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A B S T R A C T

Aims: Renal dysfunction has been reported in individuals with Down syndrome (DS); however, the causes and
mechanisms involved remain unknown. Here, we present a proposal for how the triplication of the amyloid beta
precursor protein (APP) and, mainly the amyloid β peptide 1–42 (Aβ42) can favor the development of renal
abnormalities in DS. We evaluated the effects of vitamin D3 (VD3) supplementation on morphofunctional aspects
and the repercussions on the presence and localization of Aβ42, methylenetetrahydrofolate reductase (MTHFR),
caspase-3 p12, and P-glycoprotein (Pgp) in the renal tissue of DS mouse model.
Main methods: Twenty female mice (14-week-old) belonging to the B6EiC3Sn-Rb(12.Ts171665Dn)2Cje/CjeDnJ
lineage were divided into four experimental groups (n= 5/group): common diet; trisomy (Ts) and wild-type
(Wt); and high doses VD3, Ts(VD3), and Wt(VD3). All the groups were treated for 10weeks. At 24weeks, the
protocol experimental was interrupted. The kidney was weighed, collected, and processed for immunochemical
analysis for Aβ42, Caspase-3 p12, MTHFR, and Pgp proteins. All data were analyzed statistically.
Key findings: Our results showed that VD3 promoted an increase in caspase-3 p12, MTHFR, and Pgp, and con-
sequently contributed to reduced Aβ42 in the renal tissue of a mouse model of DS. Furthermore, VD3 treatment
affected the plasma creatinine and urea levels and contributed to the attenuation of the dilation of Bowman's
space observed in trisomic mice.
Significance: Finally, the results showed that VD3 may activate specific mechanisms involved in reduced Aβ42
and tissue repair in the kidneys of a mouse model for Down syndrome.

1. Introduction

Down Syndrome (DS) is a chromosomal abnormality caused by al-
teration in number of genes on chromosome 21 [1]. Gene over-
expression has implications throughout the genome, resulting in several
abnormal phenotypes [2–4]. Among the phenotypes, a wide variety of
urogenital abnormalities, such as renal dysfunction, have been de-
scribed in adults with DS [4–6]. There are limited of studies that ad-
dress the causes of nephropathy in DS [5,6]. However, the mechanisms
involved in the occurrence of these abnormalities remain unknown. In
the brain, the exacerbated production of amyloid β peptide 1–42 (Aβ42)
has been found to favor the activation of pro-apoptotic mechanisms,
including the participation of caspase-3 [7]. After a cascade of events,

in an attempt to maintain cellular homeostasis, other mediators induce
the activation of pathways that may affect the morphological structure
and/or cause programmed cell death [8–10]. In the kidneys, the me-
chanisms involved in the exacerbated production of Aβ42 have not been
investigated in experimental models, and humans with DS.

Among the nephropathies described in DS, the presence of chronic
renal failure may represent a risk for the appearance of other renal
diseases [5,6,11]. Kidney failure may progress to chronic kidney disease
(CKD), favoring the appearance of complications and comorbidities
[12,13]. People with CKD, and curiously in DS, have a deficiency of
vitamin D3 (VD3). The causes are associated with reduced VD3 levels in
the CKD and DS that are multifactorial, including a poor diet quality,
reduced sun exposure [5,14], and particularly described for CKD, a loss
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of 25-hydroxycholecalciferol in cases of proteinuria nephropathy [15].
Vitamin D [25(OH)D] is important for renal morphophysiology

[16,17]. The kidney is also responsible for the synthesis of the active
form of vitamin D (VD), 1,25-dihydroxyvitamin D3 [1,25 (OH)2D3]
[18]. Through binding to the nuclear VD receptor (VDR), 1,25 (OH)2D3
activates transcriptional mediators and regulates genes responsive for
VD. The calcitriol-receptor complex can regulate important mechan-
isms, including the increase in transport mediated by P-glycoprotein
(Pgp), a membrane protein important in the clearance de Aβ42 in brain
tissue [19]; and in regulating receptors involved in folate transport
[20]. Folate has a key role in cell growth and proliferation [21], and the
levels of this metabolite are regulated by the enzyme methylenete-
trahydrofolate reductase (MTHFR) [22]. Genetic variations of MTHFR
are associated with the presence of nephropathy [23,24]. In addition,
VD3 may influence folate levels [25]. Therefore, although still un-
known, MTHFR can be influenced by VD3, and play an important role in
renal morphophysiology.

Given the importance of VD3 in the physiological functions, pre-
vention and/or treatment of renal diseases, and its role in Aβ42 clear-
ance [10,26,27], we analyzed the effects of VD3 supplementation in the
morphological/functional parameters and repercussions on the pre-
sence and localization Aβ42, MTHFR, caspase-3 p12, and Pgp proteins
in the kidney of a mouse model for DS. For the first time, we char-
acterized, before and after VD3 supplementation, a relationship be-
tween immunolocalization and expression of proteins involved in pa-
thogenic processes, tissue repair, apoptosis and clearance of Aβ amyloid
in the kidney of a mouse model for DS.

2. Methods

2.1. Animals and experimental environment

Female mice (Mus musculus) of the lineage B6EiC3Sn-Rb
(12.Ts171665Dn)2Cje/CjeDnJ (#004850) carrying a Robertsonian
translocation [28] (The Jackson Laboratory, Bar Harbor, ME, USA)
were maintained with normal diploid B6EiC3SnF1/J male for mating
(both with 3-month-old). The offspring of B6EiC3Sn-Rb
(12.Ts171665Dn)2Cje/CjeDnJ and B6EiC3SnF1/J mice were kar-
yotyped at 21 days of age, according to protocol of instructions pro-
vided by The Jackson Laboratory (USA) to determine the presence of
the trisomy, and subsequently distributed into control and experimental
groups. The genotyping test was performed in the Biosciences Institute,
University of São Paulo (USP), São Paulo, SP, Brazil. Throughout the
experimental protocol, the mice were maintained in the Central Bio-
terium of the São José do Rio Preto Medical School (FAMERP) under
adequate conditions of lighting (12-hour light-dark cycle) and tem-
perature (23 ± 2 °C). The experiment protocol was approved by the
Ethics Committee for Animal Use of the FAMERP, protocol n. 001-
002447/2015. In the present study, only female offspring were used in
the experimental protocol because the early pathophysiological me-
chanisms associated with Aβ have been reported more frequently in
women with DS [29] and female Ts65Dn mice, a model for DS [30,31];
Therefore, knowledge about the role of peripheral clearance of Aβ in
the kidney is extremely important.

2.2. Experimental groups

Initially all mice had access to a standard solid diet (Nuvilab®,
Curitiba, PR, Brazil) and water ad libitum. With 14 weeks of age the
animals were submitted to the experimental protocol. Female mice (14-
week-old) were distributed in four experimental groups (n=5/group)
according to a presence (Ts) or absence of the trisomy (Wt) and sup-
plemented with vitamin D3 (VD3) or control diet (CO) as follows:
control diet with positive genotype (Ts(CO)), control diet with negative
genotype (Wt(CO)), vitamin D3 with positive genotype (Ts(VD3)), vitamin
D3 with negative genotype (Wt(VD3)).

2.3. Diet

The Ts(CO) and Wt(CO) groups were maintained with a standard diet
throughout the experiment. Whereas, the mice of the Wt(VD3) and
Ts(VD3) groups were fed a diet supplemented with high doses of VD3 for
10 weeks (12,500 IU/kg, Domeneghetti & Corrêa Ltda®, Jaú, SP, Brazil),
according to Wergeland et al. [32].

2.4. Euthanasia and tissue collection and processing

24-week-old mice were euthanized with high-dose 100mg/kg so-
dium thiopental (Tiopental®), administered intraperitoneally according
to animal weight. After total sedation, blood samples were collected.
Posteriorly, transcardial perfusion was performed with phosphate-buf-
fered saline solution (PBS) pH 7.4. Then, the kidneys (left antimer) were
excised and weighed, fixed in 4% paraformaldehyde diluted in PBS,
processed, and embedded in paraffin, cut into 5 μm thick sections. The
slides followed for the morphometric and immunohistochemistry ana-
lyses.

2.5. Renal function analysis

The plasma samples were used to detect the following biochemical
markers: plasma urea and creatinine (PCr). The samples of all groups
were checked with colorimetric assay and analysis by spectro-
photometry (BIO-200, Bioplus, São Paulo, SP, Brazil) using commercial
kits (Biotécnica, Varginha, MG, Brazil).

2.6. Morphometric analysis

The slides were stained with hematoxylin-eosin (HE) and Bowman's
space (μm), glomerulus diameter (μm), diameter of the renal corpuscles
(μm), glomerular area (μm2), and area of the renal corpuscles (μm2)
were analyzed. Fifteen microscopic fields were randomly selected (ob-
jective magnification 40×) per group. The analysis was performed in
the Zeiss Primo Star microscope model coupled to a camera (Zeiss
Axiocam 105 color model) and Zen Lite 2.3 software (Zeiss).

2.7. Immunohistochemistry analyses of Aβ42, Pgp, MTHFR, and caspase-3
p12

The sections were deparaffinized, hydrated, and subjected to anti-
genic recovery. Posteriorly, submitted to endogenous peroxidase
blocking and nonspecific proteins with skim milk (MOLICO®). The
primary antibodies (abcam®, USA) used for incubation were: anti-beta
Amyloid 1–42 (1:1000 concentration; ab201060), anti-P Glycoprotein
(1:250 concentration; ab170904), anti-MTHFR (1:200 concentration;
ab203789), and anti-caspase-3 p12 (1:500 concentration; ab179517).
After overnight incubation with the primary antibodies, the sections
were washed in PBS buffer and incubated with Goat antirabbit IgG H&L
secondary antibodies (1:500 concentration, HRP, abcam®, USA,
ab97051). Posteriorly, the slides were revealed with DAB chromogen
and counterstained with hematoxylin. To confirm the specificity of the
reaction, negative controls were used.

The analysis was performed in the renal cortex and medulla by
photos acquired on the microscope Zeiss Primo Star model coupled to a
camera (Zeiss Axiocam 105 color model) (objective magnification 20×
and 40×) and Zen Lite 2.3 software (Zeiss), according Fu et al. [33].
Tissue area fields per group were randomly used to evaluate the per-
centage (%) of immunoreactivity. These fields were analyzed using
ImageJ 1.47 software, windows version (National Institutes of Health,
USA), according to Ruifrok and Johnston's method [34]. During the
immunohistochemistry analysis, the fixed threshold was established to
obtain of the percentage of the immunostained tissue area to the pro-
teins analyzed.
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2.8. Statistical analysis

Data were analyzed by descriptive and inferential statistics. The
data were initially subjected to the Shapiro-Wilk normality test. The
results were presented as mean and standard deviation or median and
95% confidence interval as appropriate for parametric or non-para-
metric tests. The following between-groups factors were considered for
statistical analyses: presence of trisomy, vitamin D3, and their interac-
tion (trisomy and vitamin D3). Two-way analysis of variance (ANOVA)
with the post hoc Bonferroni test (parametric) or Scheirer Ray Hare test
with the post hoc Mann-Whitney U test (non-parametric) were applied
to assess group heterogeneity in the biometric parameters and renal
function, morphometry, and percentage of immunoreactive area. The F-
(F) and H-statistic (H) were presented to analyze between-groups fac-
tors (trisomy, vitamin D3, and their interaction). The effect of size (low
0.01 to 0.33; moderate 0.34 to 0.66; high 0.66 to 0.99) was analyzed for
parametric data by eta partial squared analysis (ηp2). The probability of
a Type I error for the statistical tests was evaluated at p < 0.05.

3. Results

3.1. Vitamin D3 supplementation reduces body and kidney weight in
trisomic mice

Regardless of the positive or negative genotype for partial trisomy,
the supplementation of VD3 in high doses contributes to loss of body
weight. The groups treated with VD3 (trisomic or not) had a lower body
weight than that of the controls. In addition, we observed that the re-
lative weight of the kidney in (Ts(CO)) mice is higher than that in
(Wt(CO)) mice, but not in control mice treated with VD3 (Wt(VD3))
compared to that of control group (Wt(CO)), suggesting the direct in-
volvement of the trisomy factor in morphological alteration. After VD3

treatment, the kidney absolute was reduced (Ts(CO) versus Ts(VD3)
group), suggesting VD3 is a protective factor contributing to this re-
duction (Table 1).

3.2. Supplementation of vitamin D3 reverts renal morphological parameters
altered by trisomy

Morphometric analysis showed the presence of morphological al-
terations in the renal tissue of the trisomic mouse group. We identified a
dilation of Bowman's space in the Ts(CO) group than that of the Wt(CO).
Trisomy did not affect parameters, such as glomerular and renal

corpuscle diameter/area (Ts(CO) vs Wt(CO)). After VD3 supplementation,
it was observed the Bowman's space in Ts(VD3) group was reduced, an
effect not observed in Wt(VD3) compared to that of the Wt(CO) group. In
relation to the glomerular and renal corpuscle diameter/area, in-
dependent of genotype, VD3 reduced these structures. For the glo-
merular area, a reduction was observed only in the Wt(VD3) group
compared with that of the control (Wt(CO)) (Table 1).

3.3. Vitamin D3 reduces plasma urea in trisomic mice

High-doses of VD3 changed the PCr and plasma urea levels in Ts and
Wt groups. The urea level was reduced in Ts(VD3) and Wt(VD3) in com-
parison to that of their control groups. However, a significant increase
in PCr was observed in the Ts(VD3) versus Ts(CO) group, being trisomy
factor responsible by increase of PCr (Table 1).

3.4. Immunohistochemistry

3.4.1. Vitamin D3 reduces the expression of β-amyloid peptide (Aβ42)
induced by trisomy in the kidney

In all experimental groups, we verified the presence of im-
munoreactivity to Aβ42 (Fig. 1A–H). However, the distribution pattern
and immunoreactivity of this protein differs among control and ex-
perimental groups. In Ts(CO) (Fig. 1A/E) versus Wt(CO) (Fig. 1C/G), we
observed a high immunostaining for Aβ42 in the renal cortex and me-
dulla. This protein in the Ts(CO) group was localized in the glomerular
tuft (cell nucleus and cytoplasm; and between the glomerular cells),
proximal and distal tubules and blood vessels (veins, arteries, glo-
merular capillary), and renal tubular cells and vessels in the inner and
outer medulla (Fig. 1A/E). Interestingly, in the medulla an intense
deposition of Aβ42 similar to that of the amyloid plaques was observed.
In addition, we observed the presence of inflammatory infiltrate in the
renal cortical interstice (Fig. 1B). However, VD3 decreased the im-
munoreactivity area percentage for Aβ42 in Ts(VD3) versus Ts(CO)
(Fig. 1A/E and B/F) that was not observed in Wt(VD3) compared to
Wt(CO). Unlike the control group, Aβ42 in Ts(VD3) mice was visualized as
small clusters in the glomerular tuft (extracellular and intracellular),
interstitial space, and blood vessels; beyond the presence of in-
flammatory infiltrate (Fig. 1B). This result indicated that VD3 is an
important factor for reducing Aβ42 accumulation (Fig. 1I–K).

3.4.2. Caspase-3 p12 is enhanced by vitamin D3 in trisomic mice
We observed immunoreactivity to caspase-3 p12 intracellularly

Table 1
Biometric parameters, renal functional, and morphometric analyses in the kidney of the different groups.

Ts(CO) Ts(VD3) Wt(CO) Wt(VD3) p(Trisomy) p(Vitamin D3) p(Interaction)

Biometric parameters
Body weight (kg) 0.024 (0.020–0.027) 0.020 (0.017–0.024)a 0.026 (0.022–0.030) 0.022 (0.019–0.025)b 0.102 0.027⁎ 0.970
Kidney weight (g): absolute⁎⁎ 0.173 ± 0.020 0.126 ± 0.018a 0.143 ± 0.025 0.134 ± 0.022 0.290 0.010§ 0.064
Kidney weight (OW/BW):

relative⁎⁎
7.360 ± 0.509d 6.227 ± 0.585 5.567 ± 0.754 6.062 ± 0.939 0.008§ 0.334 0.022§

Functional analysis
Plasma urea (mg/dL) 40.43 ± 4.293 21.24 ± 3.853a 50.65 ± 10.74 24.64 ± 2.799b 0.018§ < 0.0001§ 0.181
Plasma creatinine (mg/dL) 0.359 (0.254–0.444) 0.410 (0.392–0.449)a,c 0.308 (0.191–0.384) 0.346 (0.294–0.399) 0.028⁎ 0.059 0.488

Morphometry
Bowman's space (μm) 12.72 (10.95–22.62)d 6.52 (5.72–9.31)a 5.89 (4.91–12.42) 7.00 (6.49–11.03) 0.072 0.078 0.004⁎

Glomerulus diameter (μm) 102.66 ± 14.40 81.63 ± 16.41a 104.82 ± 23.75 77.79 ± 16.66b 0.857 < 0.0001§ 0.525
Diameter of the renal corpuscles

(μm)
122.57 ± 17.47 93.81 ± 20.84a 118.27 ± 22.63 88.36 ± 19.36b 0.353 < 0.0001§ 0.912

Glomerular area (μm2) 8465 ± 1795 6446 ± 2113 8526 ± 2800 5020 ± 1871b 0.231 < 0.0001§ 0.192
Area of the renal corpuscles (μm2) 11,401 (10152–12,257) 7468.5

(6627.7–9916.8)a
10,129

(8705.9–12,232)
6807.6

(5148.5–7793)b
0.151 < 0.0001⁎ 0.813

OW: Organ weight. BW: Body weight. Ts: presence of trisomy. Wt: absence of trisomy. CO: control diet. VD3: vitamin D3 diet. Interaction (trisomy and vitaminD3)
⁎p < 0.05, Scheirer–Ray–Hare test + Mann-Whitney post-test or §p < 0.05, two-way Anova + Bonferroni post-test as follows: aTs(VD3) vs Ts(CO); bWt(VD3) vs Wt(CO);
cTs(VD3) vs Wt(VD3); dTs(CO) vs Wt(CO).
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(cytoplasm and nucleus) in the tubular system, medulla (inner and
outer zones) and blood vessels (endothelial cells) in the kidney of the
control and experimental groups (Fig. 2A–D and E–H). For the Ts(VD3)
group, a discrete marking of caspase-3 p12 was observed in the glo-
merular tuft. Although the localization pattern for caspase-3 p12 was
similar among groups, it was possible to observe perceptible differences
in the percentage and intensity of the immunoreaction. The Ts(CO)
group versus Wt(CO) has a lower immunoreaction for caspase-3 p12 in
the renal medulla (Fig. 2K). However, the VD3 induced an increase in
caspase-3 p12 in the total kidney, cortex, and medulla in Ts(VD3) versus
Ts(CO); this protein was visualized in the cytoplasm and nucleus of a
large number of cells (Fig. 2B and F). Unlike, Wt(VD3) group presented a
lower caspase-3 p12-immunoreactive percentage than that of Wt(CO)
(Fig. 2I–K).

3.4.3. Vitamin D3 enhanced P-glycoprotein (Pgp) in the renal cortex
In the kidney, a similar pattern of immunolocalization for Pgp was

observed among the control and experimental groups (Fig. 3A–D). Pgp

was localized in the cortical region, specifically in the proximal tubular
cells (brush border membrane). Although the localization of Pgp was
similar among groups, a significant increase in the percentage of the
immunoreactive area was observed in Ts(VD3) versus Ts(CO) and Wt(VD3)
versus Wt(CO) (Fig. 3B and D). There was no difference between Ts(CO)
and Wt(CO) or between Ts(VD3) and Wt(CO) (Fig. 3E).

3.4.4. Methylenetetrahydrofolate reductase (MTHFR) is enhanced by
vitamin D3 in trisomic mice

In the renal tissue of trisomic and wild-type mice, MTHFR was
immunolocalized in cytoplasm and/or cell membranes in the cortical
region, including Bowman's capsule (membrane basement and parietal
cells) and proximal convoluted tubule epithelial cells (cytoplasm and
brush border membrane) near the renal corpuscle (Fig. 4A–D). A high
intensity of MTHFR was observed in the parietal layer of the Bowman's
capsule in Wt(CO). In renal tissue of the Ts(VD3) mice, it was possible to
observe the intracellular presence of MTHFR in the parietal cells
(Fig. 4B) at a higher magnification. Regarding immunoreactivity, we

Fig. 1. Aβ42 immunolocalization. Aβ42 protein was identified in renal cortex and medulla of the control and experimental groups [Ts(CO) (A, E), Ts(VD3) (B, F), Wt(CO)
(C, G), Wt(VD3) (D, H)]. Kidney structures indicated as proximal tubule (PT), distal tubule (DT), glomerulus (G), veins (V), arteries (A), inner medulla (IM), outer
medulla (OM). Black dashed circles delimitate medulla IM and OM; Yellow arrow indicates the presence of Aβ42 in the cell nucleus and among glomerular cells;
yellow arrowhead refers to the glomerular capillary. Inferential statistics of the semiquantitative analysis of the percentage (%) of coverage immunoreactive area:
total (I), cortical (J) and medulla (K). Table: The H-statistic (H) for between-groups factors (trisomy, vitamin D3 and interaction) was calculated on percentage (%)
immunoreactive area in kidney. Scale-bars: 60 μm (A–D) and 20 μm (E–H), objective magnification 60× and 20×, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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observed an increase in MTHFR in Ts(VD3) versus Ts(CO) and Ts(VD3)
versus Wt(VD3), but not in Wt(VD3) versus Wt(CO) (Fig. 4E).

4. Discussion

In DS, the presence of kidney abnormalities may compromise the
renal function and favors the emergence of complications and co-
morbidities. Although it has been reported that congenital abnormal-
ities may be related the malformations in kidney [35], the causes of
these events remain unknown. Taking into consideration that adults
individuals with DS present renal abnormalities [4–6,36] and develop
early-onset Alzheimer's disease (EODA) associated, mainly, to the in-
creased Aβ accumulation [37]; and that elevated serum Aβ levels may
be associated with a renal failure [38,39], being the kidney one of the
main organs involved in peripheral clearance of Aβ peptides [40]; the
knowledge about the presence and localization of the Aβ42 protein in
the kidney of a mouse model for DS is of great importance.

Several studies have shown that the VD3 acts in the activation of
mechanisms involved in the degradation and clearance Aβ peptides
[19,41], and that diets enriched with VD3 may help in the prevention or
treatment of kidney diseases [15,42,43]. In this study we analyzed the
effect of high-doses of VD3 in kidney of adult female Rb
(12.Ts171665Dn)2Cje mice. Our findings showed an association be-
tween the localization and quantitative presence of Pgp, MTHFR, and
Caspase-3 p12 proteins in response to VD3 treatment and an increase in
Aβ42 peptides in the kidney.

The Aβ42, Pgp, MTHFR, and Caspase-3 p12 proteins are modulated
according VD3 availability [7,19,25,26], and are involved in pathogenic
processes; clearance; DNA repair and cell survival; and apoptosis, re-
spectively [7,19,22]. The increased protein Aβ42 may favor the acti-
vation of pathways that induce DNA damage and apoptosis leading to
cell death [44]; therefore, it is fundamental to analyze these proteins in
this context.

For the first time, our research showed the localization and

Fig. 2. Caspase-3 p12 immunolocalization. Renal cortex and medulla of the control and experimental groups [Ts(CO) (A, E), Ts(VD3) (B, F), Wt(CO) (C, G), Wt(VD3) (D,
H)] have caspase-3 p12 expression. Kidney structures indicated as proximal tubule (PT), distal tubule (DT), glomerulus (G), veins (V), arteries (A), inner medulla
(IM), outer medulla (OM). Yellow arrow indicates glomerular tuft. Black dashed circles delimitate medulla IM and OM. Inferential statistics of the semiquantitative
analysis of the percentage (%) of coverage immunoreactive area: total (I), cortical (J) and medulla (K). Table: The F-statistic (F), partial eta squared (np2) and H-
statistic (H) for between-groups factors (trisomy, vitamin D3 and interaction) were calculated on percentage (%) immunoreactive area in kidney. Scale-bars: 40 μm
(A–D) and 20 μm (E–H), objective magnification 40× and 20×, respectively. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 3. Pgp immunolocalization. (A–D,
scale-bars 60 μm) identified in the renal
cortex of the control and experimental
groups [Ts(CO) (A), Ts(VD3) (B,), Wt(CO)
(C), Wt(VD3) (D)]. Kidney structures
indicated as proximal tubule (PT),
distal tubule (DT), glomerulus (G).
Black arrow indicates brush borders of
proximal tubular cells. Objective mag-
nification 40×, 60× and 100×.
Inferential statistics of the semi-
quantitative analysis of the percentage
(%) of coverage immunoreactive area
of cortical Pgp (E) in the kidney of the
different groups. Table: The H-statistic
(H) for between-groups factors
(trisomy, vitamin D3 and interaction)
was calculated on percentage (%) im-
munoreactive area in kidney. Scale-
bars: 60 μm, objective 60×.
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Fig. 4. MTHFR immunolocalization. Renal
cortex of the control and experimental
groups [Ts(CO) (A), Ts(VD3) (B), Wt(CO) (C),
Wt(VD3) (D)] presents expression of MTHFR.
Kidney structures indicated as proximal tu-
bule (PT), distal tubule (DT), glomerulus
(G). Black arrow indicates the presence of
MTHFR in the Bowman's capsule (parietal
layer). In higher magnification (detail in B),
it is possible to observe the intracellular
presence of MTHFR in parietal cells.
Inferential statistics of the semiquantitative
analysis (E) of the percentage (%) of cov-
erage immunoreactive area of cortical
MTHFR in the kidney of the different
groups. Table: The F-statistic (F), partial eta
squared (np2) for between-groups factors
(trisomy, vitamin D3 and interaction) were
calculated on percentage (%) im-
munoreactive area in kidney. Scale-bars:
40 μm (A–D) and 100 μm (B), objective
magnification 40× and 100×, respectively.
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accentuated presence of Aβ42 in the kidney of a DS mouse model. These
findings strengthen the supposition that increased Aβ42 can be involved
with the dilation of the Bowman's space (BS) in Ts(CO) mice, and it is
possible a similar condition may occur in people with DS. Owing lim-
ited information about factors involved in the renal abnormalities in
DS, and based on the literature [29,37–39,45–47], we hypothesized
that the overexpression of APP and, mainly the Aβ42 protein, may be
involved with abnormalities reported in the renal tissue of individuals
with DS and experimental models. This proposal, as well as the in-
volved action mechanisms [1,19,45,46,48–52] are presented in Fig. 5.

After treatment with high-doses of VD3, the decrease in Aβ42 was
accompanied by a reduction in BS in Ts(VD3) similarly to parameters in
Wt mice. In humans, the enlarged BS in the kidneys of DS individuals is
associated with a nephropathology, known as cystic and glomer-
ulocystic kidney disease [53,54,63,64]. Therefore, in DS, considering
these kidney diseases and risk of complications, interventions that
could attenuate the progression of the disease are of extreme im-
portance.

In addition, the presence of Aβ42 in the glomerular capillaries, veins
and medulla, suggests that this protein comes from systemic circulation.
Previously, it was described that in humans and mice, the blood Aβ
levels are lower in the inferior vena cava than in the femoral artery,
indicating Aβ effluxes of the brain to peripheral blood, which reinforces
our hypothesis [40]. In addition, these authors [40] demonstrated that
there is a peripheral clearance of brain-derived Aβ.

Although treatment with high-dose VD3 reduced Aβ42, adverse ef-
fects in the kidneys of Ts(VD3) and Wt(VD3) mice were observed. Among
the adverse effects, a reduction in body weight was noted in groups
treated with VD3. Experimental studies in humans and mice also ob-
served a body weight loss after VD3 supplementation [44,55,56]. The
mechanism by which VD3 can reduce body weight might be related to
lipid metabolism [51,57]. These findings suggested the existence of
feedback between the supplementation and need to store VD3

[51,52,58], as show in the Fig. 6.
Additionally, VD3 promotes structural alterations in the kidneys.

These morphological changes were accompanied by a reduction in
caspase-3 p12 in Wt(VD3) and increase in Ts(VD3) groups. Caspase-3 is an
important mediator for cellular apoptosis in the kidneys [10]. Here, we
analyzed caspase-3 p12 to investigate alternative pathways, because
depending on the stimulus, complexes involved in inflammation and
apoptosis, such as p17/p12 or p19/p12, can be formed [8]. The acti-
vation of caspase 3 is a critical step in the pathways that lead to mor-
phological and biochemical alterations [9]. Based on these studies, a
reduction in caspase-3 p12 in Wt(VD3) could indicate the participation of
other cellular mechanisms in an attempt to inhibit the apoptosis or pro-
inflammatory pathway activation.

In Ts(VD3) mice in response to intrinsic increased Aβ42, a high

immunoreactivity of caspase-3 p12 may be related to the reversion of
morphological changes, as Bowman's space dilation and enhanced re-
lative kidney weight, as previously observed in the Ts(CO). Caspase 3
also has an important role in the cleavage APP protein [59], conse-
quently this can affect Aβ42 deposition and apoptosis. For Ts(CO) adult
mice, we did not find a relationship between the increase in Aβ42 and
caspase-3 p12. However, the presence of small clusters of inflammatory
cells in the interstitial space (Fig. 5B) may indicate an early-stage re-
sponse, which over time may progress to complications and affect the
kidney morphophysiology.

In parallel with the morphofunctional changes, the Ts factor and
high-dose VD3 also affect plasma creatinine and urea concentration.
The alterations in urea and creatinine levels in relation to the normal
limit refers to variations in glomerular filtration rate and tubular
function [60,61], and may be associated with renal dysfunction. De-
spite the VD3 protective effect to reverse increased urea levels in Ts
mice, an elevation in the creatinine level in the group treated with VD3

was observed, the opposite effect when compared to urea in this group.
It is possible that at the time of the animal sacrifice, 10 weeks after the
initiation of experiments and treatments, VD3 worsened the creatinine
level, despite improvement in the urea excretion and simultaneous
renal structure. Therefore, this effect could be improved with an ex-
tended VD3 treatment. It is interesting to verify the kidney function by
assessing glomerular filtration at different times of treatment with VD3.
Therefore, although the VD3 plays an important role in several me-
chanisms, such as the reduction in Aβ42 in the cerebral tissue
[19,50,62], more research is needed, especially to assess the adverse
effects in peripheral organs, such as the kidneys.

In addition, the data in relation to urea levels showed an association
between increased Pgp in the brush border of apical membrane of
proximal tubular epithelial cells and reduction urea levels in trisomic
and non-trisomic groups that received VD3 (Fig. 6). Still, the increase in
Pgp contributed to reduced Aβ42 in the kidneys of Ts(VD3) mice in the
present study. Pgp plays an important role in Aβ42 clearance in cerebral
tissue [63]. Studies with mice show that VD3 supplementation increases
Pgp immunostaining and expression with reduced amounts of Aβ42 in
the brain [19]. This suggests that mechanisms similar to those observed
in the brain [41,50,52] also occur in the kidney and others in according
to the Fig. 5D and E.

Besides these mechanisms, increased MTHFR in Ts(VD3) the kidneys
seems to further support the role of VD3 in the morphological restora-
tion (Fig. 6). To the best of our knowledge, we are the first to show the
immunolocalization of MTHFR in the renal tissue of trisomic and non-
trisomic mouse DS models. MTHFR is important in the process of folate
metabolism regulation, which is involved in nucleotide synthesis, DNA
replication, cell growth, and survival [22,64]. The presence of MTHFR
in the proximal tubule epithelial cells (cytoplasm and brush-border

Fig. 5. Proposed model for how the overexpression of APP and its product, Aβ42, may favor the appearance of renal tissue abnormalities in DS mouse model and
human trisomy 21. A. APP protein and Aβ- 40/42 peptides (immunostained) (white box) has been observed in kidneys of people without Down syndrome (DS) [45].
In DS individuals and mice models, it has been well-described that APP overexpression results in increased levels of Aβ- 40/42 (red arrow) in the brain [46].
However, its expression pattern remains unknown in the kidney. In our study with DS mouse model Ts[Rb(12.1716)]2Cje, the overexpression of APP [28] and
increased of Aβ42 are associated with morphofunctional changes. B and C. Presence and location of Aβ42 in the kidney of Ts(CO) and Ts(VD3) mice. The renal cortex and
medulla of both groups (between C and D) when compared to the nephron scheme show structural delimitations. This provides an indication of how Aβ42 protein can
affect the functional unit of the kidney. The red arrows in the figure (nephron) indicate the blood flow in the vessels from the afferent and efferent arteriole. Kidney
structures are indicated as Bowman's space (BS), proximal tubule (PT), distal tubule (DT), glomerulus (G), outer medulla (OM), inner medulla (IM), and collecting
duct (CD). Black dashed circles delimitate IM and OM. Other symbols used are explained in the legend box. B and C scale-bars are 10 and 40 μm, respectively
(objective magnification 40× and 100×). D. Mechanism proposed by which APP overexpression and increase in Aβ42 may be involved in renal abnormalities. In rats,
APP is immunolocalized in podocytes with an important role in the glomerular filtration [49]. In the TS(CO) mice, the agglomeration and nuclear localization of Aβ42
in podocytes suggest a crucial point to initiate events that can induce cell death, contributing to the dilation of BS. Aβ42 can also accumulate in the BS and increase
the oncotic pressure. Possibly a deregulation caused by increased Aβ42 may be involved with some nephropathies reported in individuals with DS (blue box). E.
Proposed mechanism by which VD3 can act on clearance of Aβ42 in the kidney of Ts mice. The active form of VD3 binds to the VDR receptor and can induce the
expression of genes that regulate or are involved in the expression of proteins, such as Pgp and possibly neprilysin enzymes that participate clearance of Aβ42. VD3

may also induce the increase of caspase-3 p12 and/or promote the increase of MTHFR contributing to cell proliferation and survival (blue arrows). After the
activation of specific mechanisms [19,41,52] several events occur favoring the reduction of Aβ42 and cell survival (blue arrow). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

F.d.C. Gomes, et al. Life Sciences 231 (2019) 116537

9



membrane) and in Bowman's capsules (basement membrane and par-
ietal cells) indicate that this protein may be involved in mechanisms of
cell proliferation and survival, such as podocytes and tissue restoration,
contributing to a reduced Bowman's space in TS(VD3) mice, similarly to
the standard parameters, as observed in wild-type mice.

5. Conclusion

Supplementation with high-dose VD3 affects renal morphophy-
siology and attenuates Bowman's space dilation in the kidney of adult
female mice model for DS. Moreover, VD3 supplementation influences
the presence and localization of caspase-3 p12, Pgp, and MTHFR pro-
teins and contributes to reduced Aβ42.

Thus, this research can contribute to new studies and perspectives
for a better understanding of the possible causes of nephropathies in
individuals with DS and the role of kidney in the peripheral clearance of
Aβ42, as well as possible implications involved in the development of
EOAD in DS. In addition, the use of high doses of VD3 requires further
investigation to determine if VD3 supplementation could lead to ad-
verse implications in renal morphophysiology.
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