2 (catalog no. AQP-002, Alomone Labs, Jerusalem, Israel), anti-tumor susceptibility gene 101 (TSG101) (catalog no. 
ab-125011, Abcam, Cambridge, U.K.), anti- apoptosis-linked gene 2-interacting protein X (ALIX) (catalog no. sc-49268, Santa 
Cruz Biotechnology, Dallas, TX, U.S.A.), and peroxidase-conjugated anti-rabbit IgG secondary antibody (catalog no. 7074, Cell 
Signaling Technology, Danvers, MA, U.S.A.).

One constant control sample, comprising a mixture of the samples from three healthy humans, was loaded on the same gel and 
the control band intensity was used to quantify and normalize the band intensity of each bovine sample. These human samples 
were obtained with informed consent, and the study protocols were approved by the Faculty of Agriculture, University of Miyazaki 
Institutional Review Board, in accordance with the Ethical Guidelines for Clinical Studies in Japan.

Histology
Two formalin-fixed kidney samples from female cattle were analyzed. These samples had been kept at the University of Tokyo 

after pathological examination. The causes of death included a pregnancy-related disease and decubitus caused by arthritis. The 
kidney samples were cut into sections 2 µm thick, and then subjected to immunostaining. For immunohistostaining, the sections 
were deparaffinized and rehydrated, and the antigens were retrieved by incubating each specimen in distilled water at 121°C for 
5 min. Each slide was then reacted with the primary antibody against AQP2 at 37°C for 1 hr, and was subsequently incubated 
with Envision System Labelled Polymer Reagent (Dako, Tokyo, Japan) at 37°C for 45 min. The region of AQP2 labeling was 
visualized by treatment with 3, 3′-diaminobenzidine tetrahydrochloride, and the specimen was counterstained with hematoxylin. 
Each specimen was scanned and its image was acquired using a NanoZoomer 2.0 RS virtual slide scanner (C10730-13, Hamamatsu 
Photonics K.K., Shizuoka, Japan) with the NDP. view2 software package (U12388-01, Hamamatsu Photonics K.K.).



URINARY AQP2 IN PREGNANT CATTLE

1611doi: 10.1292/jvms.19-0276

Statistical analysis
The BoxPlotR (http://boxplot.tyerslab.com) was used for generation of box plots [29]. Differences between the groups were 

analyzed by the analysis of variance with Kruskal-Wallis test and subsequent Steel-Dwass test. Spearman rank correlation and 
least-squares regression were used to analyze the linear relationship between two variables. Programs of the tests available at 
https://www.R-project.org/.

RESULTS

Alterations in the urine parameters of cattle in the present study are summarized in Table 1. Since spot urine samples were 
used, all electrolyte values were normalized by urinary creatinine concentration [30, 32]. Among these parameters, a significant 
difference was evident only in the K:creatinine ratio between the G and the P groups.

Figure 1 shows the results of immunoblot analysis for uEV-AQP2. As reported previously for AQP2 in bovine samples [17], 
both glycosylated and non-glycosylated AQP2 were detected in the uEVs of cattle. Quantitative analysis showed that the levels 
of glycosylated, non-glycosylated and glycosylated + non-glycosylated (total) AQP2 were significantly decreased in the G group 
relative to the other two groups. When we compared total AQP2 between the three trimester groups (G1, G2, and G3) after 
normalization with the mean value in the P groups, the values decreased as pregnancy progressed (the mean ± SE; G1, 50.0 ± 
24.2%, n=6; G2, 33.5 ± 7.1%, n=7; G3, 26.2 ± 13.3%, n=6), but these values did not differ significantly.

It has been reported that TSG101 and ALIX are marker proteins for uEVs [7, 24]. Therefore, we next examined the levels of 

Table 1. Urinary parameters

Parameters Heifer 
(H Group)

Gestation 
(G Group)

Postpartum 
(P Group)

n 5 19 10
Age (years) 1.44 ± 0.38 6.80 ± 0.74a) 9.02 ± 0.98a)

Osmolality (mOsm/kg H2O) 687.8 ± 127.6 799.8 ± 64.5 814.8 ± 29.9
pH 8.2 ± 0.1 8.0 ± 0.3 8.6 ± 0.2
Na: creatinine ratio 1.99 ± 0.48 1.41 ± 0.19 1.66 ± 0.21
K: creatinine ratio 4.06 ± 1.19 6.33 ± 0.86 9.27 ± 1.32a)

Ca: creatinine ratio 0.05 ± 0.00 0.10 ± 0.03 0.10 ± 0.02
Cl: creatinine ratio 3.11 ± 0.53 4.33 ± 0.47 3.26 ± 0.39
a) P<0.05 vs. the H group. There were no statistical significant differences between the G and P groups.

Fig. 1. Comparison of aquaporin-2 (AQP2) levels in urinary extracellular vesicles (uEVs) between heifers (H), cows during gestation 
(G), and cows in the postpartum period (P). (A) Typical immunoblots of AQP2 in uEVs (uEV-AQP2) in the H, G, and P groups are 
shown. The upper and lower bands correspond to the glycosylated (gly) and non-glycosylated (non-gly) forms of AQP2, respectively. 
Control indicates the band for one constant control (see the MATERIALS AND METHODS section). (B) Quantitative summary of 
immunoblotting results. After normalization of the intensity of each band against the band intensity of the control, the data are shown 
as dot and box plots. Total indicates gly + non-gly AQP2. Numbers in parentheses indicate the number of animals examined. *P<0.05.
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uEV-TSG101 and -ALIX in the three groups. As shown in Fig. 2, when we compared the level of uEV-TSG101 in the G group was 
significantly lower than in the other two groups. On the other hand, there was not significant difference in the levels between the 
H and P groups. Similarly, when we compared the levels of uEV-ALIX in the three groups, that in the G group was significantly 
lower than those in the other two groups.

Figures 1 and 2 show that the level of uEV-AQP2 was associated with the levels of marker proteins for uEVs. In order to clarify 
this relationship, we performed correlation analyses. As shown in Fig. 3, there were significant correlations between the level of 
uEV-AQP2 and those of uEV-TSG101, or uEV-ALIX.

Several previous studies have suggested that the level of uEV-AQP2 is related to the degree of its renal expression [1, 2, 
19]. Although the number of samples we examined was limited, we were able to immunohistochemically analyze renal AQP2 
expression in two kidney samples from pregnant and non-pregnant cows (Fig. 4). In the non-pregnant case, AQP2 was especially 
expressed at the apical membrane, and to a degree in the cytosol, of renal collecting duct cells in the medulla. This expression 
pattern was in good agreement with a previous report [18]. On the other hand, in the kidney from the pregnant cow, the number of 
AQP2-positive cells was decreased and its expression level was weaker than that in the kidney from the non-pregnant case. When 
we quantitatively analyzed the whole kidney area using immunohistochemistry imaging data [19], the AQP2-positive area and the 
intensity of AQP2 expression in the pregnant cow were 50.4 and 86.9%, respectively, relative to those in the non-pregnant cow.

Fig. 2. Comparison of levels of uEV-tumor susceptibility gene 101 protein (TSG101) and -apoptosis-linked gene 2-interacting protein X (ALIX) 
between the H, G, and P groups. (A) Typical immunoblots of uEV-TSG101 in the H, G, and P groups are shown. (B) Quantitative summary of 
the immunoblotting results in (A). *P<0.05 and ***P<0.001, respectively. (C) Typical immunoblots of uEV-ALIX in the three groups are shown. 
(D) Quantitative summary of immunoblotting results in (C). **P<0.01.

Fig. 3. Relationship between uEV-aquaporin-2 and -TSG101, or -ALIX. (A) Analysis of the correlation between uEV-TSG101 and -AQP2. 
The line is the least-squares regression line. Total (glycosylated + non-glycosylated forms) uEV-AQP2 was used for this analysis.  
(B) Analysis of the correlation between uEV-ALIX and -AQP2.
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DISCUSSION

In the present work, we have shown for the first time that the level of uEV-AQP2 in pregnant cows is decreased in comparison 
with that in heifers or in the postpartum period. This decrease was correlated with the levels of uEV marker proteins such as 
TSG101 and ALIX. Since the levels of uEV marker proteins have been reported to reflect the number of EVs released into urine 
[7, 24], the decrease in the level of uEV-AQP2 might result from the decreased number of EVs released into urine in pregnant 
cattle. Furthermore, when we performed immunohistochemical analysis, although the number examined was limited, reduced 
renal expression of AQP2 was observed in pregnant cattle. Therefore, in addition to a lower number of EVs, the decreased renal 
expression of AQP2 was also thought to contribute to the reduced level of uEV-AQP2 in pregnant cattle.

A number of researches have been investigating the mechanisms by which EVs are released [11]. EV release comprises several 
steps, including EV genesis, the mechanism of cargo sorting into EVs, and the release steps. Many molecules involved in this 
process have been identified and studied, including hepatocyte growth factor-related tyrosine kinase substrate, TSG101, charged 
multivesicular body protein 4C (CHMP4C), signal transducing adaptor molecule 1, vacuolar protein sorting 4 homolog B, vesicular 

Fig. 4. Immunohistochemistry of renal aquaporin-2 in a pregnant and a non-pregnant cattle. Kidney sections from a non-pregnant (a−f) and a 
pregnant cow (g−l) were stained with anti-AQP2 antibody. Representative images of the cortex (a, d, g, and j), outer medulla (b, e, h, and k) 
and inner medulla (c, f, i, and l) are shown. The smaller black box in a, b, c, g, h, and i corresponds to the d, e, f, j, k, and l, respectively. Brown 
staining indicates the presence of AQP2. Bars=100 µm.
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trafficking 1, ALIX, syntenin, syndecan, CD9, Rab family proteins, V-ATPase, and ISG15 ubiquitin-like modifier (ISG15). Among 
them, ISG15, a ubiquitin-like protein, is noteworthy, because the level of ISG15 mRNA in blood has been reported to increase 
after artificial insemination in cattle [10]. ISG15 is induced by interferon (IFN)-τ derived from the conceptus in cattle. One of the 
characteristics of ISG15 includes its conjugation to target proteins (ISGylation). Recently, using ISG15-knock out mice and mice 
expressing an inactive form of the ISG15 deconjugating enzyme, USP18C61A, Villarroya-Beltri et al. [31] have suggested that the 
ISGylation is related to regulation of the EV release. Although the level of ISG15 in renal cells, the major cells producing uEVs, 
has not been examined in cattle, activation of the mechanism involving ISG15 might decrease the number of EVs released into the 
urine of pregnant cattle. Future studies will need to identify the molecules responsible for the release of uEVs, and their function in 
cattle.

In a human study, Buemi et al. [4] examined urine from 45 pregnant primiparas, and observed that the excretion of urinary 
AQP2 during all three trimesters was increased. However, in a study of 17 healthy pregnant women, Nielsen et al. [21] found no 
significant difference from non-pregnant women in the level of uEV-AQP2. Despite the difference between these two reports, uEV-
AQP2 in humans does not decrease during gestation. However, the present study clearly showed that uEV-AQP2 was decreased in 
pregnant cattle. The reason for this difference is currently unclear. As ISG15 is also known to be induced by pregnancy in humans 
[3], the different degree of renal activation of the ISGylation pathway between humans and cattle might be partly responsible. 
Furthermore, it is known that humans and cattle differ in both renal anatomy and physiology [8, 18]. For example, the bovine 
kidney is distinctively lobulated, whereas the human kidney is not. The maximal urine concentration ability of cattle is 2,000–2,200 
mOsm/kg H2O, whereas that of humans is 1,400 mOsm/kg H2O [6]. Therefore, a further study is needed to clarify the reason for 
this difference.

It has been reported that renal AQP2 is up-regulated in pregnant rats, and that this might contribute to the water retention [23]. 
In this study, although the number of samples was limited, we showed that the level of renal AQP2 expression was decreased in 
a pregnant cow. Although it is currently unclear whether water retention occurs in cattle, the decreased expression of renal AQP2 
might protect cattle from pregnancy-induced water retention through inhibition of water reabsorprtion. A future study examining 
the relationship between body fluid volume and renal AQP2 expression in cattle may clarify the reason for this difference.

Urinary excretion of potassium was higher in the P group than in the H group. Intake of potassium has been reported to correlate 
with urinary potassium excretion in lactating cows [15]. Although potassium intake was not measured in this study, potassium 
intake in the P group appeared to be high than that in the H group.

Our present study has demonstrated that pregnant cows show a lower level of uEV-AQP2 and this decrease tends to be lowered 
as pregnancy progressed. A reduction in the number of EVs released into urine and reduced renal AQP2 expression during 
gestation in cattle might contribute to this. These data suggest that uEV-AQP2 might be applicable as a marker for detection of 
pregnancy and/or pregnancy-related diseases.
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