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Abstract

Objective Kidney-Yang Deficiency Syndrome (KYDS) is associated with lipid metabolism dysregulation. This study
aimed to investigate the effect of casitas B-lineage lymphoma (CBL)-mediated aquaporin 1 (AQP1) ubiquitination
on KYDS.

Methods The KYDS rat model was induced via intraperitoneal injection of hydrocortisone. Body weight, body
temperature, sperm motility, serum hormone levels, organ indices, and histopathological changes of rats were evalu-
ated. AQP1 was knocked down to detect the effect of AQP1 on lipid metabolism in KYDS rats. Immunofluorescence
and immunoprecipitation were used to verify the relationship between CBL and AQP1, and CBL knockdown KYDS rats
were constructed to test the effect of CBL on AQP1 ubiquitination.

Results AQP1 expression was downregulated in KYDS rats. Knockdown of the AQP1 gene in KYDS rats resulted

in decreased body weight, body temperature, sperm motility, and testicular index, along with increased renal index.

It also resulted in changes of serum hormone levels and exacerbated pathologic changes. Additionally, AQP1 knock-
down further suppressed lipid accumulation in KYDS rats, as evidenced by reductions in lipid droplets and the expres-
sion of lipid synthesis proteins. Intriguingly, elevated expression of CBL was observed in KYDS, and its knockdown
inhibited the ubiquitin-mediated degradation of AQP1. The inhibition of CBL in KYDS improved lipid metabolism
dysregulation, thereby ameliorating KYDS.

Conclusion CBL-mediated AQP1 ubiquitination aggravates KYDS by promoting lipid metabolism dysregulation,
offering promising insights for targeted therapeutic interventions.

Keywords Kidney-Yang Deficiency Syndrome, Aquaporin 1, Ubiquitination, Casitas B-lineage lymphoma, Lipid
metabolism

Introduction

Kidney-Yang Deficiency Syndrome (KYDS) is a common
metabolic disorder characterized by neuroendocrine dys-
function, and its pathogenesis involves hypothalamic-
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KYDS has thus become a top priority in contemporary
research.

Disruption of lipid metabolism could potentially influ-
ence the structure and function of the kidneys, including
the carnitine reabsorption process in renal tubules [3-5].
Lu et al. have revealed abnormal lipid metabolic activ-
ity in KYDS [1]. Previous research indicates that Gush-
udan can retain the intestinal microbiota of KYDS rats,
improving fatty acid metabolism to exert its therapeutic
effects [6]. However, the regulatory mechanisms of lipid
metabolism in KYDS remain unclear.

Aquaporins (AQPs) are water channel proteins present
in various tissues, and play an important role in regulat-
ing water transport, lipid metabolism, and glycolysis of
cells [7]. AQP1, especially abundant in the kidneys, plays
a pivotal role in the process of urine concentration [8]. Its
main function is to facilitate the movement of water mol-
ecules across the cell membrane in response to osmotic
gradients [9, 10]. The ubiquitination of AQP1 could
potentially disrupt the stability and function of AQP1I,
further inhibiting water reabsorption in the kidneys [11].
Shen Qi Wan was found to promote rat renal proximal
tubular cell migration by increasing AQP1 expression
in KYDS [12]. However, the precise role of AQP1 in
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KYDS and its relationship with lipid metabolism remain
unclear.

Casitas B-lineage Lymphoma(CBL), ubiquitously
expressed ubiquitin E3 ligase, plays a critical role in
maintaining the homeostasis and activation state of
numerous signaling molecules [13]. CBL-mediated ubiq-
uitination can destabilize target proteins, thereby inhibit-
ing their function [14]. For example, the overexpression
of CBL alleviates endothelial dysfunction in diabetes by
enhancing the ubiquitination of janus tyrosine kinase
2 (JAK2) [15]. In HCV-infected cells, CD2AP enhances
the ubiquitination of IRS1 and increases the level of lipid
droplets by interacting with CBL [16]. Our analysis has
identified AQP1 as a possible novel substrate for ubiq-
uitin ligase CBL. Bioinformatic analysis indicates AQP1
downregulation and CBL upregulation in KYDS sam-
ples, highlighting their interaction with genes related to
lipid metabolism (Supplementary Fig. 1 A-B). Thus, we
hypothesize that CBL might promote dysregulated lipid
metabolism to aggravate KYDS by enhancing AQP1
ubiquitination.

The rat is a common animal model for KYDS [17]. We
established a rat KYDS model to go deeper into the role
and mechanism of CBL-mediated AQP1 ubiquitination
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in KYDS. This study delves into the role of CBL-medi-
ated AQP1 ubiquitination in dysregulated lipid metabo-
lism associated with KYDS. By uncovering the molecular
mechanisms of KYDS, the investigation identifies poten-
tial therapeutic targets, offering insights into the diagno-
sis and treatment of KYDS.

Materials and methods

Animal model construction

Male Sprague-Dawley (SD) rats (250 + 20 g, 6 weeks old,
the College of Veterinary Medicine at Yangzhou Uni-
versity) were housed under standard laboratory condi-
tions, with a 12-h light/dark cycle, and temperature and
humidity maintained at 23-27 °C and 30%-70%, respec-
tively. After a one-week acclimatization period, the rats
were randomly divided into six groups (n = 6 per group):
Control, KYDS, KYDS + sh-NC (negative control), KYDS
+ sh-AQP1, KYDS + sh-CBL, and KYDS + sh-CBL +
sh-AQP1. Rats in the KYDS, KYDS + sh-NC, KYDS +
sh-AQP1, KYDS + sh-CBL, and KYDS + sh-CBL + sh-
AQP1 groups were intraperitoneally injected with 10 mg/
kg of hydrocortisone once daily for 20 consecutive days
to induce a KYDS model [18]. The control group rats
received an equal volume of normal saline. Before mod-
eling, to knockdown AQP1 and/or CBL expression, rats
in the KYDS + sh-AQP1, KYDS + sh-CBL, and KYDS +
sh-CBL + sh-AQP1 groups were intravenously injected
via tail vein with AQP1 and/or CBL interfering lentivi-
rus (4x10” TU/mL, 100 pL; AQP1: 5- GGT CAA GCT
CAG CAG TCA A-3; CBL: 5-GGT TTA TAT TGT TAG
AAT A-3). Rats in the KYDS + sh-NC group received an
equivalent volume of the sh-NC lentivirus. At the end of
the treatment period, rats were euthanized via intraperi-
toneal injection of 50 mg/kg sodium pentobarbital, fol-
lowed by cervical dislocation. All efforts were approved
by Yangzhou University’s Animal Ethics Committee
(202308007). The workflow is shown in Fig. 1.

Observation of physiological parameters

Weight: the body weight of the rats was measured and
recorded every two days for a continuous period of 20
days after the model construction.

Body temperature: their body temperature was meas-
ured and recorded before euthanizing the rats in each
group.

Sperm motility: after intraperitoneal injection of
sodium pentobarbital, the epididymis of each rat was
extracted. It was placed in 8 mL of normal saline, cut into
pieces to ensure even distribution, and incubated in a 37
°C water bath for 10 min. The suspension was then fil-
tered, and an additional 8 mL of normal saline was added
to create a sperm suspension. Under a microscope, one
drop of the sperm suspension was observed to assess
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the motility of 100 sperm cells. According to the World
Health Organization (WHO) manual, sperm motility is
classified into four grades: A (fast forward movement),
B (slow forward movement), C (nonforward movement),
and D (no movement). The proportion of A + B grade
sperm was calculated.

Organ indices: the kidneys and testes of the rats in each
group were weighed. The organ index of each organ was
calculated using the following formula: organ index =
(organ weight/body weight) x 100%.

Serum cytokine: after intraperitoneal injection of
sodium pentobarbital, 5 mL of abdominal aortic blood
was collected from each rat (rats were allowed free access
to water 12 h prior to blood collection). After 2 h of
incubation, the blood samples were centrifuged at 3000
rpm for 10 min, and the serum was collected. The con-
centrations of cyclic adenosine monophosphate (cAMP;
mlbio, Shanghai, China; ml002907), cyclic guanosine
monophosphate (cGMP; mlbio; ml003133), gonadotro-
pin-releasing hormone (GnRH; Shanghai WESTANG,
Shanghai, China; MY567), luteinizing hormone (LH;
mlbio;  ml064293), follicle-stimulating  hormone
(FSH; mlbio; ml059034), testosterone (T; Abcam, UK;
ab285350), estradiol (E2; Abcam; ab285285), corticoster-
one (CORT; Abcam; ab108821), corticotropin releasing
hormone (CRH; mlbio; ml003041), adrenocorticotrophic
hormone (ACTH; mlbio; ml002875), and tetraiodothy-
ronine (T4; Abcam; ab285258) in the serum were deter-
mined using ELISA kits.

Hematoxylin and eosin (HE) staining

Tissue sections with a thickness of 5 pum were prepared
using formalin fixation. Sections were stained by hema-
toxylin solution (Beyotime, Shanghai, China; C0105S),
which was used to stain nuclei. The excess color was
washed away before an appropriate amount of eosin solu-
tion was added for staining the cytoplasm and extracel-
lular matrix. After washing away the excess color, the
sections were dehydrated through a series of alcohol
baths, starting with 80% ethanol, followed by 95%, and
ending with 100% ethanol. This was followed by the
clearing of the sections using xylene to make them trans-
parent. Lastly, the sections were sealed with a suitable
amount of a resinous mounting medium and covered
with a glass coverslip. The sections were observed under
a microscope (Olympus, Japan) for subsequent experi-
mental analysis.

Red oil O staining

Kidney and testicular tissues were fixed with formalin
and cryosectioned, ensuring that the tissue was cut to
an appropriate thickness of 8 um. Sections were placed
on a dry glass slide and cover the Oil Red O solution
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(Beyotime; C0158S) evenly on the section so that it was
completely infiltrated. After staining for 20 min, Oil Red
O solution was removed and washed the sections with
wash solution. Afterwards, the sections were sealed and
observed using a microscope (Olympus).

Immunohistochemistry

Following fixation with cold acetone, the sections of kid-
ney and testicular tissues were treated with 3% H,O, for
20 min to quench endogenous peroxidase activity. The
sections were then blocked with normal goat serum for
15 min. The primary antibody anti-SREBP-1 (1:100;
Abcam, UK; ab28481) was applied to the kidney sec-
tions, and anti-3p-HSD (1:200; Bioss, China; bs-3906R)
was incubated with the testicular sections overnight at
4°C. This was followed by an incubation with a second-
ary antibody (Abcam; ab6721) at a 1:2000 dilution for 30
min. 3,3’-Diaminobenzidine was used for color develop-
ment, with the reaction monitored closely to avoid over-
staining. Sections were mounted and analyzed under a
light microscope (Olympus, Japan).

Cell culture

The HEK293T cells (American Type Culture Collec-
tion, Manassas, VA, USA) were cultured in RPMI 1640
medium (Gibco, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin
in a carbon dioxide incubator at 37 °C, and the medium
was replaced every 2—-3 days.

Cell transfection

We engineered sh-NC, sh-CBL, oe-NC, and oe-CBL
constructs and packaged them into lentiviruses utiliz-
ing a third-generation packaging system (pMDLg/pRRE,
pRSV-Rev, and pVSV-G). HEK293T cells were seeded in
a 6-well plate at a density of 2x10° cells/mL. When the
cell confluence reached 70-90%, the lentivirus, which
expresses either overexpression (oe-) or knockdown
(sh-) CBL, was thawed on ice, diluted in complete cul-
ture medium to a titer of 1x10% TU/mL, and 20 uL of the
lentivirus was added to each well. After 18 h of lentiviral
infection, the medium was replaced with fresh complete
culture medium. Stable cell lines expressing the target
gene were obtained after 48 h of infection.

Immunoprecipitation detection

The HEK293T cells were lysed using a non-denaturing
lysis buffer (Thermo Fisher Scientific, MA, USA), com-
plemented with protease and phosphatase inhibitors
(Roche, Basel, Switzerland). The cell lysates were incu-
bated with anti-AQP1 (1:30) overnight at 4°C with gentle
shaking. The following day, protein A/G PLUS-Agarose
beads (Santa Cruz Biotechnology, TX, USA) were added
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to each sample and incubated at 4°C for an additional 2
h with gentle shaking. The beads were then collected by
centrifugation and washed three times with RIPA buffer
to remove non-specifically bound proteins. Finally, the
immunoprecipitated protein complexes were eluted by
boiling the beads in Laemmli Sample Buffer (Bio-Rad) for
5 min. These eluted samples were then analyzed by West-
ern blot.

Western blot

Protein samples were prepared from tissues and cells
using RIPA lysis buffer (Beyotime). Protein concentra-
tions were determined using a BCA Protein Assay Kit
(Beyotime). Equal amounts of protein (25 pg) were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (Bio-Rad, CA, USA) and transferred
onto polyvinylidene fluoride membranes. Membranes
were blocked with 5% non-fat milk for 1 h at room tem-
perature. Subsequently, membranes were incubated
with primary antibodies overnight at 4°C. After wash-
ing, membranes were incubated with HRP-conjugated
secondary antibodies (1:2000; Abcam; ab6721) for 1 h at
room temperature. Signals were imaged on a ChemiDoc
XRS+ system (Bio-Rad) and the densitometry of bands
was analyzed using Image Lab software (Bio-Rad). Anti-
bodies used in this study are SIRT1 (1:1000; DF6033),
E-cadherin (1:1000; AF0131), Vimentin (1:1000; AF7013),
CBL (1:1000; AF6225), AQP1 (1:1000; AF5231) were pur-
chased from Affinity Biosciences (OH, USA); SERBP1
(1:1000), Ubiquitin (1:1000; ab134953), and GAPDH
(1:2500; ab9485) were purchased from Abcam.

Immunofluorescence detection

The distribution and expression of CBL and AQP1 in
cells were detected by immunofluorescence. Initially,
cells were fixed with a 3% formaldehyde solution at room
temperature for 15 min, followed by membrane permea-
bilization using 1% Triton-X 100 for 10 min. To miti-
gate non-specific antibody interactions, cells were then
incubated in a 3% BSA blocking solution at room tem-
perature for 30 min. Primary antibodies against CBL and
AQP1, diluted to a 1:100 ratio in the blocking solution,
were applied to the samples and incubated in a humid-
ity-controlled chamber at 4°C overnight. A fluorescence
detection step involved adding a mixture of secondary
antibody (diluted 1:500) and DAPI to the cells, followed
by a 30-min incubation in the dark at room tempera-
ture. Finally, the prepared coverslips were mounted onto
glass microscope slides using a fluorescence-quenching
mounting medium and were sealed with nail polish to
prevent dehydration. Imaging was conducted using laser
confocal scanning microscopy (Perkin Elmer, MA, USA).
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Quantitative real-time PCR (qRT-PCR) assay

The experiment was carried out following the methods
described in previous research [19]. Primer sequences
are as follow: CBL, forward 5-GCC AGT ACC TCC
CAC ACT TC-3] reverse 5-TCT GCT GGT CGC AAT
CAC AT-3’; and GAPDH, forward 5-TGT GGG CAT
CAA TGG ATT TGG-3; reverse 5-ACA CCA TGT ATT
CCG GGT CAA T-3'

Statistical analysis

Statistical analyses were performed using GraphPad
7.0 (GraphPad, Inc., CA, USA), with data presented as
means * standard deviations. The Shapiro-Wilks test
was used to test the normality of data, and Levene’s test
was applied to assess the homogeneity of variance. The
statistical significance of differences was assessed using a
one-way ANOVA, followed by Tukey’s test. A value of P
< 0.05 was considered to be statistically significant.

Results
AQP1 knockdown promotes lipid metabolism
dysregulation to aggravate KYDS
To investigate the regulatory role of AQP1 in KYDS, we
knocked down AQP1 in the KYDS rat model. As shown
in Fig. 2A-C, KYDS rats exhibited significant declines in
body weight, growth rate, body temperature, and sperm
motility compared to controls (P < 0.01). AQP1 knock-
down exacerbated these declines (P < 0.05). Moreover,
the testicular index was diminished, while the kidney
index was elevated in KYDS rats, with these differences
becoming more pronounced upon AQP1 knockdown (P
< 0.05; Fig. 2D). Furthermore, KYDS rats displayed serum
hormone level alterations: decreases in ACTH, cAMP,
CORT, T, and T4, and increases in cGMP, CRH, E2, FSH,
GnRH, and LH (P < 0.01). These changes intensified
with sh-AQP1 transfection (P < 0.01; Fig. 2E). HE stain-
ing showed that the kidney tissues of KYDS rats showed
shrunken renal tubules, thickened basement membranes,
increased connective tissue hyperplasia, and heightened
inflammatory cell infiltration. Testicular tissues high-
lighted disarray in sperm cell arrangement within the
seminiferous tubules, reduced interstitial cells and sper-
matozoa, and some detached sperm cells. AQP1 knock-
down accentuated these pathological changes (Fig. 2F).
Additionally, Oil Red O staining indicated diminished
lipid accumulation in the KYDS rat kidney and testicular
tissues, with this reduction being more profound in the
AQP1-knockdown KYDS group (Fig. 3A), suggesting that
knockdown AQP1 promotes lipid metabolism dysregula-
tion in KYDS. Immunohistochemical analysis of SREBP-1
(a key transcription factor regulating lipid synthesis)
expression in kidneys and 3B-HSD (a key enzyme for
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steroid hormone synthesis) expression in testicular tis-
sues was performed. Results revealed significantly lower
expression levels in all experimental groups compared to
the control group. The KYDS + sh-AQP1 group displayed
significantly lower SREBP-1 and 3B-HSD expression
compared to the KYDS + sh-NC group (Fig. 3B). In addi-
tion, the expression of AQP1, SREBP-1, and E-cadherin
(epithelial-mesenchymal transition marker) was down-
regulated, and the expression of SIRT1 (negative regula-
tor of lipogenesis) and Vimentin (epithelial-mesenchymal
transition marker) was upregulated in KYDS rat kidneys
compared to controls (P < 0.05). These protein expression
changes were enhanced by transfection with sh-AQP1 (P
< 0.05; Fig. 3C).

CBL promotes AQP1 ubiquitination

In elucidating the molecular mechanism of AQP1 in
KYDS, UbiBrowser (http://ubibrowser.ncpsb.org.cn)
analysis revealed that AQP1 may be a novel substrate of
ubiquitin ligase CBL. The expression of CBL was signifi-
cantly increased compared to controls, while AQP1 level
decreased in KYSD rat testicular tissues (P < 0.05). AQP1
expression was further decreased after AQP1 knock-
down (P < 0.01; Fig. 4A). Immunofluorescence staining
displayed co-localization of CBL and AQP1 on the cell
membrane (Fig. 4B), and the interaction between CBL
and AQP1 was confirmed through an immunoprecipita-
tion assay (Fig. 4C).

To discern the regulatory function of CBL on AQP1
expression, AQP1 expression was assessed under con-
ditions of CBL overexpression or knockdown (P < 0.05;
Fig. 4D-E). CBL overexpression resulted in decreased
AQP1 expression compared to the oe-NC group (P <
0.05). Conversely, CBL knockdown led to a significant
increase in AQP1 expression levels compared to the
sh-NC group (P < 0.01; Fig. 4E). Further exploration of
the mechanism by which CBL regulates AQP1 revealed
changes in AQP1 expression upon CBL knockdown,
with or without MG132 (a proteasome inhibitor, 10 M)
treatment for 8 h. Specifically, a significant upregulation
of AQP1 expression was observed in both the sh-NC +
MG132 group (relative to the sh-NC group) and the sh-
CBL + MG132 group (relative to the sh-CBL group) (P
< 0.01; Fig. 4F). Additionally, with a protein synthesis
inhibitor cycloheximide (CHX, 50 pg/mL) treatment,
AQP1 protein degradation was more rapid in sh-NC
transfected cells, while degradation was significantly
slower in sh-CBL transfected cells (P < 0.05; Fig. 4QG).
Intriguingly, upon CBL knockdown, AQP1 ubiquitina-
tion was reduced (P < 0.01; Fig. 4H). These results sug-
gest that CBL, functioning as a specific E3 ubiquitin
ligase for AQP1, promotes the ubiquitination modifica-
tion of AQP1.
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Fig. 2 Aquaporin 1 (AQP1) knockdown exacerbates the symptom of Kidney-Yang Deficiency Syndrome (KYDS). A Body weight and growth rate
of rats in the control, KYDS, KYDS + sh-NC, and KYDS + sh-AQP1 groups. B Comparison of body temperature measurements between groups.

C Sperm motility of rats in each group. D Organ index evaluation for kidneys and testes across experimental groups. E Serum levels

of adrenocorticotrophic hormone (ACTH), cyclic adenosine monophosphate (cAMP), cyclic guanosine monophosphate (cGMP), corticosterone
(CORT), corticotropin releasing hormone (CRH), estradiol (E2), follicle-stimulating hormone (FSH), gonadotropin-releasing hormone (GnRH),
luteinizing hormone (LH), testosterone (T), and tetraiodothyronine (T4) in the control, KYDS, KYDS + sh-NC, and KYDS + sh-AQP1 groups. F
Histopathological changes in kidney and testes across groups, as visualized through Hematoxylin and eosin staining (400x); scale bar: 50 um. *P <

0.05, **P < 0.01

CBL knockdown alleviates lipid metabolism disorders

in KYDS by inhibiting AQP1 ubiquitination

To determine the role of CBL-mediated AQP1 deubiq-
uitination in KYDS, a KYDS model was constructed.
Firstly, CBL expression was enhanced in the kidney
and testicular tissues of KYDS rats relative to controls
(P < 0.05). However, upon transfection with sh-CBL,
this expression diminished (P < 0.01). Intriguingly, in

KYDS rats with sh-CBL transfection, AQP1 expression
increased, a trend which was reversed with sh-AQP1
transfection (P < 0.01; Fig. 5A and B). Sequential inves-
tigations revealed that metrics such as body weight,
weight growth rate, body temperature, and sperm
motility augmented in KYDS rats under CBL knock-
down (Fig. 5C-E). In assessments of organ indices,
the indices of testes rose, while those of the kidneys
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decreased in sh-CBL-treated KYDS rats compared
to the KYDS group (P < 0.05; Fig. 5F). AQP1 knock-
down partially counteracted these alterations. ELISA
assays further demonstrated that the KYDS + sh-CBL
group exhibited heightened levels of ACTH and T and
reduced serum concentrations of cGMP, GnRH, and
LH compared to the KYDS group (P < 0.01). Suppress-
ing AQP1 moderated these variables (P < 0.05; Fig. 5QG).
Histological assessments showed renal and testicular
improvements in KYDS rats with CBL suppression,
which were negated when AQP1 expression was simul-
taneously inhibited (Fig. 5H).

Oil Red O staining evidenced a significant increase in
lipid droplets within the renal and testicular tissues of the
KYDS + sh-CBL group compared to the KYDS + sh-NC
group. Interestingly, the KYDS + sh-CBL + sh-AQP1
group exhibited even fewer lipid reserves than the KYDS
+ sh-CBL group (Fig. 6A). Inmunohistochemistry exhib-
ited that CBL knockdown significantly increased 3p-HSD
level in KYDS rat testicular tissue, which was decreased
when AQP1 expression was simultaneously downregu-
lated (Fig. 6B). Furthermore, in KYDS + sh-CBL rats,
there was a decrease in SIRT1 and Vimentin expression,
whereas SREBP-1 and E-cadherin expression was ampli-
fied, compared to KYDS-sh-NC rats (P < 0.01). These

expression patterns were reversed with sh-AQP1 treat-
ment (P < 0.05; Fig. 6C).

Discussion

In this study, histological results concerning AQP1/CBL
were obtained through staining renal and testicular tissue
sections and protein sample analysis. Moreover, we inves-
tigated the roles of AQP1 and CBL in the development of
KYDS and their interplay in regulating each other. Our
research findings revealed that AQP1 knockdown exac-
erbated adverse physiological changes and dysfunction of
lipid metabolism in KYDS. CBL knockdown attenuated
the ubiquitination process of AQP1, which further sup-
pressed the dysregulation of lipid metabolism to improve
KYDS.

Kidney-Yang Deficiency is a metabolic disorder char-
acterized by impotence, enuresis, and frequent urina-
tion [20]. In this study, the testicular index decreased,
while the renal index increased in KYDS rats, with obvi-
ous pathological changes, suggesting the occurrence
of KYDS in these rats. Previous research has revealed
that the cAMP/cGMP ratio, CRH, and ACTH levels
were reduced, while triglycerides and liver lipids were
increased in KYDS mice [20]. Similarly, our results
showed abnormal serum hormone levels and lipid
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Fig. 4 CBL promotes AQP1 ubiquitination. A Western blot bands representing protein expression levels of Casitas B-lineage lymphoma (CBL)
and AQP1 in testicular tissues in different experimental setups. B Immunofluorescence images indicating co-localization of CBL and AQP1

on the cell membrane (400x); scale bar: 25 um. C Immunoprecipitation assay highlighting the interaction between CBL and AQP1. D mRNA
expression levels of CBL with CBL overexpression or knockdown. E, Protein expression levels of CBL and AQP1 with CBL overexpression

or knockdown. F AQP1 protein levels post CBL knockdown with or without MG132 treatment. G, AQP1 degradation kinetics upon cycloheximide
(CHX) treatment in CBL-knockdown and control cells. H Ubiquitination levels of AQP1 upon CBL knockdown. *P < 0.05, **P < 0.01

metabolism dysregulation in KYDS rats. Lipid metabo-
lism disorder may play a key role in promoting KYDS
development.

AQP1, as a membrane protein regulating water trans-
port, has multiple cytological functions such as transport,
uptake, secretion and cell migration, lipid metabolism,
neurotransmission, and volumetric regulation [7, 21-24].
AQP1 plays an important role in renal water transport
and participates in the physiological processes of primary
urinary filtration and reabsorption. For example, studies

have shown that the expression level of AQP1 is low in
renal tubular epithelial cells of patients with KYDS, and
that AQP1 knockout may disrupt renal water balance and
osmoregulation, thereby aggravating symptoms associ-
ated with renal deficiency [12, 25, 26]. These findings sug-
gest that AQP1 plays a crucial role in kidney function. In
this study, AQP1 knockdown led to a pronounced decline
in body weight, body temperature, and sperm motility,
accompanied by significant changes in serum hormone
levels and exacerbated tissue damage in the kidney and
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Fig.5 CBL knockdown alleviates the symptoms of KYDS via suppressing AQP1 ubiquitination. A Western blot bands showing CBL and AQP1
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.

expression levels in kidneys. B Western blot bands showing CBL and AQP1 expression levels in testicular tissues. C Body weight variations

and growth rate in rats upon suppressing CBL and AQP1 levels. D Temperature fluctuations across groups. E Sperm motility comparisons

in the presence of CBL and/or AQP1 knockdown. F Organ indices variations of kidneys and testes upon inhibiting CBL and AQP1 expression.

G Serum concentrations of ACTH, cGMP, GnRH, LH, and T upon CBL knockdown and subsequent AQP1 intervention. H Histological kidney

and testicular tissue images from KYDS rats with CBL knockdown, with and without AQP1 suppression (400x); scale bar: 50 pm.*P < 0.05, **P < 0.01

testicular tissues, promoting KYDS. Furthermore, exten-
sive studies have demonstrated that lipid accumulation is
involved in the development of renal dysfunction-related
diseases such as chronic kidney disease, acute lung injury,
and lipoprotein glomerulopathy [27, 28]. This study
found a decrease in lipid accumulation in the kidney and
testicular tissues of KYDS rats with AQP1 knockdown.
These results suggest that AQP1 knockdown impairs

lipid metabolism in KYDS, thus positioning AQP1 as a
potential therapeutic target for KYDS.

The CBL family comprises two important members,
C-CBL and CBL-B, both of which function as E3 ubiq-
uitin ligases. C-CBL and CBL-B participate in metabolic
homeostasis by increasing the protein levels and stabil-
ity of STRT2 [29]. In cells infected with HCV, CD2AP
enhances IRS1 ubiquitination and lipid droplet levels
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by interacting with CBL [16]. These studies suggest that
CBL, acting as an E3 ubiquitin ligase, could potentially
disrupt lipid metabolic homeostasis. In our research, we
found that CBL promotes the ubiquitin-mediated degra-
dation of AQP1, and concurrently aggravates lipid meta-
bolic dysregulation in KYDS rats.

However, this study has some limitations. Although
hydrocortisone-induced KYDS models are commonly
used, there may be differences in the pathological mecha-
nisms compared to actual clinical KYDS cases. Moreover,
AQP1 was not overexpressed in the KYDS model, mak-
ing it difficult to directly evaluate its therapeutic poten-
tial. In addition, further clinical trials are needed to verify
the role of CBL-mediated AQP1 ubiquitination in KYDS.

Conclusion

Our study revealed that AQP1 and CBL are pivotal fac-
tors in pathophysiology of KYDS. Notably, CBL-medi-
ated AQP1 ubiquitination promotes lipid metabolism
dysregulation in KYDS. These findings offer new diag-
nostic markers and therapeutic avenues for KYDS.
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