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Abstract

Lead is a widespread, cumulative environmental pollutant with confirmed renal and
gastrointestinal toxicity, but the mechanism underlying lead-induced alterations in
renal water reabsorption and the potential role of the gut-kidney axis remain unclear.
This study aims to explore the potential role of cerebral cavernous malformations
3 (CCM3) in lead-induced alteration of renal tubular water reabsorption and its
potential association with the gut-kidney axis. C57BL/6J mice were administered
drinking water containing 0.05%, 0.25%, and 0.5% lead acetate for 30 days. Urine was
collected weekly for quantitative analysis. After exposure, a desmopressin (dAVP)
challenge test was performed. Blood lead concentration was detected by inductively
coupled plasma mass spectrometry. Kidney tissues were evaluated by hematoxylin
and eosin (H&E) staining and Western blot. Fecal samples were collected before
and after exposure for 16S rRNA gut microbiota sequencing. Data were analyzed
by repeated-measures analysis of variance (ANOVA) and one-way ANOVA using
GraphPad Prism 8.0. As exposure dose increased, blood lead concentration increased
dose-dependently in all exposure groups. Urine output decreased significantly in
medium- and high-dose groups after 24-hour water deprivation and dAVP challenge.
H&E staining showed dose-dependent renal tubular necrosis. The composition
and diversity of gut microbiota were significantly altered. Renal CCM3 protein
expression was significantly increased (most prominent in the medium-dose group),
glutathione peroxidase 4 (GPX4) protein was significantly decreased in the high-
dose group, and aquaporin (AQP) 2 and AQP4 proteins showed an upward trend
without statistical significance. Lead exposure induces renal tubular structural injury
and alters renal water reabsorption function. This process may be associated with
gut microbiota dysbiosis, which affects renal CCM3 expression via the gut-kidney
axis and further regulates AQP2/4 levels through GPX4-related pathways. This study
provides preliminary correlational evidence and proposes a testable hypothesis for
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future mechanistic research.
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1. Introduction

Despite the continuous implementation of various
prevention and control measures and standards
worldwide over the past 30 years, such as the World
Health Organization’s ban on lead-containing paints
and the revision of lead limits in China’s National Food
Safety Standard for Contaminants in Food (GB 2762-
2022) in 2022, widespread lead use in the last century has
left significant environmental residues. According to the
World Health Organization’s estimates, approximately 1
million deaths globally are attributable to lead exposure-
related diseases each year, with the highest disease burden
in low- and middle-income countries in South Asia and
Africa. Nearly one-third of the world’s population is
affected by chronic low-level lead exposure, which causes
irreversible damage to multiple organ systems even at low
doses. In recent years, rapid growth in lead production and
consumption, along with new exposure pathways such as
PM2.5 inhalation, has kept lead a high-priority cumulative
environmental pollutant. Due to multiple exposure routes
and insidious toxic effects, the health burden of lead
exposure continues to rise. Therefore, investigating the
health hazards and toxic mechanisms of lead is of great
significance for long-term health risk assessment and
prevention.

The kidneys and gastrointestinal tract are well-
recognized target organs of lead toxicity. Lead accumulates
preferentially in the kidneys, and blood lead concentrations
above 500 pg/L can cause measurable renal damage.
Studies have shown that even trace levels of lead (29 ng/g
in food) can interfere with enzyme activity in renal cells
and disrupt cellular metabolic homeostasis. Lead exposure
not only directly causes intestinal tissue damage and
inflammatory responses, but also directly or indirectly
alters the composition and diversity of the gut microbiota.’
In turn, gut microbiota regulates the toxicokinetics of
lead in vivo. In mice, antibiotic-induced microbiota
disruption increases intestinal permeability, exacerbates
inflammation, impairs tight junction integrity, elevates
blood lead levels and target-organ lead accumulation, and
reduces fecal lead excretion.> However, the correlation
between lead-induced renal toxicity and gastrointestinal
toxicity requires further investigation.’

Organ crosstalk via endocrine, neural, or paracrine
signaling pathwaysisan emerging frontier in understanding
lead toxicity mechanisms. Building on the “intestinal-
renal syndrome” theory proposed in 2011% the “gut-
kidney axis” concept has been established, revealing the
close functional linkage between the intestine and kidney
under both physiological and pathological conditions.
Some studies suggest microbial signals in the human
kidney, with differences between healthy individuals and
kidney cancer patients, providing indirect support for
gut-kidney interactions, though this conclusion remains
controversial.> It remains unclear whether lead exposure
disturbs the gut microbiota and further exacerbates renal
injury via the gut-kidney axis.

Brain cavernous malformation 3 (CCM3/PDCDI0)
is a well-characterized lead-responsive gene and a risk
factor for vascular developmental lesions. Recent studies
have shown that intestinal CCM3 deficiency causes
extensive colonic epithelial damage, impairs mucin
secretion, alters gut microbiota abundance, and increases
lipopolysaccharide production, ultimately exacerbating
cerebral cavernous malformations via the gut-brain axis.””
In the kidney, CCM3 is essential for maintaining normal
water reabsorption in the collecting duct and supports
renal epithelial homeostasis and function.'®! Therefore,
we hypothesize that CCM3 may serve as a key mediator
in the gut-kidney axis under lead exposure. However, the
changes in renal CCM3 after lead exposure and its role in
the gut-kidney axis remain unexplored.

Accordingly, this study investigated the changes in renal
and intestinal CCM3 and gut microbiota composition after
lead exposure in mice, to preliminarily explore the role
of CCM3 in lead-induced renal injury and its potential
association with the gut-kidney axis.

2. Materials and methods
2.1. Materials

2.1.1. Experimental animals

Twenty-eight female C57BL/6] mice (36 weeks old, body
weight 28 + 2 g) were purchased from Hunan Slike Jinda
Biotechnology Co., Ltd. (China) and housed in a specific
pathogen-free barrier system. Thirty-six-week-old female
mice were selected based on pre-experimental results:
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mice at this age exhibit stable and high sensitivity to
lead-induced renal injury with low individual variation,
which facilitates the observation of water reabsorption
phenotypes. All animal procedures were approved by the
Animal Ethics Committee of Guilin Medical University
(GLMC-IACUC-20241040).

2.1.2. Reagents and instruments

Reagents used included desmopressin  acetate
(dAVP; GLPBIO, United States), high-efficiency
radioimmunoprecipitation assay tissue/cell lysis buffer
(Solarbio, Catalog No. R0010), PMSF solution (Solarbio,
China), bicinchoninic acid protein concentration assay
kit (Catalog no. P0010S; Beyotime, China), rainbow 245
broad-spectrum protein marker (Catalog no. PR1920;
Solarbio, China), tricolor pre-stained protein marker
(YEASEN, China), QuickBlock™ Western blocking
buffer (Beyotime, China), Omni-ECL™ ultra-sensitive
chemiluminescence detection kit (Catalog no. SQ201;
YEASEN, China), anti-f-actin mouse monoclonal
antibody (GB12001; Servicebio, China), anti-p-actin
rabbit polyclonal antibody (GB11001; Servicebio, China),
anti-PDCD10/CCM3 rabbit antibody (ab180706; Abcam,
United Kingdom), anti-glutathione peroxidase 4 (GPX4)
rabbit antibody (ab125066; Abcam, United Kingdom), anti-
cyclooxygenase 2 (COX2) antibody (ab179800, Abcam,
United Kingdom), aquaporin (AQP) 2 rabbit polyclonal
antibody (A16209; ABclonal, United States), AQP4 rabbit
monoclonal antibody (A11210; ABclonal, United States),
mouse IgG secondary antibody (GB111739; Servicebio,
China), and rabbit IgG secondary antibody (GB111738;
Servicebio, China). Instruments used included a Varioskan
LUX multifunctional microplate reader (Thermo Fisher
Scientific, United States), a FluorChem M multi-color
fluorescence gel imaging system (Protein Simple, United
States), and a NexION 2000 inductively coupled plasma
mass spectrometry instrument (PerkinElmer, United
States). The instrumental limit of detection for lead was
0.03 pg/L, and the limit of quantification was 0.1 ug/L.

2.2. Methods
2.2.1. Animal grouping and treatment

Mice were randomly divided into four groups (n = 7 per
group): control, low-dose, medium-dose, and high-dose.
Exposure groups received drinking water containing 0.05%,
0.25%, and 0.5% lead acetate for 30 days, respectively,
while the control group received distilled water. The
dose gradients were selected based on established mouse
subchronic lead poisoning models*?, which induce stable
target organ damage with acceptable animal tolerance.

Housing conditions were controlled at 20 °C-26 °C,

40%-70% humidity, and a 12 h light/12 h dark cycle,
with free access to food. After 30 days of exposure, fluid
deprivation-vasopressin tests were performed, followed by
euthanasia and sample collection.

2.2.2. Blood lead detection

A standard lead stock solution (1,000 pg/L) was prepared
and diluted with 1% nitric acid containing 0.05%
triethanolamine to generate standard curve solutions at
concentrations of 0.5, 2, 5, 10, 50, 100, and 200 pg/L. A total
volume of 50 L of peripheral blood was diluted 30-fold
with 1% nitric acid containing 0.05% triethanolamine,
mixed thoroughly, and centrifuged at 12,000 rpm for 25
min. A total volume of 1 mL of supernatant was analyzed
using a PerkinElmer NexION 2000 inductively coupled
plasma mass spectrometry instrument.

2.2.3. Urine collection

On days 0, 7, 14, 21, and 28, mice were placed in metabolic
cages and fasted for 24 h. After 24 h, mice were returned
to home cages, and urine and feces were collected. Fecal
samples were snap-frozen in liquid nitrogen and stored
at —80 °C together with urine samples. Body weight and
water consumption were measured on the day before each
metabolic cage collection.

2.2.4. Fluid deprivation-vasopressin test

After 30 days of exposure, mice were water-deprived for 24
h with free access to food. Subsequently, mice received an
intraperitoneal injection of 1 ng/g body weight dAVP (1
ug/kg), a dose consistent with established mouse urinary
concentration test protocols. Urine was collected in
metabolic cages at 6 h and 12 h post-injection, and total
urine volume was measured. All urine samples were stored
at —80 °C.

2.2.5. Hematoxylin and eosin staining for renal tissue

Kidney tissues were fixed in 10% formalin, dehydrated,
and embedded in paraffin. Sections (6 pm thick) were
deparaffinized with xylene, rehydrated through a graded
alcohol series, stained with hematoxylin, differentiated
with 0.1% hydrochloric acid ethanol, counterstained with
eosin, dehydrated, cleared with xylene, and mounted with
neutral resin. Pathological changes were observed and
imaged using a Panthera digital trinocular microscope
camera system (Motic Industries Group Co., Ltd., China).
Two independent pathologists performed blinded, semi-
quantitative tubular injury scoring using a standard scale:
0: no injury; 1: <10% tubules injured; 2: 10%-25% tubules
injured; 3: 26%-50% tubules injured; 4: >50% tubular
necrosis or cast formation.
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2.2.6. Western blot analysis

Kidney tissues were homogenized into a powder in liquid
nitrogen on ice, and total protein was extracted with a
radioimmunoprecipitation assay lysis buffer. Protein
concentration was determined using the bicinchoninic
acid assay. Samples were denatured at 95 °C for 5 min
with 5% loading buffer, then subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, membrane
transfer, blocking, primary antibody incubation
(1:1,000), secondary antibody incubation (1:1,000), and
chemiluminescent detection. Band intensity was quantified
using Image] software (version 1.53a) and normalized to
B-actin.

2.2.7. 16S rRNA sequencing analysis of gut microbiota

Fecal samples were collected at day 0 (before exposure) and
day 21 of lead exposure, after 24-hour fasting in metabolic
cages. Fresh feces were transferred to 1.5 mL Eppendorf
tubes, snap-frozen in liquid nitrogen for 15 min, and
stored at —80 °C.

Total genomic DNA was extracted from fecal
samples. The V3-V4 variable region of the 16S
rRNA gene was amplified using primers 338F
(5-ACTCCTACGGGAGGCAGCAG-3’) and  806R
(5-GGACTACHVGGGTWTCTAAT-3). Amplicons
were purified with magnetic beads and quantified by
fluorescence. High-throughput sequencing was performed
on the Illumina NovaSeq 6000 platform.

Raw reads were quality-controlled using Trimmomatic,
assembled using FLASH, and chimeras were removed.
The DADA?2 algorithm was used for amplicon sequence
variant (ASV) clustering. Taxonomic annotation was
performed against the SILVA 138 reference database.
Alpha diversity indices (Chaol, Shannon) were calculated
using QIIME2. Beta diversity was analyzed by principal
component analysis based on Bray-Curtis distance.
Functional prediction of Kyoto Encyclopedia of Genes and
Genomes (KEGG) metabolic pathways was performed
using PICRUSt2.

2.3. Statistical analysis

All data are expressed as mean + standard deviation.
Sample size was estimated using G*Power 3.1 (a = 0.05,
power = 0.8, effect size f= 0.8); seven mice per group were
included to account for a 15% dropout rate.

For longitudinal endpoints (body weight, water intake,
urine volume), repeated-measures analysis of variance
(ANOVA) was used with time as the within-subject factor
and treatment as the between-subject factor, followed by a
Bonferroni post-hoc test. One-way ANOVA with Tukey’s

post-hoc test was used for single-time-point intergroup
comparisons. All data were tested for normality (Shapiro-
Wilk test) and homogeneity of variance (Levene’s test). For
microbiota data, the Kruskal-Wallis test with Dunn’s post-
hoc test and false-discovery rate correction was applied.
Statistical analysis was performed using GraphPad Prism
8.0, and p < 0.05 was considered statistically significant.
Pathological evaluation and Western blot quantification
were performed in a blinded manner.

3. Results

3.1. Effects of lead on physiological and renal
toxicity in mice

3.1.1. Body weight changes

Body weight was measured every seven days during
exposure. Body weight trends were generally consistent
across groups, with control mice maintaining slightly
higher body weights than lead-exposed groups, indicating
that lead exposure exerted a mild effect on body growth
(Figure 1A). Repeated-measures ANOVA showed a
significant main effect of time on body weight, but
no significant group x time interaction. Statistically
significant body weight differences were only observed
between baseline and day 14 in the control and medium-
dose groups (Figure 1B).

3.1.2. Blood lead levels

Blood lead concentration increased in a dose-dependent
manner with increasing lead acetate dose, and inter-group
differences were statistically significant (Figure 1C). Based
on weekly water consumption and body weight, estimated
actual lead intake was approximately 45 mg/kg/day, 225
mg/kg/day, and 450 mg/kg/day for the low-, medium-, and
high-dose groups, respectively.

3.1.3. Water consumption

Average daily water consumption was measured weekly.
Water consumption was negatively correlated with lead
dose, and statistically significant differences were observed
among exposure groups (Figure 2A), consistent with the
known taste-aversive property of lead acetate.

3.1.4. Urine volume measurement

Weekly baseline urine volume decreased with increasing
lead dose, but inter-group differences were not statistically
significant (Figure 2B). After 24-hour water deprivation,
urine volume was lower in all exposure groups than in
the control group, and approached near-zero levels in the
medium- and high-dose groups (Figure 2C). Twelve hours
after dAVP injection, urine volume increased in all groups.
Urine volume in the low-dose group was comparable to
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Figure 1. Body weight changes and blood lead levels in each treatment group. (A) Body weight changes of mice during 28-day exposure. (B) Body weight
comparison at baseline and day 14. (C) Blood lead concentrations in each group at the end of exposure. Data are presented as mean + standard deviation
(n =7 per group). *p < 0.05 vs. control group. Statistical analysis was performed by repeated-measures analysis of variance (ANOVA) (A) and one-way
ANOVA with Tukey’s post-hoc test (B, C).

Abbreviations: CG: Control group; HG: High-dose group; LG: Low-dose group; MG: Medium-dose group.
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Figure 2. Water consumption and urine volume changes before and after arginine vasopressin injection. (A) Average daily water consumption per mouse
in each group. (B) Baseline urine volume changes during exposure. (C) Urine volume after 24-hour water deprivation. (D) Urine volume 12 hours after
desmopressin acetate-arginine vasopressin injection. Data are presented as mean + standard deviation (n = 7 per group). *p < 0.05 vs. control group.
Statistical analysis was performed by repeated-measures analysis of variance (ANOVA) (A, B) and one-way ANOVA (C, D).

Abbreviations: CG: Control group; HG: High-dose group; LG: Low-dose group; MG: Medium-dose group.

the control group, while urine volume in the medium-
and high-dose groups remained significantly lower than
controls (Figure 2D).

3.1.5. Renal organ coefficient

The renal coefficient was calculated as (renal weight/body
weight) x 100. The renal coefficient was increased in lead-
exposed groups, with a statistically significant difference
between the control and medium-dose groups (Figure 3A).

3.1.6. Pathological changes in renal tissue

Hematoxylin and eosin staining showed that the low-dose
group had largely intact renal tissue architecture with no
obvious pathological changes. The medium-dose group
showed localized tubular epithelial degeneration and
necrosis, cellular swelling, nuclear pyknosis/fragmentation/
dissolution, cytoplasmic vacuolization, and protein casts

in some tubules. The high-dose group exhibited extensive
tubular epithelial degeneration and necrosis, disorganized
tubular arrangement, vacuolar degeneration, nuclear
condensation, and mild interstitial inflammatory cell
infiltration (predominantly lymphocytes) (Figure 3B).
Semi-quantitative tubular injury scores confirmed a dose-
dependent increase in renal injury in lead-exposed groups.

3.1.7. Western blot results

Compared with the control group, CCM3 protein
expression increased significantly in all lead-exposed
groups, with the greatest elevation in the medium-dose
group (Figure 4A, p < 0.05). GPX4 protein expression was
significantly decreased in the high-dose group (Figure 4B,
p <0.05). AQP2 and AQP4 protein levels were higher in all
exposure groups than in controls, but the differences did
not reach statistical significance (Figure 4C).
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Figure 3. Renal coeflicients and hematoxylin and eosin staining results of kidney tissue. (A) Renal organ coefficients in each group. (B) Representative
hematoxylin and eosin staining images of renal tissue (scale bar: 50 pum; magnification: 50x) and semi-quantitative tubular injury scores. Data are presented
as mean * standard deviation (n = 7 per group). *p < 0.05 vs. control group. Statistical analysis was performed by one-way analysis of variance with Tukey’s

post-hoc test.

Abbreviations: CG: Control group; HG: High-dose group; LG: Low-dose group; MG: Medium-dose group.

3.2. Analysis of gut microbiota

3.2.1. Gut microbiota diversity and amplicon
sequence variant distribution

Venn diagram analysis identified 97 shared ASVs across all
eight groups. Total ASV counts were 1,184 and 1,126 in the
control group; 941 and 401 in the low-dose group; 1,465
and 1,762 in the medium-dose group; and 643 and 735 in
the high-dose group before and after exposure, respectively.
Richness decreased markedly in the low-dose group (from

941 to 401) and slightly in the control group, while it
increased in the medium- and high-dose groups following
21 days of exposure (Figure 5B). Consistently, alpha diversity
(Chaol and Shannon indices) showed no significant
differences among groups at baseline, but both indices were
markedly reduced after 21 days of low-dose lead exposure.
Furthermore, principal component analysis of beta diversity
showed clear segregation of microbial communities before
and after lead exposure, along with distinct clustering
patterns among the different exposure dosages.
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Figure 4. Western blot results of renal tissues in each group. (A) Cerebral cavernous malformations 3 (CCM3) protein expression and quantification. (B)
Glutathione peroxidase 4 (GPX4) protein expression and quantification. (C) Aquaporin (AQP) 2 and AQP4 protein expression and quantification. B-actin
was used as a loading control. Representative blots are shown from independent biological replicates. Data are presented as mean + standard deviation (n
=7 per group). *p < 0.05 vs. control group. Statistical analysis was performed by one-way analysis of variance with Tukey’s post-hoc test.

Abbreviations: CG: Control group; HG: High-dose group; LG: Low-dose group; MG: Medium-dose group.

3.2.2. Compositional alterations in gut microbiota

Taxonomic profiling revealed substantial alterations in
community structure after 21 days of lead treatment
(Figure 5A). Compared with baseline, the control group
showed elevated abundances of the mucin-degrading
bacteria Akkermansia and Dubosiella. In the low-dose
group, Staphylococcus, Bifidobacterium, Allobaculum,
Turicibacter, and Lactobacillus were significantly enriched,
whereas Lachnospiraceae decreased. The medium-dose
group showed increased proportions of Alistipes and
Helicobacter, accompanied by depleted Lachnospiraceae.
In the high-dose group, Turicibacter, Muribaculum,
Helicobacter, and Alistipes were prominently enriched,
while Lachnospiraceae remained persistently low (Figure
5A). Hierarchical cluster heatmap analysis further
confirmed distinct group-specific taxonomic profiles
and separation between treatment regimens (Figure 6A),

consistent with lead-induced gut microbiota dysbiosis.

3.2.3. Functional pathway prediction

PICRUSt2 functional profiling based on KEGG
pathways indicated that the altered gut microbiota were
predominantly involved in metabolic pathways (Figure
6B). Among these, carbohydrate metabolism, cofactor
and vitamin metabolism, amino acid metabolism, and
terpenoid and polyketide metabolism were the most
highly represented categories, followed by pathways related
to genetic information processing, cellular processes,
environmental information processing, and organismal
systems. These functional shifts align with established
effects of lead exposure on intestinal metabolic disruption
and oxidative stress.

In summary, 21 days of lead exposure induced profound
gut microbiota dysbiosis across all exposure groups, with
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Figure 5. Gut microbiota diversity and differential taxa analysis. (A) Differential taxa abundance among groups after 21-day exposure. (B) Alpha diversity
indices (Chaol and Shannon) at day 0 and day 21. Data are presented as mean * standard deviation (n = 7 per group). *p < 0.05 vs. control group. Statistical

analysis was performed using the Kruskal-Wallis test with Dunn’s post-hoc test.

the low-dose cohort showing the most severe reduction in
richness and alpha diversity.

4, Discussion

This study showed that lead exposure induced dose-
dependent increases in blood lead, renal tubular structural
injury, and enhanced renal water reabsorption in mice.
Renal CCM3 protein was significantly upregulated, GPX4

was downregulated at high doses, and AQP2/AQP4 showed
non-significant increases. In parallel, lead exposure caused
significant gut microbiota dysbiosis and altered predicted
metabolic pathways.

Epidemiological studies have consistently linked lead
exposure to chronic kidney dysfunction and accelerated
CKD progression.'> Muntner et al."* reported that higher
blood lead levels were associated with increased chronic
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Figure 6. Gut microbiota composition and functional prediction. (A) Cluster heatmap of differential taxa and Venn diagram of amplicon sequence variant
abundance. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway prediction of gut microbiota.

kidney failure risk in a large hypertensive cohort. Lin
et al' further demonstrated that elevated body lead
burden accelerated renal function decline in patients with
chronic glomerulonephritis. While previous studies have
focused on lead-induced interstitial inflammation and
tubulointerstitial injury, the impact of lead on renal tubular
water reabsorption remains understudied.

Our results showed that under free-drinking conditions,
both water intake and urine volume decreased gradually
with lead exposure. After standardized water deprivation
and dAVP challenge, medium- and high-dose groups
exhibited significantly lower urine output than controls.
This phenotype cannot be fully explained by reduced water

intake alone, suggesting that lead exposure alters renal
water reabsorption capacity. Mechanistically, CCM3 is a
critical regulator of renal tubular epithelial homeostasis;
CCM3 knockout causes polyuria and polydipsia in mice
due to impaired water reabsorption.’® Accordingly, the
increased renal CCM3 expression observed in our study
is consistent with the enhanced water reabsorption
phenotype.

Renal water reabsorption and urine concentration
occur across the proximal tubule, descending limb of the
loop of Henle, and collecting duct.”® Aquaporins (AQP1,
2, 3, 4) constitute the molecular basis of renal water
handling.'® AQP2, the only hormone-regulated water
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channel, localizes to the apical membrane and intracellular
vesicles of collecting duct principal cells.” AQP4 is
expressed on the basolateral membrane and contributes
to transepithelial water transport.’®' In our study, total
AQP2 and AQP4 protein levels showed upward trends,
consistent with the pattern that CCM3 deficiency reduces
AQP2/AQP4 expression and impairs reabsorption.
However, these changes were not statistically significant,
and whole-tissue lysate blotting cannot distinguish
total protein synthesis from apical membrane insertion.
Notably, Wang et al.' demonstrated that CCM3 regulates
AQP2 function primarily by modulating its membrane
trafficking rather than total expression.'” Therefore, AQP2
membrane localization under lead exposure requires
further validation.

Arginine vasopressin is the key hormone that regulates
renal water reabsorption by promoting AQP2 membrane
insertion.”** The differential urine output after dAVP
challenge suggests that lead exposure may alter renal
responsiveness to vasopressin, but this interpretation is
limited by the lack of endogenous AVP and urine osmolality
measurements. Previous studies have linked AVP signaling
to ferroptosis in heart failure models.”*** We observed
downregulation of GPX4, a central negative regulator of
ferroptosis, in high-dose lead-exposed kidneys. Based on
these parallel changes, we hypothesize that CCM3 may
participate in AVP-associated oxidative stress pathways
and indirectly regulate AQP2/4 abundance via GPX4-
mediated iron-dependent oxidative stress. This hypothesis
remains to be tested by functional validation experiments.

The gut and kidney are both major target organs of lead
toxicity, and the gut-kidney axis provides a conceptual
framework for understanding their interconnection. Our
16S rRNA sequencing results confirmed that lead exposure
significantly altered gut microbiota composition, diversity,
and predicted metabolic pathways. The consistent
depletion of Lachnospiraceae, a major short-chain fatty
acid-producing taxon, may impair intestinal barrier
integrity and promote systemic low-grade inflammation,
which could, in turn, affect renal function.

Based on our findings and existing evidence, we propose
a preliminary hypothesis: lead exposure may alter CCM3
expression in the intestinal epithelium, disrupt intestinal
barrier function, and induce gut microbiota dysbiosis.
Microbial metabolites or inflammatory mediators may
then enter the systemic circulation and modulate renal
CCM3 expression and tubular function via the gut-kidney
axis. This hypothesis requires rigorous experimental
verification in future studies.

This study is the first to investigate CCM3’s role in lead-
induced alterations in renal water reabsorption and to

explore a potential association between lead-induced gut
microbiota dysbiosis and renal injury via the gut-kidney
axis, providing novel insights into lead nephrotoxicity.
However, several important limitations should be
acknowledged.

First, this is an observational correlational study. The
proposed CCM3/GPX4/AQP regulatory association and
gut-kidney axis hypothesis are based on parallel changes,
and no causal verification experiments (gene manipulation,
inhibitor intervention, fecal microbiota transplantation)
were performed. Second, only urine volume was measured;
gold-standard renal concentration indicators (urine
osmolality, specific gravity, creatinine, electrolytes) were
absent. Plasma osmolality, serum sodium, and endogenous
AVP were not detected, and no pair-watered control group
was included. Third, only 36-week-old female mice were
used. Sex hormones modulate AVP-AQP?2 signaling and
affect toxicokinetics, and age influences renal function and
the gut microbiota. The generalizability of the results is
limited.

Fourth, exposure doses exceed environmental levels,
making them suitable for mechanistic exploration but
not directly representative of low-dose environmental
exposure. Renal and fecal lead content and positive control
groups were not included. Fifth, all samples were collected
after 24-hour fasting, which may confound gut microbiota
composition and renal water-electrolyte handling. Sixth,
whole-tissue lysate Western blot cannot distinguish
cytoplasmic vs. membrane-localized AQP2/AQP4, and the
membrane targeting status remains undetermined.

Seventh, the ferroptosis phenotype was not
comprehensively validated; only GPX4 was measured, and
lipid peroxidation, labile iron, and reduced glutathione/
oxidized glutathione ratio were not assessed. Eighth,
renal function biomarkers (blood urea nitrogen, serum
creatinine) and injury markers (kidney injury molecule-1,
neutrophil gelatinase-associated lipocalin) were not
measured, and the causal link between tubular necrosis
and altered water reabsorption remains unconfirmed.
Lastly, KEGG pathway results are functional predictions
based on 16S rRNA sequencing, not actual metabolomic
data, which limits mechanistic interpretation.

5. Conclusion

In conclusion, lead exposure induces renal tubular
structural injury and alters renal water reabsorption
in mice. The potential mechanism may involve CCM3,
an environmentally responsive gene, regulating GPX4
expression and further affecting AQP2/4 abundance. Lead
exposure also disrupts gut microbiota homeostasis and
metabolic pathways. As a lead-responsive gene expressed
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in both renal and intestinal epithelium, CCM3 may play
an important role in lead-induced renal injury via the gut-
kidney axis.
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