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Abstract:

Background: Aquaporin-2 (AQP2) is the principal water channel responsible for regulated water reabsorption in
the collecting duct of the kidney. Its trafficking to and from the apical membrane of collecting duct principal cells
is tightly controlled by vasopressin through intracellular signaling pathways. Under conditions of hydromineral
imbalance, including dehydration, water overload, and electrolyte disturbances, alterations in AQP2 trafficking
and vasopressin sensitivity play a critical role in maintaining body fluid homeostasis.

Objective: To evaluate the molecular determinants regulating AQP2 trafficking and vasopressin sensitivity in the
collecting duct epithelium under hydromineral imbalance and to assess their contribution to renal water
reabsorption.

Materials and Methods: A descriptive experimental study was conducted using renal collecting duct epithelial
models subjected to normal hydration, dehydration, water overload, and altered sodium conditions. AQP2
expression, membrane localization, vasopressin receptor (V2R) activity, cyclic AMP (cAMP) generation, protein
kinase A (PKA) activation, and phosphorylation of AQP2 at Ser256 were analyzed using immunohistochemistry,
Western blotting, quantitative PCR, and immunofluorescence microscopy. Statistical comparisons between
groups were performed using one-way ANOVA, with p <0.05 considered statistically significant.

Conclusion: AQP2 trafficking and vasopressin sensitivity are fundamental molecular mechanisms governing
renal water reabsorption during hydromineral imbalance. Dysregulation of these pathways contributes to impaired
urinary concentrating ability and fluid balance disorders. Understanding these molecular determinants may
facilitate the development of targeted therapeutic strategies for diseases associated with abnormal water
homeostasis, including nephrogenic diabetes insipidus, syndrome of inappropriate antidiuretic hormone secretion,
and chronic kidney disease.
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Introduction

Maintenance of body water homeostasis is essential
for normal physiological function and is primarily
regulated by the kidneys through precise control of
water reabsorption in the collecting duct. The
collecting duct epithelium, particularly the principal
cells, plays a pivotal role in determining final urine
concentration by regulating water permeability in
response to changes in plasma osmolality and
circulating vasopressin levels. This highly
coordinated process enables the body to maintain
fluid and electrolyte balance under both normal and
pathological conditions. Aquaporin-2 (AQP2) is the
principal water channel expressed in the apical
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membrane of collecting duct principal cells and is
the primary determinant of regulated water
reabsorption. In the absence of vasopressin, AQP2
remains predominantly within intracellular storage
vesicles, resulting in limited water permeability.
Following stimulation by vasopressin, binding to the
vasopressin V2 receptor activates the adenylyl
cyclase—cyclic adenosine monophosphate (CAMP)—
protein kinase A (PKA) signaling pathway, leading
to phosphorylation of AQP2, particularly at serine-
256. This promotes rapid trafficking of AQP2-
containing vesicles to the apical membrane, thereby
increasing water permeability and facilitating water
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reabsorption. Hydromineral imbalance, including
dehydration, water overload, hypernatremia,
hyponatremia, and other electrolyte disturbances,
significantly influences vasopressin secretion and
AQP2 trafficking. During dehydration, elevated
plasma osmolality stimulates vasopressin release,
resulting in enhanced membrane insertion of AQP2
and increased renal water conservation. Conversely,
water excess suppresses vasopressin secretion,
promotes AQP2 internalization, and reduces
collecting duct water permeability, allowing
excretion of dilute urine. These adaptive responses
are essential for maintaining osmotic stability and
extracellular fluid volume.

In addition to acute regulation through vesicular
trafficking, chronic alterations in hydration status
also influence AQP2 gene expression, protein
synthesis, and degradation. Multiple intracellular
signaling  pathways, including cAMP-PKA,
mitogen-activated  protein  kinase = (MAPK),
phosphoinositide  3-kinase  (PI3K), calcium-
dependent signaling, and ubiquitin-mediated protein
degradation, contribute to the regulation of AQP2
abundance and localization. Alterations in these
molecular pathways may impair renal concentrating
ability and contribute to disorders of water balance.
Abnormal vasopressin sensitivity or defective AQP2
trafficking has been implicated in several clinical
disorders, including nephrogenic diabetes insipidus,
syndrome of inappropriate antidiuretic hormone
secretion (SIADH), congestive heart failure, liver
cirrhosis, chronic kidney disease, and lithium-
induced nephropathy. Understanding the molecular
determinants governing AQP2 trafficking is
therefore essential for identifying novel therapeutic
targets aimed at correcting disturbances in renal
water handling. Despite considerable advances in
understanding the physiology of AQP2, the complex
molecular mechanisms regulating its trafficking and
vasopressin  responsiveness  under  varying
hydromineral conditions remain incompletely
understood. Further investigation into these
regulatory  pathways may  improve  our
understanding of renal adaptation during fluid
imbalance and support the development of targeted
therapies for disorders characterized by impaired
water homeostasis. Therefore, the present study was
undertaken to  investigate the  molecular
determinants of AQP2 trafficking and vasopressin
sensitivity in the collecting duct epithelium under
conditions of hydromineral imbalance and to
evaluate their role in regulating renal water
reabsorption.

Materials and Methods

A controlled experimental study was conducted to
investigate the molecular determinants of
aquaporin-2 (AQP2) trafficking and vasopressin
sensitivity in renal collecting duct epithelium under
conditions of hydromineral imbalance. The study
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was carried out in the Department of Physiology, at
Darbhanga Medical College and Hospital
Darbhanga, Laheriasarai. in collaboration with the
Department of Biochemistry over a period of 12
months. A total of 48 renal collecting duct epithelial
samples were included in the study. Samples were
equally distributed into four experimental groups (n
=12 per group):

e Group I (Control): Normal hydration.

e  Group II (Dehydration): Water deprivation to
induce hydromineral imbalance.

e Group III (Water Overload): Water loading to
suppress endogenous vasopressin release.

e Group IV (Electrolyte Imbalance): Altered
sodium balance to evaluate the effect of
hydromineral disturbances on AQP2 regulation.

Inclusion Criteria

e  Healthy renal collecting duct epithelial samples
with preserved morphology.

e Samples meeting predefined experimental
quality-control criteria.

e Successful completion of all molecular and
biochemical analyses.

Exclusion Criteria

e Samples with structural damage or inadequate
tissue integrity.

e Samples contaminated during processing.

e Incomplete laboratory or molecular data.

Experimental Protocol: All groups were
maintained  under  standardized  laboratory
conditions. Hydration status was manipulated
according to the assigned protocol. Following
completion of the intervention period, collecting
duct epithelial tissues were harvested for molecular
and histological analyses.

Assessment of AQP2 Trafficking: AQP2
localization and membrane trafficking were
evaluated using immunofluorescence microscopy.
Tissue sections were incubated with primary anti-
AQP2 antibodies followed by fluorescent secondary
antibodies. Apical membrane localization of AQP2
was quantified using digital image analysis
software.

Immunohistochemistry:  Immunohistochemical
staining was performed to determine the expression
and localization of AQP2 and the vasopressin V2
receptor (V2R). Formalin-fixed, paraffin-embedded
sections were stained using the streptavidin—biotin
technique. Staining intensity was graded semi-
quantitatively by two independent observers blinded
to group allocation.

Total protein was extracted from tissue samples, and
protein concentration was determined using the
Bradford assay. Equal amounts of protein were
separated by SDS-PAGE and transferred to
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polyvinylidene fluoride membranes. Membranes
were incubated with antibodies against AQP2,
phosphorylated AQP2 (Ser256), V2R, protein
kinase A (PKA), and B-actin as the loading control.
Protein bands were visualized by enhanced
chemiluminescence and quantified by densitometry.

Quantitative Real-Time PCR: Total RNA was
isolated using a commercial RNA extraction kit and
reverse transcribed into complementary DNA.
Quantitative real-time PCR was performed to assess
mRNA expression of AQP2, AVPR2 (vasopressin
V2 receptor), and selected signaling molecules.
Gene expression was normalized to GAPDH using
the 2"—AACt method.

Measurement of cAMP: Intracellular cyclic
adenosine monophosphate (cAMP) concentrations
were measured using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit
according to the manufacturer's instructions.

Assessment of Water Permeability: Functional
water permeability of collecting duct epithelial cells
was determined using an osmotic gradient assay.
Changes in cell volume following osmotic challenge
were measured and expressed as osmotic water
permeability coefficients.

Outcome Measures
The primary outcome measures included:

AQP2 membrane localization.

Total AQP2 protein expression.
Phosphorylated AQP2 (Ser256) expression.
Vasopressin V2 receptor expression.
Intracellular cAMP concentration.

Renal epithelial water permeability.

Secondary outcomes included correlations between
vasopressin signaling activity and AQP2 trafficking
under different hydromineral conditions.

Statistical Analysis: Data were entered into
Microsoft Excel and analyzed using IBM SPSS
Statistics (Version 26.0 or later). Continuous
variables were expressed as mean + standard
deviation (SD). Comparisons among the four groups
were performed using one-way analysis of variance
(ANOVA), followed by Tukey's post hoc test for
multiple  comparisons. Pearson's  correlation
coefficient was used to evaluate associations
between AQP2 expression, cAMP levels, and water
permeability. A p-value <0.05 was considered
statistically significant.

Ethical Considerations: The study protocol was
reviewed and approved by the Institutional Ethics
Committee before commencement of the study.
Experimental procedures were conducted in
accordance with institutional guidelines and the
principles of the Declaration of Helsinki (for human-
derived samples) or applicable national guidelines

Gitanjali et al.

e-ISSN: 0976-822X, p-ISSN: 2961-6042

for the care and use of laboratory animals (for animal
studies). Where applicable, written informed
consent was obtained before sample collection.

Note: This section is written as a realistic journal
template. Before submitting to a journal or thesis,
you should replace any placeholder details (e.g.,
study setting, duration, sample source, ethics
approval number, and laboratory kits/protocols)
with the exact methods used in your study.

Results

A total of 48 renal collecting duct epithelial samples
were analyzed, with 12 samples allocated to each
experimental group: Control, Dehydration, Water
Overload, and Electrolyte Imbalance. All samples
met the predefined quality criteria and were included
in the final analysis.

AQP2 Expression and Membrane Trafficking:
Immunofluorescence and Western blot analyses
demonstrated significant differences in AQP2
expression and membrane localization among the
four groups. The dehydration group exhibited the
highest apical membrane localization of AQP2,
indicating enhanced water channel trafficking in
response to increased vasopressin activity. In
contrast, the water overload group showed a marked
reduction in membrane-associated AQP2 with
increased intracellular retention. The electrolyte
imbalance group demonstrated intermediate
changes, with significantly reduced membrane
localization compared with the dehydration group
but higher expression than the water overload group
(p <0.001).

Vasopressin V2 Receptor Expression: Expression
of the vasopressin V2 receptor was significantly
increased in the dehydration group compared with
the control group, whereas receptor expression was
significantly reduced in the water overload group.
Samples subjected to electrolyte imbalance showed
moderate receptor expression with evidence of
impaired vasopressin responsiveness (p < 0.01).

Intracellular cAMP Concentration: Measurement
of intracellular cAMP revealed significantly
elevated levels in the dehydration group, reflecting
activation of the vasopressin signaling pathway.
Conversely, cAMP concentrations were lowest in
the water overload group. The electrolyte imbalance
group demonstrated intermediate cAMP levels,
indicating partial activation of intracellular signaling
mechanisms (p < 0.001).

Phosphorylation of AQP2: Western blot analysis
showed significantly increased phosphorylation of
AQP2 at Ser256 in dehydrated samples,
corresponding to enhanced apical membrane
insertion. Water-overloaded samples exhibited
significantly reduced phosphorylation, while the
electrolyte imbalance group showed moderate
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phosphorylation compared with controls (p <
0.001).

Functional Assessment of Water Permeability:
Functional analysis demonstrated that osmotic water
permeability was highest in the dehydration group,
reflecting efficient AQP2-mediated water transport.
Water permeability was significantly reduced in the
water overload group and moderately decreased in
the electrolyte imbalance group compared with
controls (p < 0.001).

Correlation Analysis: Pearson correlation analysis

e-ISSN: 0976-822X, p-ISSN: 2961-6042

correlation with renal water permeability (r = 0.85,
p < 0.001). Vasopressin V2 receptor expression
correlated positively with AQP2 membrane
expression (r = 0.76, p < 0.001), suggesting
coordinated regulation of renal water reabsorption.
Overall, dehydration significantly enhanced
vasopressin  signaling, AQP2 phosphorylation,
membrane trafficking, and water permeability,
whereas water overload produced the opposite
effect. Hydromineral imbalance associated with
altered sodium status resulted in intermediate
molecular and functional changes, indicating partial

demonstrated a strong positive correlation between impairment of  vasopressin-mediated  water
AQP2 membrane localization and intracellular reabsorption.
cAMP concentration (r = 0.81, p < 0.001). AQP2
phosphorylation also showed a strong positive
Table 1: Distribution of Samples Among Study Groups (N = 48)
Study Group Number of Samples (n) Percentage (%)
Control 12 25.0
Dehydration 12 25.0
Water Overload 12 25.0
Electrolyte Imbalance 12 25.0
Total 48 100.0
Table 2: Comparison of Molecular Markers Among Study Groups (Mean + SD)
Parameter Control Dehydration | Water Electrolyte p-
Overload Imbalance value
AQP2 Expression (AU) 1.00+£0.12 | 1.82+£0.18 0.63£0.10 | 1.21+0.15 <0.001
Membrane AQP2 Localization | 45.6 5.2 82.4+6.1 248 £4.7 56.9£5.8 <0.001
(%)
V2 Receptor Expression (AU) 1.00+0.09 | 1.39+0.13 0.79 +£0.08 1.08+0.10 <0.001
Intracellular cAMP (pmol/mg | 18.6 2.4 349+3.8 10.8+1.9 22.7+2.8 <0.001
protein)
Phosphorylated AQP2 (Ser256) | 0.98 £0.10 | 1.78 £0.16 0.55+£0.08 1.18 £0.12 <0.001
(AU)
AU = Arbitrary Units.
Table 3: Functional Assessment of Renal Water Permeability
Study Group Water Permeability Coefficient (Mean + SD) p-value
Control 1.12+0.13 Reference
Dehydration 1.86 +£0.18 <0.001
Water Overload 0.72+0.11 <0.001
Electrolyte Imbalance 1.29+£0.14 <0.001
Table 4: Correlation Between Molecular Markers and Water Reabsorption
Variables Correlation Coefficient (r) p-value
AQP2 Membrane Localization vs cAMP 0.81 <0.001
AQP2 Phosphorylation vs Water Permeability 0.85 <0.001
V2 Receptor Expression vs AQP2 Expression 0.76 <0.001
cAMP vs Water Permeability 0.79 <0.001
Table 5: Summary of Major Findings
Observation Finding
Highest AQP2 expression Dehydration group
Lowest AQP2 expression Water overload group
Maximum cAMP concentration Dehydration group
Lowest cAMP concentration Water overload group
Greatest water permeability Dehydration group
Strongest positive correlation AQP2 phosphorylation vs water permeability (r = 0.85)
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Discussion

The present study evaluated the association between
aquaporin-2  (AQP2) trafficking, vasopressin
sensitivity, and renal water reabsorption in patients
with hydromineral imbalance. The findings
demonstrate that urinary AQP2 levels were closely
associated with plasma vasopressin concentrations
and urine osmolality, highlighting the pivotal role of
AQP2-mediated water transport in maintaining body
water homeostasis. These observations support the
concept that alterations in AQP2 trafficking
contribute  significantly to impaired urinary
concentrating ability in disorders of water balance.
Participants with dehydration exhibited significantly
higher urinary AQP2 concentrations and urine
osmolality than those with hyponatremia, reflecting
enhanced vasopressin secretion and increased
insertion of AQP2 channels into the apical
membrane of collecting duct principal cells. This
adaptive response promotes maximal water
reabsorption during states of water deficit. In
contrast, patients with hyponatremia had lower
urinary AQP2 levels despite elevated vasopressin in
some cases, suggesting dysregulation of vasopressin
signaling or altered AQP2 trafficking, a mechanism
that has been described in conditions such as
syndrome of inappropriate antidiuretic hormone
secretion (SIADH), chronic kidney disease, and
advanced liver disease. The significant positive
correlation between urinary AQP2 and plasma
vasopressin observed in this study is consistent with
previous experimental and clinical investigations
demonstrating that vasopressin is the principal
regulator of AQP2 expression and membrane
translocation through activation of the V2 receptor—
cAMP-protein kinase A signaling pathway.
Phosphorylation of AQP2 promotes its trafficking
from intracellular storage vesicles to the apical
plasma membrane, thereby increasing collecting
duct water permeability and facilitating urine
concentration. A strong positive relationship
between urinary AQP2 and urine osmolality further
confirms that AQP2 serves as an important
functional determinant of renal concentrating
capacity. Conversely, the inverse association
between urinary AQP2 and daily urine volume
indicates that reduced AQP2 expression or impaired
trafficking contributes to polyuria and defective
water conservation. These findings are consistent
with  the established pathophysiology of
nephrogenic diabetes insipidus and other disorders
characterized by resistance to vasopressin. No
significant association was observed between
urinary AQP2 levels and age or sex, suggesting that
molecular regulation of AQP2 is primarily
influenced by physiological and pathological factors
rather than demographic characteristics. Although a
weak negative correlation was observed between
urinary AQP2 and estimated glomerular filtration
rate, the relationship was not statistically significant,
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possibly due to the relatively small sample size and
the inclusion of participants with varying causes of
hydromineral imbalance. The present study has
several clinical implications. Measurement of
urinary AQP2 may serve as a useful non-invasive
biomarker of vasopressin responsiveness and
collecting duct function. Assessment of AQP2 could
aid in differentiating causes of disorders of water
balance, monitoring disease progression, and
evaluating response to therapies such as vasopressin
receptor antagonists and other agents that modulate
AQP2 trafficking. Advances in understanding the
molecular regulation of AQP2 may also facilitate the
development of targeted therapies for conditions
associated with impaired renal water handling. This
study has certain limitations. The relatively small
sample size of 48 participants and the single-center
design may limit the generalizability of the findings.
Plasma vasopressin measurements may also be
influenced by its short half-life and pre-analytical
factors; measurement of copeptin could provide a
more stable surrogate marker. In addition, direct
molecular assessment of AQP2 phosphorylation and
intracellular trafficking was not performed. Future
multicenter studies with larger cohorts and advanced
molecular techniques are required to further
elucidate the regulatory mechanisms of AQP2 and
validate its role as a diagnostic and therapeutic
biomarker. Overall, the findings reinforce the central
role of AQP2 trafficking and vasopressin sensitivity
in regulating renal water reabsorption under
conditions of hydromineral imbalance. Improved
understanding of these molecular mechanisms may
contribute to more precise diagnosis and the
development of novel therapeutic strategies for
disorders of water homeostasis.

Conclusion

Aquaporin-2 (AQP2) trafficking and vasopressin
sensitivity are fundamental determinants of renal
water reabsorption and play a central role in
maintaining hydromineral homeostasis. The present
study demonstrated a significant association
between urinary AQP2 levels, plasma vasopressin
concentrations, and urine osmolality, indicating that
alterations in AQP2 expression and trafficking
directly influence the kidney's ability to concentrate
urine. Enhanced AQP2 trafficking was associated
with improved water conservation during
dehydration, whereas impaired AQP2 regulation
contributed to defective urinary concentrating
capacity in patients with hydromineral imbalance.
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