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Abstract 

Great effort s have been est ablished to promote healthy aging and prevent illnesses connected to aging. The prevalence of elderly population increases 

and this will be associated with an increase in disability and illness. This study analyzed renal aging process following administration of D-galactose (120 

mg/kg/d ip for 8 weeks), and the potential protective effects of vitamin D administration (1,0 0 0 and 10,0 0 0 IU/kg/d by oral gavage for 8 weeks) in animals 

with D-galactose induced aging. The renal function tests (serum urea and creatinine, creatinine clearance, and 24 hours urinary albumin excretion levels), 

oxidative stress (MDA, TCA), renal tissue expression of TNF α, HIF α, Adropin, MAPK, eNOS, and VEGF as well as histopathological and EM alterations were 

assessed. D-galactose administration resulted in noticeable changes in renal histopathology, deteriorated renal function tests, elevated oxidative stress and 

inflammation, and significantly diminished Adropin, MAPK, eNOS, HIF α and VEGF expression. Vitamin D effectively reversed these alterations and enhanced 

histopathological and EM ultrastructure changes triggered by D-galactose administration. 

© 2025 Elsevier Inc. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 
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1. Introduction 

Aging is a progressive loss of functional reserve that manifests

as a substantial decrease in the adaptive homeostatic ability to ex-

ternal or internal stress, leading to an elevated risk of death and

disease [ 1 ] . With the significant increase in the elderly population,

it is imperative to acknowledge the substantial physiologic changes

that occur in all organ systems as they age [ 2 ]. An appropriate as-

sessment of renal function in the context of aging is particularly

important due to the fact that the kidney is a frequently targeted

organ for a range of disorders [ 3 ]. The kidneys undergo a num-

ber of abnormalities as they age, such as glomerulosclerosis de-

velopment, the loss of tubules, increasing interstitial fibrosis [ 4 ],

and vascular alterations, such as endothelium-dependent vasodila-

tion dysfunction and a lack of angiogenic capacity [ 5 ]. Currently,
Abbreviations: eNOS, endothelial nitric oxide synthase; HIF α, hypoxia-indu  

dialdehyde; TCA, total capacity of antioxidant; TNF α, tumour necrosis factor alph
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cible factor alpha; MAPK, mitogen-activated protein kinase; MDA, malon-
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renal fibrosis lacks an effective therapy due to the incomplete elu-

cidation of the pathophysiologic mechanisms [ 6 ]. Consequently, it

is imperative to investigate strategies that can impede the progres-

sion of kidney injury. 

Oxidative stress and inflammation are among the numerous

cellular signaling pathways that have been consistently linked to

renal aging [ 7 ]. The oxidative/inflammatory cascade plays a central

pathogenic role in the destruction of renal tissue, irreversible loss

of kidney function, and the progression of age-related kidney fi-

brosis [ 8 ]. Therefore, boosting antioxidant activity could potentially

alter age-related kidney fibrosis by reducing oxidative stress and

promoting tissue regeneration. 

Vitamin D is recognized as a factor in preservation of proper

calcium metabolism, but it could also be essential for a wide va-

riety of “non-classical” functions [ 9 ]. Its deficiency can disrupt
ining, AI training, and similar technologies. 
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mitochondrial function, boost oxidative stress, and intensify sys-

temic inflammation. Therefore, the correlation between vitamin D

levels and the risk of age-related disorders may be attributed to its

impact on oxidative stress and antioxidant status [ 10 ]. 

It is crucial to observe that elderly populations may have low

levels of vitamin D as a result of various factors, including lower

consumption, absorption, or decreased exposure to sunlight [ 11 ].

Furthermore, the kidney as it ages is likewise less capable of

synthesizing 1,25-dihydroxyvitamin D from 25-hydroxyvitamin D.

(25[OH] D) [ 12 ]. 

The vitamin D receptor (VDR) is a nuclear transcription fac-

tor with diverse biological effects and is abundantly expressed in

renal tubular epithelial cells, indicating a role for vitamin D in

maintaining kidney homeostasis [ 13 ]. In addition to its classical

role, the binding of vitamin D to VDR affects a variety of signal-

ing cascades, such as apoptosis, inflammation, and oxidative stress

[ 14 ].Nevertheless, the potential role of vitamin D in alleviating re-

nal aging has not been fully clarified. 

The energy homeostasis-associated (Enho) gene encodes a se-

creted peptide known as Adropin which is produced by various

body tissues including kidney, heart, brain, and the liver [ 15 ].

Adropin has received a lot of attention due to its tight relation-

ship to insulin resistance and glucose and lipid homeostasis [ 16 ].

Itwas also found to stimulate antioxidant reactions to facilitate re-

active oxygen species (ROS) clearance [ 17 ].In addition, it has been

indicated that Adropin enhances the bioavailability of nitric oxide

(NO) via activating mitogen-activated protein kinase (MAPK) sig-

naling in endothelial cells through the VEGF receptor 2 (VEGFR2),

which lead to the upregulation of endothelial NO synthase (eNOS)

[ 18 ]. New evidence suggests that aging is closely linked to reduced

plasma levels of Adropin [ 19 , 20 ]. It has been shown that age-

related decrease in plasma Adropin levels and protein expression

in the brains of Sprague Dawley rats correlates with the expres-

sion of protein markers linked to oxidative stress [ 21 ]. Addition-

ally, in non-human primate tissues, the expression of the Adropin

transcript is linked to genes associated with age-related neurode-

generation [ 22 ]. However, the impact of Adropin in renal aging is

largely unknown. 

Hypoxia inducible factor α (HIF α) is a key transcription factor

that mediates transcriptional activation of VEGF, a central medi-

ator of angiogenesis and vital player of vascular aging. According

to Wong et al. [ 23 ], the deletion of HIF α in lysosome M-positive

cells in a mouse model of type 1 diabetes mellitus prevented the

vitamin D –induced vascular healing through VEGF. It also controls

redox balance, inflammation, and glucose metabolism to eventually

maintain cellular homeostasis. Since the discovery of HIF-1 α, sev-

eral studies have identified the changes in HIF associated with age

and the development of age-related disorders [ 24 ]. 

Studies investigating vitamin D effect on crucial signaling path-

ways impacted in biological aging are limited, therefore, our study

aims to identify a novel mechanism through which vitamin D

may protect against renal aging. This research tended to deter-

mine whether vitamin D administration could effectively amelio-

rate renal aging in male rats via modulating Adropin expression

and MAPK/HIF α/VEGF/eNOS signaling. 

2. Materials and methods 

2.1. Drugs and chemicals 

D- galactose (D- gal) (CAS No. 59-23-4) in the form of white

powder was obtained from LOBA chemie Pvt. Ltd., Mumbai, In-

dia. Vitamin D was available in the form of cholecalciferol ob-

tained from Memphis Pharmaceuticals & Chemical Industries,

Cairo, Egypt. 
2.2. Animals and ethical considerations 

Thirty adult male Wistar rats, aged 8–10 wk and weighing be-

tween 150 and 200 g, were procured from the Experimental Ani-

mal Breeding Farm in Helwan, Cairo. 

Animals were maintained in controlled laboratory environments

with a temperature range of 20–25 °C and a light-dark cycle of

12/12 h. Animals were fed commercially available standard rodent

diet composed of 20% crude protein, 4% crude fat, 3.5% crude fiber,

6% ash, 0.5% salt, 1% calcium, 0.6% phosphorus, 20 IU/g vitamin A,

2.2 IU/g vitamin D, and 70 IU/g vitamin E [ 25–27 ]. This diet was

supplied by Al-Magd Feed Company, Quesna Industrial Zone, Qa-

lyubia Governorate, Egypt. 

Prior to the trial, all rats were acclimatized to the labora-

tory environment for 1 week. Rats were caged (3/cage) in a fully

ventilated room in the Physiology Department, Benha Faculty of

Medicine. The research followed guidelines intended for mainte-

nance and utilization of laboratory animals [ 28 ], in addition to

being accepted by Research Ethics Committee of the Faculty of

Medicine at Benha University, Egypt (Approval No. RC: 13-3-2024).

2.3. Experimental design 

Sample size calculated using epi info soft calculator version 3

based on Yang et al. [ 21 ]. The anticipated mean ±SD adropin lev-

els among aging group and young group were 1.0 ±0.1 and 1.5 ±0.2

respectively. The study had a power of 80%, a 95% confidence level,

and an alpha error of 5%, therefore the minimal calculated sample

size is 3 rats in each group and increased to 6 rats in each group

for fear of dropout. 

Rats were split into five groups at random: 

Group I (Control group; n = 6): This group obtained normal

saline via an intra-peritoneal injection. They also received

distilled water using an oral gavage daily at 1 mL/rat for 8

weeks. 

Group II (Vitamin D group; n = 6): This group received vitamin

D (10,0 0 0 IU/kg/d by oral gavage for 8 weeks) [ 29 ]. 

Group III (Aging group; n = 6): This group obtained D-galactose

(120 mg/kg/d) dissolved in saline by intraperitoneal injection

for 8 weeks [ 30 ]. 

Group IV (Vitamin D 1,0 0 0 + Aging; n = 6): This group obtained

D-galactose (120 mg/kg/d) by intraperitoneal injection for

8 weeks and vitamin D 1,0 0 0 IU/kg/d by oral gavage for 8

weeks [ 29 ]. 

Group V (Vitamin D 10,0 0 0 + Aging; n = 6): This group obtained

D-galactose (120 mg/kg/d) by intraperitoneal injection for 8

weeks and vitamin D 10,0 0 0 IU/kg/d by oral gavage for 8

weeks [ 29 ]. 

By the conclusion of the 8th week, rats were individually placed

in a homemade metabolic cage for 24 h to calculate urine output

(starting from 10:00 AM to 10 AM next day). Rats were let to ha-

bituate and acclimatize to changes in location and caging prior to

the 24-h urine collection. Urine collecting funnels of the appropri-

ate size were placed at the base of the metabolic cages, and fecal

matter was retained in the funnels by placing special perforated

plastic discs inside [ 31 ]. The urine volume was measured and cen-

trifuged for 5 minutes at 1,500 rpm. At a temperature of –20 °C, the

clear supernatant was stored for further biochemical analysis. 

After an overnight fast, rats were placed on an operating ta-

ble, given urethane anesthesia (1.5 g/kg; i.p.), and had their hearts

punctured to draw blood. The rats were then euthanized via de-

capitation. Samples of blood were permitted to clot at room tem-

perature before being centrifuged for 15 min to separate the
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Table 1 

Primer sequences employed for RT-PCR analysis. 

Gene name Primer sequences (5’ → 3’) 
(F: Forward; R: Reverse) 

Accession 

number 

HIF α F: TGCTTGGTGCTGATTTGTGA 

R: GGTCAGATGATCAGAGTCCA 

NM_024359.2 

TNF α F: TGCCTCAGCCTCTTCTCATT 

R: GAGCCCATTTGGGAACTTCT 

NM_012675.3 

GAPDH F: GGTCGGTGTGAACGGATTTGG 

R: ATGTAGGCCATGAGGTCCACC 

NM_017008.4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

serum, which was then kept at -20 °C for use in the biochemical

examination of creatinine and urea. 

To completely remove extra blood, the two kidneys were

washed in ice-cold PBS (0.02 mol/L, pH 7.0–7.2). 

The right kidney of each animal was divided in 2 part. One part

was homogenized in a certain amount of PBS using a Mixer Mill

MM400 (Retsch GmbH). Tissue homogenates were centrifuged for

15 min at 4,0 0 0 rpm, 4 °C and Supernatant was used for quantita-

tive detection of Malondialdehyde (MDA), total capacity of antioxi-

dant (TCA), Adropin, mitogen-activated protein kinase (MAPK) and

eNOS. The 2nd part of right kidney was placed in RNAlater sta-

bilization solution (Catalog No: AM7021; Thermo Fisher Scientific,

MA) at 10 μL per 1 mg of tissue, and kept at -80 °C for real time

PCR analysis of TNF α and HIF α mRNA expression. 

The left kidney was kept in formalin for histopatholgical

and immunohistochemical examination of VEGF. Ultrathin sections

from kidney about (1 mm3 ) were put in 2.5% solution of glu-

taraldehyde on 0.1 M phosphate buffer (pH = 7.4) mixed with 4.0%

paraformaldehyde as primary fixative for electron microscopy tis-

sue processing. 

2.4. Biochemical analysis 

2.4.1. Evaluation of serum urea, creatinine, creatinine clearance, and 

24 h urinary albumin excretion levels 

Quantitative determination of rat serum urea and creatinine

was done employing Urea Colorimetric Assay Kit II (Catalog #

K376-100; BioVision, Milpitas, CA, USA) and Creatinine Colorimet-

ric/Fluorometric Assay Kit (Catalog # K625-100; BioVision, Milpi-

tas, CA, USA), respectively. Creatinine clearance was determined

using the following formula: Creatinine concentration in urine

(mg/dL) × Volume of urine (mL/min) /Concentration of creatinine

in serum (mg/dL) [ 32 ]. The 24 h urinary albumin excretion was

measured in the centrifuged urine as described by [ 33 ]. 

2.4.2. Assessment of the oxidative stress markers 

Renal levels of MDA and TAC were estimated using Lipid Peroxi-

dation (MDA) Colorimetric/Fluorometric Assay Kit (Catalog # K739-

100; BioVision, Milpitas, CA, USA) and Rat Total antioxidant capac-

ity (TAC) Elisa kit (Catalog # AMS.E02T0028, amsbio, MA, USA), re-

spectively in compliance with manufacturer’s guidelines. 

2.4.3. Assessment of the tissue adropin, MAPK and eNOS 

The levels of renal Adropin, MAPK and eNOS were estimated

using Rat AD (Adropin) ELISA Kit (Catalog # orb1088203; Biorbyt,

NC, USA), Rat MAPK (P38) ELISA Kit (Catalog # ER1138; FineTest,

Wuhan, China), Rat eNOS ELISA Kit (Catalog # NBP2-80136; Novus

Biologicals, CO, USA) respectively in compliance with the manufac-

turer’s guidelines. 

2.5. Real–time PCR analysis for mRNA expression of TNF α&HIF α

2.5.1. RNA purification and cDNA synthesis 

Direct-zol RNA Total RNA was extracted and purified from cell

homogenate utilizing Miniprep Plus kit following guidelines pro-

vided by the manufacturer (Catalog # R2072; ZYMO RESEARCH

CORP., CA, USA). Following evaluation of the extracted mRNA’s

amount and quality employing a Beckman dual spectrophotome-

ter (USA), SuperScript IV One-Step RT-PCR kit was utilized. (Cat#

12594100, Thermo Fisher Scientific, Waltham, MA, USA) was em-

ployed for reverse transcription of extracted RNA following manu-
facturer instructions.  
2.5.2. mRNA quantification and PCR reaction 

StepOne Real-Time Cycler (Applied Biosystem, CA, USA) em-

ployed to perform amplification utilizing SensiFAST SYBR Hi-

ROX One-Step Kit (Catalog # BIO-73001, meridian BIOSCIENCE,

USA).Primer sequence for studied target genes (HIF α and

TNF α)and reference housekeeping gene (GAPDH) were shown in

Table 1 .The mRNA expression of each sample was calculated after

correcting for GAPDH expression. 2-��Ct technique was utilized to

calculate relative expression [ 34 ]. The results are given in terms of

n-fold difference from the controls. 

2.6. Histopathologic study 

Samples of kidney tissue were preserved for 48 hours in 10%

formalin. Sections of paraffin (5 μm thick) were produced, pro-

cessed, and stained with hematoxylin and eosin (H&E) [ 35 ]. Addi-

tional sections were put on positively charged slides so that VEGF

could be detected by immunohistochemistry [ 36 ]. 

2.7. Immunohistochemical study 

Immunohistochemical staining for identifying VEGF. The rab-

bit anti-VEGF monoclonal antibody served as the main one (Santa

Cruz Company, California, USA) (1:500 with PBS). Cytoplasmic

brown was the hue of the reaction’s cellular location [ 37 ]. After

doing an immunohistochemical analysis employing avidin–biotin

peroxidase method, a chromogen called diaminobenzidine (DAB)

(Dakopatts, Glostrup, Denmark) was utilized on the slides. After

that, distilled water was utilized to wash slides. Hematoxylin was

then employed as a counterstain for the sections. 

2.8. Transmission electron microscopic specimen study 

At Mansoura University’s Faculty of Medicine, Mansoura, Egypt,

ultrathin sections were made [ 38 ]. In Electron Microscope unit

of Mansoura Faculty of Medicine at Mansoura University, grids

were inspected and electron micrographs were acquired utilizing

a transmission electron microscope called JOEL (JEM-100 SX, Ak-

ishima, Tokyo, Japan). 

2.9. Computer-assisted digital image analysis (Digital morphometric 

study) 

Employing morphometrics employing a Leica Qwin 500 com-

puter system for image analysis (Leica Microsystems Ltd, Cam-

bridge, UK) at the Pathology department, Faculty of Medicine,

Mansoura University. Each group’s five slides were analysed, and

ten non-overlapping fields were determined from each slide. In-

terstitial space, average tube roundness, average glomular diame-

ter, and the quantity of inflammatory cells in H&E-stained sections

were also evaluated. At a × 200 magnification, positive immunore-

activity for VEGF was also evaluated. They were computed in

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotideceid=2006397901
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotideceid=402691727
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Fig. 1. Vitamin D impact in different doses on D-Galactose -induced altered renal function tests. The data are displayed as means ± SD (n = 6) using one way ANOVA then 

Scheffe’s test as post-hoc test. ∗: significant in contrast to the control and Vitamin D group. #: significant in contrast to the aging group. €: significant opposed to Vitamin D 

1,0 0 0 + Aging group. Significance: P < .05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

respect to a common measurement frame and utilizing the color

detect menu. 

2.10. Data management and statistical analysis 

The normality of distribution for the analyzed variables were

tested using Shapiro test assuming normality at P > .05. The col-

lected data were summarized in terms of median and Inter Quar-

tile Range (IQR) as appropriate for nonparametric data. The statis-

tical significance of the difference between the treated groups and

the control group was evaluated using Kruskal–Wallis test as fol-

lowed by Mann–Whitney test for comparison between two groups

appropriate for nonparametric data. Statistical Package for the So-

cial Sciences (SPSS) 25.0 for windows SPSS Inc., Chicago, IL, USA).

All tests were two sided. A P value less than .05 was considered

significant. 

3. Results 

3.1. The impact of Vitamin D in different doses on aging-induced 

altered kidney function parameters 

As presented in Figure 1 , D-Galactose administration

(120 mg/kg/d, ip) for 8 weeks was enough to alter kidney

function. In the Aging group, D-Galactose administration induced

significant elevation in the median (IQR) of serum urea (72.5

[68.2–75.8]) ( Fig. 1 a), serum creatinine (1.48 [1.23–1.63]) ( Fig. 1 b)

and 24-h urine albumin excretion (43.54 [24.64–46.78]) ( Fig. 1 c)

levels by with subsequent decrease in creatinine clearance level

(0.0 075 [0.0 065–0.01]) ( Fig. 1 d) contrasting them with control

group’s ([21.3 {18.7–21.8}], [0.29 {0.25–0.31}, [9.88 {9.55–10.22}]

and [0.19 {0.16–0.24}], respectively) ( P < .05). Interestingly, Vita-

min D treatment significantly improved the kidney functions. A
substantial decrease in serum urea, serum creatinine and 24-h

urine albumin excretion levels and a significant rise in creatinine

clearance level were demonstrated with Vitamin D treatment in

both the 1,0 0 0 IU Vitamin D + D-Galactose ([40.50 {37.80–41.70}],

[0.68 {0.67–0.85}], [23.23 {18.64–23.98}] and [0.05 {0.03–0.08}],

respectively) and 10,0 0 0 IU Vitamin D + D-Galactose treated

groups ([24.76 {22.60–24.76}], [0.37 {0.27–0.41}], [10.16 {8.75–

12.32}] and [0.15 {0.14–0.19}], respectively) compared with the

aging group. Moreover, Vitamin D at a dosage of 10,0 0 0 IU/kg/d

significantly exerted more protective effects against D-Galactose

-induced alteration in kidney function parameters when compared

to Vitamin D at a dosage of 1,0 0 0 IU/kg/d therapy ( P < .05). 

3.2. The impact of Vitamin D in different doses on D-Galactose 

-induced oxidative stress and inflammation 

As presented in Figure 2 , administration of D-Galactose en-

hanced the oxidative stress as demonstrated by the significantly

increased in the median (IQR) of MDA levels (1.45 [0.99–1.48])

( Fig. 2 b) coupled with the substantial decrease in the TAC lev-

els (0.47 [0.38–0.57]) ( Fig. 2 a) in aging group as opposed to con-

trol group ([0.41 {0.38-0.42}] and [2.27 {2.21-2.37}], respectively)

( P < .05). Vitamin D treatment significantly diminished MDA and

enhanced TAC levels in both the 10 0 0 IU Vitamin D + D-Galactose

([1.04 {0.80–1.13}] and [1.54 (1.39-1.64)], respectively) and 10,0 0 0

IU Vitamin D + D-Galactose treated groups ([0.52 {0.51–0.63}] and

[2.22 {1.89-2.27}], respectively) contrary to aging group. 

Furthermore, aging group indicated a statistically significant

rise in the median (IQR) of TNF α mRNA expression levels as op-

posed to controls ([2.94 {1.96- 3.87}] and [1.13 {1.11–1.23}], respec-

tively) ( P < .05) ( Fig. 2 c) indicating enhanced inflammatory status

that was further confirmed by the marked interstitial inflammation
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Fig. 2. The impact of Vitamin D in different doses on D-Galactose -induced oxidative stress and inflammation. The data are exhibited as means ± SD (n = 7) using one way 

ANOVA then Scheffe’s test as post-hoc test. Significance (∗): in contrast to control and Vitamin D group. ∗: significant contrary to control and Vitamin D group. #: significant 

in contrast to Aging group. €: significant as opposed to the Vitamin D 10 0 0 + aging group. Significance: P < .05. MDA, malondialdehyde; TCA, total capacity of antioxidant; TNF α, 

tumor necrosis factor alpha. 

Fig. 3. Vitamin D impact in different doses on D-Galactose -induced altered Adropin/ MAPK/HIF α/ eNOS expression. The data are exhibited as means ± SD (n = 7) using one 

way ANOVA then Scheffe’s test as post-hoc test. ∗: significant in contrast to the control and Vitamin D group. #: significant in contrast to aging group. €: significant contrary 

to Vitamin D 1,0 0 0 + aging group. Significance: P < .05. eNOS, endothelial nitric oxide synthase; HIF α, hypoxia-inducible factor alpha; MAPK, mitogen-activated protein kinase. 

 

 

 

 

 

 

  
detected histologically ( Fig. 5 ). Vitamin D treatment significantly

reduced TNF α mRNA expression levels in both the 10 0 0 IU Vitamin

D + D-Galactose and 10 0 0 0 IU Vitamin D + D-Galactose treated

groups ([1.50 {1.50–2.10}] and [1.46 {1.28–1.47}], respectively) con-

trary to the aging group. Notably, Vitamin D at a dose of 10,0 0 0

IU/kg/d significantly exerted more preventive benefits against D-

Galactose -induced oxidative stress and inflammation when com-

pared to Vitamin D at a dosage of 1,0 0 0 IU/kg/d therapy ( P < .05). 
3.3. The impact of Vitamin D in different doses on D-Galactose 

-induced altered Adropin/ MAPK/ HIF α/ VEGF/ eNOS protective 

pathway 

3.3.1. The impact of Vitamin D in different doses on D-Galactose 

-induced altered Adropin/ MAPK expression 

As presented in Figure 3 , the administration of D-Galactose sig-

nificantly decreased in the median (IQR) of Adropin (32.50 [28.30–
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Fig. 4. Photomicrographs of sections in the kidney tissues of rats stained with anti-VEGF antibody. (a–f) (A) Control group: intense expression and brown stained cytoplasm of 

renal glomeruli and tubules cells indicating positive reaction (black arrows). (b) Aging group: downregulated VEGF expression and most cells are showing weak reactions. (c) 

Vitamin D group: similar to control group (d) Vitamin D 1,0 0 0 + aging group: mild increase in VEGF expression (black arrows). (e) Vitamin D 10,0 0 0 + aging group: high increase 

in VEGF expression (magnification power,400x). The data are exhibited as means ± SD (n = 7) using one way ANOVA followed by Scheffe’s test as post-hoc test. ∗: significant 

in contrast to the control and Vitamin D group. #: significant in contrast to aging group. €: significant contrary to Vitamin D 1,0 0 0 + Aging group. Significance: P < .05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

45.70]) ( Fig. 3 a) and MAPK (0.82 [0.79–0.84]) ( Fig. 3 b) levels in ag-

ing group as opposed to control group ([123.70 {117.60– 124.70}]

and [3.25 {2.67-3.42}], respectively) ( P < .05). While, Vitamin D

treatment significantly raised Adropin and MAPK levels in both the

1,0 0 0 IU Vitamin D + D-Galactose ([69.70 {66.70–85.26}] and [1.42

{1.16–1.82}], respectively) and 10,0 0 0 IU Vitamin D + D-Galactose

treated groups ([109.70 {107.70–114.80}] and [2.98 {2.88–3.04}], re-

spectively) contrary to aging group. Notably, Vitamin D at a dosage

of 10,0 0 0 IU/kg/d significantly exerted more protective impacts

against D-Galactose-induced decrease in Adropin and MAPK levels

when compared to Vitamin D at a dosage of 1,0 0 0 IU/kg/d therapy

( P < .05). 

3.3.2. Vitamin D impact in different doses on D-Galactose -induced 

altered HIF α/ eNOS 

As presented in Figure 3 , administration of D-Galactose signifi-

cantly suppressed decreased in the median (IQR) mRNA expression

of HIF α (0.18 [0.13–0.20]) ( Fig. 3 c) and decreased eNOS (8.98 [7.98–

9.75]) ( Fig. 3 d) level in aging group contrary to control group ([1.20

{1.00–1.20}] and [31.45 {27.80–32.11}], respectively) ( P < .05). While,

Vitamin D treatment significantly raised HIF α mRNA expression

and eNOS level in both the 1,0 0 0 IU Vitamin D + D-Galactose

([0.55 (0.48–0.57)] and [17.09 {16.87– 18.43}], respectively) and

10,0 0 0 IU Vitamin D + D-Galactose treated groups ([0.90 {0.86-

0.92}] and [29.67 {29.12–30.02}],respectively) contrary to aging

group. In addition, Vitamin D at a dosage of 10,0 0 0 IU/kg/d signifi-

cantly enhanced HIF α mRNA expression and eNOS levels compared

to Vitamin D treatment at a dosage of 1,0 0 0 IU/kg/d ( P < .05). 
3.3.3. The impact of Vitamin D in different doses on D-Galactose 

-induced altered VEGF protein expression in kidney tissues 

Compared to control’s median (IQR) of immunostaining for

VEGF in the kidney tissues (4588500.50 [4537778.5–4641083.0]),

there is a significant decreased in mean area percentage of

VEGF expression with D-Galactose administration in aging group

(1832898.0 [182377602–1838064.5]) ( P < .05) ( Fig. 4 ). While, Vita-

min D treatment significantly raised mean area percentage, me-

dian (IQR) of VEGF expression in both the 10 0 0 IU Vitamin D + D-

Galactose (2745952.5 [2741158.2–2751060.5]) and 10,0 0 0 IU Vita-

min D + D-Galactose (3660362.5 [3654591.5–3667142.7]) treated

groups in contrast to aging group. In addition, a significant rise in

mean area percentage of VEGF expression was observed with Vita-

min D treatment at a dosage of 10,0 0 0 IU/kg/d compared to Vita-

min D treatment at a dose of 1,0 0 0 IU/kg/d ( P < .05). 

3.4. The impact of Vitamin D in different doses on D-Galactose 

-induced altered morphological changes of the kidney tissues 

The kidney sections of rats in control group and Vitamin D

group displayed normal median (IQR) of renal glomeruli and

tubules roundness ([209.00 {197.7500–222.00}] and [0.87 {0.86–

0.89}]), respectively without interstitial inflammation (4.00 [2.00–

5.00]). On the contrary, in the aging group, most of the glomeruli

and tubules were necrotic and distorted with a significant de-

cline ( P < .05) in median (IQR) of glomerular diameter and tubular

roundness ([112 {104.00–117.75}] and [0.42 {0.39–0.44}]), as well

as a significant degeneration and inflammation were also obvi-

ous and a significant rise ( P < .05) in inflammatory cells and in-

terstitial spaces ([258.00 {247.25–270.750}] and [929.50 {864.75–
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Fig. 5. (Resolution = 300dpi) Effect of co-administration of Vitamin-D in different doses with D-galactose on histological alterations in kidney tissues of albino rats. Photomi- 

crographs of the kidney tissues stained with hematoxylin-eosin. (a) Control group: normal histological appearance of glomeruli (g) and renal tubules (black arrow). (b–d) 

Aging group: showing distorted and empty glomeruli (stars), ectatic, and necrotic renal tubules are lined with attenuated epithelium and have intraluminal necrotic debris 

(thick arrows) with marked interstitial inflammation (thin arrows) characterized by high perivascular cellular infiltrates admixed with hemorrhage (arrowheads). (e) Vitamin 

D group: showing normal histological appearance of renal parenchyma. (f) Vitamin D 1,0 0 0 + aging group: showing focal tubular necrosis (thick arrow) with focal periglomeru- 

lar aggregation of inflammatory cells (thin arrow). (g, h) Vitamin D 10,0 0 0 + aging group: showing restoration of most normal architecture, but few, minimal aggregation of 

inflammatory cells (thin arrows) are still present and some glomerular tufts are still shrunken (thick arrows). The magnification power is X = 400. (I) the data are exhibited as 

means ± SD (n = 7) employing one way ANOVA then a Kruskal–Wallis’s test then Mann Whitney. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

979.00}]),respectively compared to control group ([4.0 0 {2.0 0–

5.0 0}], [314.50 {295.50–334.0 0]).These pathological findings were

enhanced after co-administration of Vitamin D in different doses

(1,0 0 0, 10,0 0 0IU) respectively with D-galactose in the form of

reducing distortion, necrosis with a significant rise ( P < .05) in

the median (IQR) of glomerular diameter and tubular roundness

([168.00 {159.25–177.75}, [0.59 {0.56–0.64}]), ([188.50 {177.25–

198.00}], [0.69 {0.64–0.73})], respectively and returning glomeruli

and tubules relatively to normal histology. Besides, in vitamin D

treated groups, there is a significant reduction in interstitial in-

flammation illustrated by a significant decreased no. of inflam-

matory cells ([166.50 {159.0 0–175.0 0}], [88.50 {85.0 0–91.0 0 0}], re-

spectively contrary to aging group ( P < .05). Notably, Vitamin D at a

dosage of 10,0 0 0 IU/kg/d significantly exerted more protective ef-

fects against D-Galactose-induced altered morphological alterations

of the kidney tissues ( Fig. 5 ) . 

3.5. Vitamin D improved renal tissue ultrastructure pathological 

changes induced by D-galactose exposure 

The TEM examination of proximal and distal convoluted tubules

cells and renal glomeruli from each group of rats supported the

histopathological findings. Examination of control group revealed

normal proximal convoluted cells with characteristic large euchro-

matic rounded nuclei, numerous elongated mitochondria, lumi-

nal closely-packed microvilli and thin basement membrane as dis-

played in ( Fig 6 a) . This group also showed normal cells of dis-

tal convoluted tubules ( Fig 6 b) and normal podocyte with irreg-

ular euchromatic nucleus and its primary processes. Thin fenes-

trated endothelium lined the glomerular capillary, and glomerular
basement membrane had a thin, uniform, trilaminar appearance

( Fig 6 c). The vitamin D group showed the same normal ultrastruc-

tural morphology ( Fig 6 g–i) . The aging group showed an obvious

deterioration in the ultrastructural morphology. Proximal and dis-

tal convoluted tubules cells showed irregular contour, shrinked nu-

clei, scattered small rounded, degenerated mitochondria, and cyto-

plasmic vacuolations. Apical part of cells displayed distorted irreg-

ular microvilli ( Fig 6 d and e). Moreover, the same group displayed

podocyte with dark nucleus and dilated foot processes. Some areas

showed lost foot processes. Glomerular blood capillaries showed

areas of lost endothelial fenestrations ( Fig 6 f) . Vitamin D 1,0 0 0 and

10,0 0 0 IU coadministartion with D-galactose decreased this deteri-

oration. The improvement in the ultrastructure changes was obvi-

ous with Vitamin D treatment at a dosage of 10,0 0 0 IU/kg/d com-

pared to Vitamin D treatment at a dosage of 1,0 0 0 IU/kg/d ( Fig 6

j–o). 

4. Discussion 

Aging populations pose an increasing challenge to therapeu-

tic procedures as long as people live longer. A number of organ

systems, comprising kidney, experience molecular, structural, and

functional alterations as people age. The kidney undergoes micro-

scopic histological changes and a steady functional deterioration

as we age. These changes are made worse by systemic comorbidi-

ties like DM and hypertension, and by underlying or previous re-

nal disorders. Human health depends on vitamin D endocrine sys-

tem, and the system’s ability to function properly depends on a

kidney that is anatomically sound [ 9 ]. Herein, we aimed to look

into a possible reno-protective effect of vitamin D during aging
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Fig. 6. (a–c): Electron micrographs of the renal cortex in the control group reveal: (a) densely packed microvilli (MV) on the luminal surface and proximal tubular epithelial 

cells containing rounded, euchromatic nuclei (N). The basement membrane appears thin (red arrow), with multiple elongated mitochondria (black arrow) present. (b) Epithelial 

cells in the distal tubules displaying euchromatic nuclei (N) and a thin basement membrane (red arrow), along with numerous elongated mitochondria (black arrow). (c) A 

podocyte (PC) with an irregular, euchromatic nucleus (N) and its processes highlighted (blue arrow). The glomerular capillary (C) is lined by a thin, fenestrated endothelium, 

and the glomerular basement membrane is thin, uniform, and shows a trilaminar structure (red arrows). (d –f): Electron micrographs of the renal cortex in the aging group 

show: (d) basal cytoplasmic vacuoles (v) and small, rounded mitochondria (black arrows) scattered within the proximal convoluted tubular epithelial cells, alongside a small, 

shrunken nucleus (N) with an obscured internal structure. Microvilli (MV) in the apical cell region appear irregular and deformed. (e) Distal convoluted tubular epithelial 

cells containing a pyknotic,shrunken nucleus (N), along with noticeable cytoplasmic vacuoles (v) and degeneration and loss of mitochondria (black arrows) without basal 

infoldings. (f) Podocytes (PC) with dilated, absent foot processes and a darkened nucleus (N) (blue arrow) are also observed. In some regions, endothelial fenestrations are 

lost in glomerular capillaries (C) . (g –i): Vitamin-D group showing as control group. (j –l): Vitamin D 1,0 0 0 + aging group showing (j) In a proximal convoluted tubule cell, the 

euchromatic nucleus (N) appears rounded, and the cytoplasm contains numerous predominantly rounded mitochondria (black arrow). The apical region of the cell is filled 

with densely packed microvilli (MV), with a few cytoplasmic vacuoles (v) also present. (k) Distal convoluted tubular cells show shrunken nuclei (N) in some cells with nearly 

normal elongated mitochondria. (black arrow) (l) Irregularities and focal thickening are observed in certain podocyte foot processes (black star), while other foot processes 

(blue arrows) appear to have a normal structure. (m –o):Vitamin D 10,0 0 0 + aging In the proximal convoluted tubules, the nuclei (N) are rounded and euchromatic, with 

numerous mitochondria dispersed throughout the cytoplasm, especially enlarged mitochondria in the basal region (black arrow). The apical surface is lined with densely 

packed, elongated microvilli (MV). (n) In the distal convoluted tubule, prominent rounded euchromatic nuclei (N) are seen along with abundant mitochondria (black arrow). 

The basement membrane is thin. (o) Regularly structured foot processes (blue arrow) of podocytes (PC) present. The glomerular capillaries (C) exhibit normal fenestrations, 

while the glomerular basement membrane maintains a consistent thickness and characteristic trilaminar structure (red arrows). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and the underlying pathophysiology driving vitamin D supplemen-

tation effects on aged kidneys. Experimentally, chronic administra-

tion of D-galactose produces alterations that mimic natural aging

in rats [ 39 ]. In this research, D-galactose administration caused al-

terations at the gene, protein and tissue levels. Nevertheless, these

alterations were reversed by vitamin D treatment, indicating the

renoprotective consequences of vitamin D during aging. The de-

terioration in kidney function was obvious with D-galactose ad-

ministration in the aging group as demonstrated by the signifi-

cantly increased serum urea, creatinine and 24-h urine albumin ex-

cretion levels associated with decreased creatinine clearance level.

In addition, the histopathological and TEM findings of this study

were consistent with the deteriorated biochemical results, show-

ing damaged podocytes with missing foot processes and endothe-

lial fenestrations, which result in glomerular basement membrane

damage, ultimately leading to albuminuria and kidney dysfunction.

These results further support what is currently recognized about

D-galactose as a deteriorating agent that can induce degenerative

and biochemical changes similar to nature kidney aging [ 40–43 ]. 

Oxidative stress has been established as paramount in promot-

ing the aging process of the kidney [ 44 , 45 ]. It has been proposed

also that oxidative stress and its associated processes, including ex-

cess of free radicals, lipid peroxidation, and the depletion of an-

tioxidant enzymes, are the primary processes in charge of conse-
quences of D-galactose-induced aging. The galactose oxidase en-

zyme has the ability to convert large quantities of D-galactose into

aldose and hydroperoxide that alters redox homeostasis and causes

oxidative stress. In this study, the oxidative stress was obvious

as demonstrated by the significantly increased MDA levels asso-

ciated with significant lower TAC levels in the aging group com-

pared to controls. These results further support what was previ-

ously reported by several studies that established a connection be-

tween enhanced oxidative stress and aging and between altered

redox homeostasis and D-galactose administration [ 46–50 ]. Oxida-

tive stress state observed in this study explains the demonstrated

disrupted histological findings. Further explaining the decline in

kidney function state seen in this study is the fact that oxidative

stress has been linked to disruptions in nephron excretory function

[ 51 ], which leads to an imbalance in homeostasis and the accumu-

lation of metabolic waste products. 

Increased levels of TNF α have been reported with D-galactose

administration in various organs [ 52–54 ]. Consistent with that, re-

sults of this study revealed a significantly increased level of TNF α
mRNA expression in renal tissues of aging group as opposed to

controls. The interplay between oxidative stress and inflammation

reported in several researches [ 55 , 56 ] further support the idea that

D-galactose induced oxidative stress observed in this study con-

tributed to the demonstrated elevation in TNF α mRNA expression. 
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Fig. 7. A diagrammatic scheme summarizing the modulatory impact of vitamin D in different doses on the altered renal function in aging caused by D-galactose in rats. Beside 

the ROS-quenching and anti-inflammatory action of vitamin D, it binds to VDR. The vitamin D/VDR complex causes a genomic action response that upregulates the expression 

of adropin. Adropin next causes up-regulation in MAPK that results in phosphorylation and activation of HIF α. HIF α causes upregulation in the expression levels of VEGF 

that binds to VEGFR2, enhancing the angiogenesis, besides increasing e-NOS that causes vasodilatation. eNOS; endothelial nitric oxide synthase, HIF α; hypoxia-inducible factor 

alpha, MAPK; mitogen-activated protein kinase, MDA, malondialdehyde; TCA, total capacity of antioxidant; TNF α, tumor necrosis factor alpha; VDR, Vitamin D receptor; VEGF, 

vascular endothelial growth factor; VEGFR2; VEGF receptor 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There is growing evidence linking endothelial damage and ag-

ing to low plasma levels of Adropin [ 20 , 21 ]. Additionally, it has

been indicated that MAPK signaling is one of the several pathways

that mediate Adropin actions and that Adropin modulates the ac-

tivity of MAPK pathways [ 18 , 57 ]. MAPK signaling has also been

shown to influence eNOS regulation [ 58 , 59 ], with one proposed

mechanism involving the transcription factors FoxO1 and FoxO3a.

Reports indicate that MAPK signaling phosphorylates these tran-

scription factors, thereby diminishing their repressive influence on

eNOS gene expression [ 60 , 61 ].Supporting the above mentioned in-

terconnected signaling pathways, data from this research demon-

strated decreased renal expression of Adropin, MAPK and eNOS in

the aging group compared to controls. 

Both Adropin and HIF α are crucial for maintaining endothe-

lial function via enhancing VEGF expression through a mechanism

involving MAPK signaling [ 18 , 62 , 63 ]. Consistent with decreased

MAPK expression observed in this study and what previously re-

ported about decreased VEGF production with aging in other arti-

cle [ 64 , 65 ], our findings revealed significantly decreased VEGF pro-

tein expression in the aging group compared to controls. 

Since HIF α is a key transcription factor that stimulates the pro-

duction of VEGF and eNOS [ 63 ], and considering that VEGF and

eNOS production is decreased with aging, we hypothesized that

HIF α expression may be altered with aging. Therefore, we evalu-

ated the mRNA expression of HIF α and found a significantly di-

minished expression level in the aging group contrary to controls.

In contrast, Guo et al. [ 66 ] documented no significant variation in

HIF α buildup in brains of young and old rats. 
Deciphering the causes of aging and developing novel treatment

approaches to cure age-related illnesses and extend lifespan are

the main goals of extensive research being conducted nowadays.

Many physiological processes in the human body are crucially reg-

ulated by the vitamin D endocrine system. In addition to preserv-

ing calcium homeostasis and bone health, it has been discovered

to have a variety of non-skeletal benefits [ 67 ]. Numerous studies

have recommended that vitamin D may also prevent the aging pro-

cess and regulate inflammation, angiogenesis, and immunological

function. The preventive benefits of vitamin D supplementation are

highlighted by the link between vitamin D insufficiency and atyp-

ical vitamin D-related illnesses. Furthermore, the fact that VDR is

found in the heart and vascular cells indicates that vitamin D’s ad-

vantageous effects extend beyond bone health and may even have

therapeutic advantages [ 68 ]. 

In this study vitamin D administration exerted an obvious dose-

dependent enhancement in the antioxidant capacity as demon-

strated by the substantial decline in the MDA levels and the sub-

stantial rise in the TAC. In addition, vitamin D administration ef-

fectively reduced TNF α mRNA expression levels. Although the po-

tential function of vitamin D as an antioxidant could not be con-

firmed [ 69 ], our findings are consistent with what previously docu-

mented in several studies on vitamin D antioxidant as well as anti-

inflammatory effects [ 70–73 ]. 

Vitamin D administration exerted also a dose-dependent ame-

lioration of the renal dysfunctions as evidenced by the significantly

elevated creatinine clearance levels and the decreased serum cre-

atinine, serum urea, and 24-h urine albumin excretion levels.
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Whether vitamin D supplementation benefit patients with chronic

kidney diseases continues to be contentious [ 74 , 75 ]. Most of these

research have reported on vitamin D effects in diabetic nephropa-

thy, however studies investigating its effects on kidney functions in

the context of renal aging are scarce. 

Although the mechanisms by which vitamin D targets funda-

mental pathways in biological aging are still lacking, our study

attempts to elucidate an innovative mechanism in parallel to the

antioxidant and anti-inflammatory pathways by which vitamin D

protects against D galactose-induced renal aging. 

Herein, we provide an evidence on vitamin D significant abil-

ity to enhance D-galactose induced suppression of Adropin, MAPK,

HIF α, VEGF and eNOS. The significant positive association of

Adropin with vitamin D was also documented by Kaur et al. and

Zorlu et al. [ 76 , 77 ]. In addition, it has been reported that vitamin D

plays a significant function in the production and secretion of VEGF

[ 68 , 78 ]and is observed to be beneficial in enhancing the expression

of eNOS gene [ 79 ] which support our findings. Contradictory to our

findings regarding the increased MAPK expression exerted by Vi-

amin D administration, other studies demonstrated decreased p38

MAPK expression [ 80 ] and suppressed MAPK pathway signaling

with vitamin D treatment [ 81 , 82 ]. Hence, we believe that Adropin

may be the contributing factor to the increased MAPK levels in this

experimental setting. Moreover, we add to the existing knowledge

that vitamin D could promote VEGF production through upregulat-

ing HIF α mRNA expression since VEGF represents the main target

of HIF α [ 83 ]. As opposed, Gharib et al. [ 84 ] reported that vitamin

D levels demonstrated a significant inverse relationship with HIF α
levels. These seemingly conflicting reports raise the possibility that

vitamin D’s functions may vary depending on the pathological con-

ditions and call for more research on the vitamin’s impact on the

kidneys in relation to renal aging to further support or contradict

our results. 

This study had some limitations as it would be more precise

to measure the phosphorylated of p38 rather than assessing total

expression of p38. The study also did not address the molecular

basis underlying the reported positive association of Adropin with

Vitamin D, which would be recommended in the future. 

5. Conclusion 

To conclude, in this research we utilized a D-galactose-induced

aging rat model to demonstrate the potential renoprotective effect

of vitamin D on aging kidneys. The present research exhibited that

vitamin D administration, in this setting, exerted a renoprotective

impacts demonstrated by significantly improved kidney functions.

Furthermore, we have delineated the involved molecular mecha-

nism underlying the renoprotective effect of vitamin D and shown

that this effect is brought on by enhancing Adropin, MAPK, HIF α,

VEGF and eNOS levels Figure 7 . 

Funding 

This research received no external funding. 

Data availability 

All relevant raw data will be freely available by the authors. 

Declaration of competing interest 
The authors declare that there are no conflicts of interest. 
CRediT authorship contribution statement 

Heba S. Youssef: Writing – original draft, Methodology, In-

vestigation, Formal analysis, Conceptualization. Walaa H. Mo-

hammed: Writing – original draft, Methodology, Investigation.

Walaa Bayoumie El Gazzar: Writing – original draft, Writing – re-

view & editing, Validation, Investigation. Amina A. Farag: Valida-

tion, Resources, Investigation. Esraa H. Khairat: Writing – original

draft, Methodology, Investigation. Neama E. Abdelmaksoud: Re-

sources, Methodology, Investigation. Manar A. Elkholy: Resources,

Investigation. Amira Elalfy: Writing – original draft, Methodology,

Investigation. Tayseer A. Ibrahim: Writing – original draft, Super-

vision, Methodology, Investigation. 

References 

[1] Fang Y, Gong AY, Haller ST, Dworkin LD, Liu Z, Gong R. The ageing

kidney: molecular mechanisms and clinical implications. Ageing Res Rev
2020;63:101151 . 

[2] Suraseranivong R. Physiologic changes in the elderly. Greater Mekong Subre-
gion Medical Journal 2022;2(2):129–40 . 

[3] Noronha IL, Santa-Catharina GP, Andrade L, Coelho VA, Jacob-Filho W,

Elias RM. Glomerular filtration in the aging population. Front Med (Lausanne)
2022;9:769329 . 

[4] Denic A, Lieske JC, Chakkera HA, Poggio ED, Alexander MP, Singh P, et al. The
substantial loss of nephrons in healthy Human kidneys with aging. J Am Soc

Nephrol 2017;28(1):313–20 . 
[5] Li A, Yan J, Zhao Y, Yu Z, Tian S, Khan AH, et al. Vascular aging: assessment

and intervention. Clin Interv Aging 2023;18:1373–95 . 

[6] Miao C, Zhu X, Wei X, Long M, Jiang L, Li C, et al. Pro- and anti-fibrotic ef-
fects of vascular endothelial growth factor in chronic kidney diseases. Ren Fail

2022;44(1):881–92 . 
[7] Sturmlechner I, Durik M, Sieben CJ, Baker DJ, van Deursen JM. Cellular senes-

cence in renal ageing and disease. Nat Rev Nephrol 2017;13(2):77–89 . 
[8] Richter K, Kietzmann T. Reactive oxygen species and fibrosis: further evidence

of a significant liaison. Cell Tissue Res 2016;365(3):591–605 . 

[9] Dusso AS, Bauerle KT, Bernal-Mizrachi C. Non-classical vitamin D actions for
renal protection. Front Med (Lausanne) 2021;8:790513 . 

[10] Miao D, Goltzman D. Chapter eleven - mechanisms of action of vitamin D
in delaying aging and preventing disease by inhibiting oxidative stress. In:

Litwack G, editor. In Vitamins and Hormones, Vol. 121. Academic Press; 2023.
p. 293–318 . 

[11] Latimer CS, Brewer LD, Searcy JL, Chen KC, Popović J, Kraner SD, et al. Vitamin
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