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RESUMO DO ESTUDO PARA A SOCIEDADE

Este estudo foi desenvolvido com animais de laboratorio (ratas) com diabete para testar se a
vitamina D, junto com a insulina, poderia trazer maiores beneficios para os diabéticos. A
pesquisa acompanhou a saude das ratas-maes e dos seus filhotes durante a gravidez e quando
os filhotes ficaram adultos. Os resultados mostraram que, quando as maes diabéticas ja
estavam em tratamento com insulina, a adi¢ao de vitamina D nao trouxe melhorias extras.
Isso quer dizer que a vitamina D ndo trouxe outras vantagens, demonstrando que a vitamina
D s6 deve ser tomada como suplemento por pessoas que realmente tém falta dessa vitamina
no corpo porque tomar sem necessidade, especialmente durante a gravidez, ndo ajuda a
controlar o diabete. Filhas de ratas diabéticas nasceram com maior risco de ter problemas de
acucar e gordura no sangue, mesmo quando a mae foi tratada durante a gravidez. O
tratamento da rata-mae com insulina ajudou a melhorar parte dos problemas, mas ndo evitou
totalmente o aparecimento do diabete nas filhas quando adultas. Além disso, a
suplementagdo de vitamina D junto do tratamento com insulina para ratas-maes diabéticas
ndo trouxe contribuicdes relevantes em comparagdo ao tratamento com insulina
isoladamente. Destacamos que ¢ muito importante a consulta a médicos para que haja um

planejamento da gravidez, cuidados e tratamentos com a supervisdo de muitos especialistas.



IMPACTO POTENCIAL DESTA PESQUISA

A tese apresenta resultados inéditos ao verificar o tratamento do diabete com insulina,
combinada a vitamina D, utilizando modelo com ratas de laboratdrio para avaliagdo da
homeostase glicémica, parametros bioquimicos, desempenho reprodutivo materno,
morfologia das ilhotas pancredticas e do musculo esquelético e de proteinas musculares
relacionadas a via de sinalizacdo da insulina de ratas-maes ao final da prenhez e no processo
de satde-doenca na vida adulta de filhas de ratas diabéticas. Ao demonstrar que a
suplementagao com vitamina D nao interferiu na maioria dos desfechos maternos avaliados,
futuras estratégias terapéuticas deverdo ser elaboradas para que a suplementacdo com
vitamina D seja realizada em individuos com deficiéncia dessa vitamina. Para a sociedade,
este estudo contribui para conscientizar de que o uso indiscriminado de vitamina D nao deve
ser empregado. E necessario combater a automedicagio e a crenga de que mais vitamina é
sempre melhor, visando direcionar a promocao de terapias mais seguras e direcionadas com
a ajuda de especialistas, especialmente para gestantes diabéticas. Economicamente, esta
pesquisa demonstra que a suplementacdo com vitamina D s6 deve ser indicada em casos de
deficiéncia, evitando gastos publicos com terapias que apresentam achados inconclusivos.
Além disso, ao otimizar o tratamento do diabete gestacional e reduzir o risco de diabete para
os futuros descendentes, o sistema publico de saide podera economizar recursos

significativos com o manejo de doencgas cronicas.
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"Para examinar a verdade, é
necessario, uma vez na vida,
colocar todas as coisas em

divida o méximo possivel."

— René Descartes, Principios

da Filosofia (1644)—
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EFFECTS OF VITAMIN D SUPPLEMENTATION ON GLUCOSE HOMEOSTASIS
IN DIABETIC RATS: A SYSTEMATIC REVIEW AND META-ANALYSIS

ABSTRACT OF CHAPTER 1

Context: Diabetes is considered one of the major global epidemics of the 21st century, posing a significant
public health problem. Although vitamin D has been investigated as a potential therapeutic agent for this
disease, no systematic review and meta-analysis have yet comprehensively assessed its effects on glucose
homeostasis in diabetic rats. Objective: To determine whether treatment with vitamin D influences glucose
homeostasis in hyperglycemic male and female rats. Data Sources: A systematic literature search was
performed with PubMed, EMBASE, Web of Science, and CINAHL databases. Data Extraction: The study
characteristics, including study design, population, intervention, outcome, and risk of bias, were analyzed. Data
Analysis: Six experimental studies were included in a systematic review and quantitative meta-analysis.
Investigations in humans are limited by uncontrolled variables, including nutrition, genetics, and ethical issues.
Therefore, the use of animal models to study human diseases is part of preclinical research. Vitamin D
supplementation reduced blood glucose levels and increased circulating insulin levels in diabetic rats as
compared with untreated controls. No effects of vitamin D supplementation were observed in diabetic rats for
either HOMA-IR, TyG, or QUICKI indexes as compared with untreated controls. Meta-regression analyses
showed no effects of different intervention periods and vitamin D doses on blood glucose levels in diabetic rats
that received vitamin D. Conclusion: Vitamin D supplementation effectively increases circulating insulin levels
and reduces blood glucose levels in diabetic rats, which suggests a relevant beta-pancreatic cell protective
effect. However, these metabolicimprovements were not sufficient to reverse systemic insulin resistance when
determined by HOMA-IR and QUICKI indexes.

Systematic Review Registration: PROSPERO registration No. CRD42024574875.

Keywords: calcidiol, calcitriol, hyperglycemia, insulin resistance, laboratory animals.
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EFEITOS DA ASSOCIACAO ENTRE VITAMINA D E INSULINA NA REGULAGAO
DA HOMEOSTASE GLICEMICA E DO DESEMPENHO REPRODUTIVO DE
RATAS DIABETICAS AO FINAL DA PRENHEZ

RESUMO DO CAPITULO 2

Diabetes mellitus é uma doenca crénica que acomete mais de 580 milhGes de adultos no mundo todo e pode
afetar negativamente o desenvolvimento embriofetal, resultando na vulnerabilidade a doencas na vida adulta
de descendentes. A fim de melhorar a insulinoterapia durante a gravidez, o objetivo desse estudo foi avaliar os
efeitos do tratamento com insulina associada a vitamina D sobre a homeostase glicémica, desempenho
reprodutivo materno e morfologia pancreatica e muscular de ratas diabéticas ao final da prenhez. Para esse
estudo, foi calculado o tamanho amostral de 5 ratas/grupo. Ratas fémeas Sprague-Dawley normoglicémicas
(Controle) e diabéticas (DMod) foram utilizadas. O diabete foi induzido quimicamente pela droga beta-
citotoxica Streptozotocin. As ratas diabéticas foram tratadas com insulina (DMod+Ins), vitamina D (DMod+VitD)
ou ambas (DMod+VitD e Ins) por 15 dias na fase adulta e durante a prenhez. Apds 15 dias de tratamento, foram
feitos o teste oral de tolerancia a glicose (TOTG) e o acasalamento com machos normoglicémicos. Ao final da
prenhez, foi determinado o desempenho reprodutivo e realizada a coleta de sangue, pancreas e musculo séleo.
Todos os procedimentos foram autorizados pela Comissdo de Etica no Uso de Animais (n2 1409/2022). P<0,05
foi considerado como limite de significancia estatistica. Os grupos que receberam insulina, isolada ou
combinada a vitamina D, apresentaram reducdo da glicemia pré-gestacional e da glicemia de jejum ao final da
prenhez comparados ao grupo DMod. No desempenho reprodutivo materno, grupos tratados com insulina
apresentaram aumento do numero de corpos luteos, implantacGes, fetos vivos e peso de ninhada, além da
reducdo de mortes embriondrias em relacdo aos demais grupos experimentais. Os grupos DMod e DMod+Ins
apresentaram aumento do peso fetal em relagdo ao grupo Controle, enquanto o grupo DMod+VitD apresentou
peso fetal maior quando comparado com os demais grupos experimentais. Todos os grupos diabéticos, tratados
ou ndo, apresentaram menor peso de placentas em comparagdo com o grupo Controle. Nas analises
histolégicas, os grupos DMod e DMod+Ins apresentaram redugao da area das ilhotas pancreaticas comparados
com os grupos Controle e DMod+VitD. O grupo DMod+VitD apresentou aumento da porcentagem de células B-
pancreaticas em proliferacdo em comparagao com os demais grupos diabéticos. O grupo DMod+VitD e Ins
apresentou reducdo da porcentagem de células B-pancredticas em proliferacdo em comparagao com o grupo
Controle. Portanto, o tratamento de ratas diabéticas com insulina e vitamina D antes e durante a prenhez
mostrou resultados semelhantes aos de ratas diabéticas tratadas somente com insulina, ndo apresentando
beneficios substanciais no tratamento do diabete apds a adigdo da vitamina D.

Palavras-chave: DOHaD, hiperglicemia, roedores, pancreas, via de sinalizagdo da insulina.
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EFFECTS OF THE VITAMIN D AND INSULIN THERAPY ON GLUCOSE
HOMEOSTASIS AND REPRODUCTIVE PERFORMANCE OF PREGNANT
DIABETIC RATS

ABSTRACT OF CHAPTER 2

Diabetes mellitus is a chronic disease that affects more than 580 million adults worldwide and can negatively
impact embryofetal development, resulting in vulnerability to diseases in the offspring’s adult life. To improve
insulin therapy during pregnancy, this study aimed to evaluate the effects of insulin treatment combined with
vitamin D on glycemic homeostasis, maternal reproductive performance, and pancreatic and muscle
morphology in pregnant diabetic rats. A sample size of 5 rats/group was calculated. Normoglycemic (control)
and diabetic (DMod) female Sprague-Dawley rats were used. Diabetes was chemically induced by the beta-
cytotoxic drug Streptozotocin. Diabetic rats were treated with insulin (DMod+Ins), vitamin D (DMod+VitD), or
both (DMod+VitD and Ins) for 15 days in adulthood and during pregnancy. After 15 days of treatment, an oral
glucose tolerance test (OGTT) was performed, and mating with normoglycemic males was carried out. At the
end of pregnancy, reproductive performance was determined, and blood, pancreas, and soleus muscle samples
were collected. All procedures were authorized by the Ethics Committee on the Use of Animals (#1409/2022).
P<0.05 was considered the limit of statistical significance. Groups that received insulin, alone or combined with
vitamin D, showed a reduction in pre-gestational blood glucose and fasting blood glucose levels at the end of
pregnancy compared to the DMod group. Regarding reproductive performance, groups treated with insulin
showed an increase in the number of corpora lutea, implantation sites, live fetuses, and litter weight, and a
reduction in embryonic deaths compared to the other experimental groups. DMod and DMod+Ins groups
showed increased fetal weight compared to the Control group, while the DMod+VitD group showed higher fetal
weight when compared to all groups. All diabetic groups, treated or not, showed lower placental weight
compared to the Control group. In histological analyses, the DMod and DMod+Ins groups showed a reduction
in pancreatic islet area compared to the Control and DMod+VitD groups. The DMod+VitD group showed an
increase in the percentage of proliferating pancreatic B-cells compared to the other diabetic groups.
DMod+VitD and Ins group showed a reduction in the percentage of proliferating pancreatic B-cells compared
to the Control group. Therefore, treating diabetic rats with insulin and vitamin D before and during pregnancy
showed similar outcomes to those of diabetic rats treated with insulin alone, showing no substantial benefits
in the treatment of diabetes after addition of vitamin D.

Keywords: DOHaD, hyperglycemia, rodents, pancreas, insulin signaling pathway.
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EFEITOS INTERGERACIONAIS DO TRATAMENTO DE RATAS DIABETICAS
COM INSULINA E VITAMINA D SOBRE A REGULACAO DA HOMEOSTASE
GLICEMICA DE DESCENDENTES ADULTAS

RESUMO DO CAPITULO 3

Fatores maternos e ambientais, como o Diabetes mellitus, podem atuar no inicio da vida e influenciar na
vulnerabilidade a doencas e no processo da saude na vida adulta do individuo ou de animais. A fim de trazer
beneficios no processo de saude de descendentes adultos de diabéticas, o objetivo desse estudo foi avaliar os
efeitos do tratamento de ratas diabéticas com insulina combinada a vitamina D sobre a homeostase glicémica
e morfologia pancreatica de descendentes na fase adulta. Ratas fémeas Sprague-Dawley normoglicémicas
(Controle) e diabéticas (DMod) foram utilizadas. O diabete foi induzido quimicamente pela droga beta-
citotoxica Streptozotocin. As ratas diabéticas foram tratadas com insulina (DMod+Ins), vitamina D (DMod+VitD)
ou ambas (DMod+VitD e Ins) por 15 dias na fase adulta. O célculo de tamanho amostral foi de 5 ratas/grupo.
Apds 15 dias de tratamento, foi feito o acasalamento com machos normoglicémicos e o tratamento continuou
durante a prenhez. As ratas tiveram parto vaginal e as descendentes fémeas foram distribuidas em cinco
grupos: descendentes de maes Controle (FC), maes diabéticas (FDMod), maes diabéticas tratadas com insulina
(FDMod+Ins), vitamina D (FDMod+VitD) ou ambas (FDMod+VitD e Ins). Aos 115 dias de vida, as ratas foram
submetidas ao teste oral de tolerancia a glicose (TOTG) e, aos 120 dias de vida, foi feita a eutanasia para a coleta
de sangue e tecido pancreatico. Todos os procedimentos foram autorizados pela Comissdo de Etica no Uso de
Animais local (Protocolo Numero: 1409/2022). P<0,05 foi considerado como limite de significancia estatistica.
As descendentes de maes diabéticas, independentemente do tratamento, apresentaram aumento dos niveis
glicémicos em comparagao com o grupo FC. Os grupos FDMod e FDMod+VitD apresentaram aumento das
concentragOes séricas de triglicerideos e do indice TyG. Ndo foi observada alteragao na darea das ilhotas
pancreaticas e na relagao entre fibras musculares e o peso do musculo séleo entre os grupos experimentais. No
entanto, o grupo FDMod apresentou aumento da porcentagem de células B-pancredticas em proliferagdo em
comparagdo com os demais grupos. Portanto, o tratamento materno com insulina promoveu a diminui¢do das
concentragOes séricas de triglicerideos das filhas adultas, atenuando o quadro de resisténcia a insulina.
Entretanto, a suplementacdo de vitamina D para ratas-mdes diabéticas ndo foi capaz de promover a
normoglicemia de descendentes na fase adulta e trazer outras contribuicoes.

Palavras-chave: descendentes, DOHaD, hiperglicemia, roedores, pancreas.
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INTERGENERATIONAL EFFECTS OF INSULIN AND VITAMIN D THERAPY IN
DIABETIC RATS ON GLYCEMIC HOMEOSTASIS OF ADULT OFFSPRING

ABSTRACT OF CHAPTER 3

Maternal and environmental factors, such as Diabetes mellitus, can act early in life and may impact on the
vulnerability to disease and the health process in adulthood of individuals and animals. To improve the health
of adult offspring, this study aimed to evaluate the effects of insulin and vitamin D therapy in diabetic rats on
glycemic homeostasis and pancreatic morphology of adult offspring. A sample size of 5 rats/group was
calculated. Normoglycemic (control) and diabetic (DMod) female Sprague-Dawley rats were used. Diabetes was
chemically induced by the beta-cytotoxic drug Streptozotocin. Diabetic rats were treated with insulin
(DMod+Ins), vitamin D (DMod+VitD), or both (DMod+VitD and Ins) for 15 days in adulthood. After 15 days of
treatment, mating with normoglycemic males was performed, and treatment continued during pregnancy. The
rats had vaginal deliveries, and the female pups were allocated into 5 groups: female pups from control dams
(FC), diabetic dams (FDMod), diabetic dams given insulin (FDMod+Ins), vitamin D (FDMod+VitD), or both
(FDMod+VitD e Ins). On day 115, an oral glucose tolerance test (OGTT) was performed, and on day 120,
euthanasia was performed for the collection of blood and pancreatic tissue. All procedures were authorized by
the local Ethics Committee on the Use of Animals (#1409/2022). P<0.05 was considered the limit of statistical
significance. Female pups from diabetic dams, regardless of treatment, showed increased blood glucose levels
compared to the FC group. FDMod and FDMod+VitD groups showed increased serum triglyceride
concentrations and TyG index. No changes were observed regarding the area of the pancreatic islets, nor in the
ratio of muscle fibers to the weight of the soleus muscle between the experimental groups. However, the
FDMod group showed an increased percentage of proliferating pancreatic B-cells compared to the other groups.
Therefore, maternal insulin treatment promoted a decrease in serum triglyceride concentrations of adult
female offspring, attenuating insulin resistance. However, vitamin D supplementation for diabetic rat mothers
promotes no normoglycemia in adult offspring nor provides other benefits.

Keywords: DOHaD, hyperglycemia, offspring, pancreas, rodents.

20



Vinicius Soares Barco — Tese de Doutorado

Sumario

Objetivos
OBUETIVO GERAL ..ottt ettt ettt eett e e e ettt e e e e et e e e e etaaeeeeeabaeeeesasaaeeeaassasaeeanssaeeeaansseeesassasaesasraeaeanns 23

(0] o [ 4N o T =1 o T=Tol ol XU PP 23
Capitulo 1
INTRODUGTION ... ittt ettt e ettt e e ettt e e e ettt e e e e tre e e e eeataeeeeeaaaaeeeeeaabsaaeeeassaeeeaasssaeeeaasssseesanssaeeeeanseeessannees 25
IMIETHODS ... ettt e e et e e e et e e e e tae e e e eeataaeeeeaaaaeeeeaasaaeeeesssaeeeaansaaaeeensssseesanssaeeesanseseeennnres 26
RESULT S, ettt ettt ettt e ettt e e e et e e e e e aae e e e e e taeeeeeeasaseeeeassaseeeaasaaeeeessaeeeeanssaeeeansssaeesanssaeeesanseeeeeannees 29
DISCUSSION. ...ttt ettt ettt e e ettt e e e et e e e e e e etbeeeeeeataeeeeeaasaeeeeaasaeeeeessaeeeaasssaeeeaasssseesanssaeeeeanseseeennnens 35
CONGCLUSION ...ttt ettt ee et e e et e e e e et e e e e e tae e e e e tsaeeesessbaeeeeassaaeeeassaseesassaeeeaassaeeesassaseesassaeeennns 39
REFERENGCES ...ttt e ettt e e ettt e e ettt e e e e eta e e e e e tat s eeassan e sasnnnseeasannsesssnnnsessssnnsesssnnnsesssnnneeens 40
Capitulo 2
1N LI 201010 o7\ 1R 44
MATERIAIS E IMETODO .......cucueeieeeeeeeeeeeeeeeeessessesesesesses s s sessesesessssssssesesssssssssasssssssassasssans 47
RESULTADOS ...ttt ettt e ettt e ettt e e e ettt e e e e tae e e e eeataaeeeeaataeeeeaabaeeesessaeeeeasssaeeeeasssaeesessaeeesannseeeeeannres 54
DISCUSSAD ...ttt ettt ettt et e et eaesae e e st eee et e st eesete st ese st e st eseesestessesesaestestessesesseseesessentesesaessenesresean 65
(o(0] Lol U LYY TR 70
REFERENCIAS BIBLIOGRAFICAS ...ttt teeeeee ettt esae ettt et e st asse s s s s et s s s nns 70
Capitulo 3
1R 2(0] 1LY 0 IR 76
MATERIAIS E IMETODO ...ttt sttt ettt ettt sttt et tes s eae s s s see st et esees et et st ensstesssestessssaneas 78
RESULTADOS ...ttt ettt e ettt e e e et e e e e e tae e e e eeataeeeeeaaaaseeeaasaaeesanssaeeeaassaaeeeaassaseesassaeeeeannseseesansens 84
DT @YY@ TR 89
(000N ol UL Y LT 91
REFERENCIAS BIBLIOGRAFICAS ........ouiuieieeeieeeieeieeese s ess st s ess s s s s s s s s s s s s s s s s s ssasssasesasasasans 91
Anexos
ANEXO | — Aprovacdo pela CEUA/FIMB_UNESP ..ccccvieecreeeeieeeciteeeeiteeecteeeectteeeteeesteeesseeesaneeesaseeennsesennns 96
ANEXO Il — Resultados estudo Piloto..........ueeeiiiiieicciiiiiece et e e e e e e 97
ANEXO Il — Comprovante de submissao de ManuUSCritO........ccccuiiiiieeiii e e 98
FAN N = @ B AV o T o T ol o I = oo ] - | R 99
ANEXO V — Declaragcao professor DOISISTa .......cciiiicciiiieiiee ettt e e e e e e aarees 102
ANEXO VI — Termo de OUtOrga FAPESP.......oovii ittt e e e s e abre e e e e e e e e e e nsnnraees 103
ANEXO VIl — Analise quantitativa da vitamina D por HPLC .........ueeeeieeiiiiiiiieeeeee e 104

21



Vinicius Soares Barco — Tese de Doutorado

OBJETIVOS

22



Vinicius Soares Barco — Tese de Doutorado

OBJETIVO GERAL

Avaliar se ratas diabéticas suplementadas com vitamina D, combinada a insulina, terdo repercussdes
menos comprometedoras no pancreas e musculatura esquelética e se suas descendentes estardo livres de

doencgas relacionadas a resisténcia a insulina e diabete na vida adulta.

Objetivos Especificos

Capitulo 1 (Revisdo Sistematica e Meta-analise): To determine whether treatment with vitamin D

influences glucose homeostasis in hyperglycemic male and female rats.

Capitulo 2 (Resultados Maternos): Avaliar os efeitos do tratamento com insulina associada a vitamina
D sobre a homeostase glicémica, desempenho reprodutivo materno e morfologia pancreatica e muscular de

ratas diabéticas ao final da prenhez.
Capitulo 3 (Resultados de Descendentes Adultas): Avaliar os efeitos do tratamento de ratas diabéticas

com insulina combinada a vitamina D sobre a homeostase glicémica e morfologia pancredtica de descendentes

na fase adulta.
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CAPITULO 1

EFFECTS OF VITAMIN D SUPPLEMENTATION ON GLUCOSE HOMEOSTASIS
IN DIABETIC RATS: A SYSTEMATIC REVIEW AND META-ANALYSIS

Este capitulo (Revisdo Sistemdtica) foi submetido ao periédico internacional British Journal of

Nutrition (Fator de Impacto = 3,0).
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INTRODUCTION

Diabetes mellitus is a chronic metabolic disease characterized by impaired carbohydrate metabolism,
resulting in hyperglycemia (ADA, 2025). This disease affects over 580 million adults worldwide, with health
expenditure exceeding one trillion dollars for the first time in 2024, and its prevalence is expected to rise to 853
million adults by 2050 (IDF ATLAS, 2025). Moreover, diabetes was responsible for 3.4 million deaths in 2024,
approximately 1 death every 9 seconds (IDF ATLAS, 2025). Diabetes can be classified into Type 1 Diabetes
mellitus (T1DM), an autoimmune process that results in insulin deficiency, or Type 2 Diabetes mellitus (T2DM),
characterized by an initial insulin resistance followed by inadequate insulin synthesis over time (IDF ATLAS,
2025).

Because diabetes is considered one of the major global epidemics of the 21st century and a public health
problem, screening and treatment are essential. Increased blood glucose levels and clinical conditions
associated with insulin resistance are some of the criteria for T2DM screening (ADA, 2025). Monitoring blood
glucose is one of the outcomes that allows the evaluation of individual responses to diabetes therapy and
assesses if glycemic goals are being achieved (ADA, 2025). Regarding treatments, lifestyle intervention and
hypoglycemic drugs are the primary interventions for T2DM, while insulin is the classic pharmacotherapy for
T1DM (ADA, 2025). Additionally, certain vitamin supplements, such as vitamin D, have been utilized in the
treatment of T2DM (LI et al., 2018). However, inconclusive findings in the literature regarding the treatment of
T2DM with vitamin D, particularly concerning blood glucose and insulin levels, as well as insulin resistance, have
been observed in clinical studies (SACERDOTE et al., 2019; KAWAHARA et al., 2024).

Pathophysiological mechanisms related to diabetes, as well as new therapeutic approaches, need to be
clarified, but studies in humans are limited by uncontrolled variables such as nutrition, genetics, and ethical
issues. Therefore, the use of animal models to study human diseases is part of preclinical research and has been
of great importance in understanding the mechanisms by which vitamin D could improve glucose homeostasis
in diabetes (LIU et al., 2023). The use of streptozotocin (STZ) to induce diabetes is well characterized and is the
main choice for diabetes induction in animals (WARD et al., 2001; DAMASCENO et al., 2014). This beta-cytotoxic
drug causes hyperglycemia in adult rats that received it during the perinatal period, reproducing glycemic levels
of human T2DM (ELEAZU et al., 2013; DAMASCENO et al., 2014; GOYAL et al., 2016; SINZATO et al., 2021), which
allows translational studies to be carried out and the implementation of findings in clinical practice.

Vitamin D supplementation in diabetic rodents seems to present controversial effects on glucose
homeostasis. While some studies show that the use of vitamin D can reduce blood glucose levels and improve
insulin sensitivity in diabetic animals (LIU et al., 2023; ODETAYO et al., 2024), others showed no beneficial
effects on glycemic levels (NING et al., 2015; AKAGAWA et al., 2018). Different doses and periods of intervention
of vitamin D supplementation are employed among studies (AKAGAWA et al., 2018; KLOPPEL et al., 2023; LIU

et al., 2023; ODETAYO et al., 2024), which suggests that there is no consensus involving vitamin D
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supplementation. Moreover, despite the considerable number of studies that evaluate vitamin D
supplementation in diabetic rodents, often without separate analysis for sex, no systematic review with meta-
analysis has comprehensively quantified its effects on glucose homeostasis in diabetic rats. The literature
remains inconsistent regarding optimal doses, period of supplementation, and glucose metabolism
improvement in both preclinical and clinical studies. This lack of consensus underscores the need for a
systematic synthesis of evidence. Therefore, this review aims to determine whether treatment with vitamin D

influences glucose homeostasis in hyperglycemic male and female rats.

26



Vinicius Soares Barco — Tese de Doutorado

REFERENCES

Altieri B, Grant WB, Della Casa S, et al. Vitamin D and pancreas: The role of sunshine vitamin in the pathogenesis of
diabetes mellitus and pancreatic cancer. Crit Rev Food Sci Nutr. 2017;57(16):3472-3488. doi:
10.1080/10408398.2015.1136922.

Ammala C, Ashcroft FM, Rorsman P. Calcium-independent potentiation of insulin release by cyclic AMP in single beta-
cells. Nature. 1993;363(6427):356-8. doi: 10.1038/3633564a0.

Argano C, Natoli G, Mularo S, et al. Impact of Diabetes Mellitus and Its Comorbidities on Elderly Patients Hospitalized in
Internal Medicine Wards: Data from the RePoSi Registry. Healthcare (Basel). 2022;10(1):86. doi:
10.3390/healthcare10010086.

Benedik E. Sources of vitamin D for humans. Int J Vitam Nutr Res. 2022;92(2):118-125. doi: 10.1024/0300-9831/a000733.

Bikle DD. Vitamin D metabolism, mechanism of action, and clinical applications. Chem Biol. 2014;21(3):319-29. doi:
10.1016/j.chembiol.2013.12.016.

Borissova AM, Tankova T, Kirilov G, Dakovska L, Kovacheva R. The effect of vitamin D3 on insulin secretion and peripheral
insulin sensitivity in type 2 diabetic patients. Int J Clin Pract. 2003;57(4):258-61.

Boucher BJ, Mannan N, Noonan K, Hales CN, Evans SJ. Glucose intolerance and impairment of insulin secretion in relation
to vitamin D deficiency in east London Asians. Diabetologia. 1995;38(10):1239-45. doi: 10.1007/BF00422375.

Burda BU, O'Connor EA, Webber EM, Redmond N, Perdue LA. Estimating data from figures with a Web-based program:
Considerations for a systematic review. Res Synth Methods. 2017;8(3):258-262. doi: 10.1002/jrsm.1232.

d'Emden MC, Dunlop M, Larkins RG, Wark JD. The in vitro effect of 1 alpha,25-dihydroxyvitamin D3 on insulin production
by neonatal rat islets. Biochem Biophys Res Commun. 1989;164(1):413-8. doi: 10.1016/0006-291x(89)91735-x.

Doyle ME, Egan JM. Pharmacological agents that directly modulate insulin secretion. Pharmacol Rev. 2003;55(1):105-31.
doi: 10.1124/pr.55.1.7.

Forouhi NG, Luan J, Hennings S, Wareham NJ. Incidence of Type 2 diabetes in England and its association with baseline
impaired fasting glucose: the Ely study 1990-2000. Diabet Med. 2007;24(2):200-7. doi: 10.1111/j.1464-
5491.2007.02068.x.

Fuentes-Barria H, Aguilera-Eguia R, Flores-Fernandez C, et al. Vitamin D and Type 2 Diabetes Mellitus: Molecular
Mechanisms and Clinical Implications-A Narrative Review. Int J Mol Sci. 2025;26(5):2153. doi:
10.3390/ijms26052153.

Fujita T, Sakagami Y, Tomita T, Okamoto Y, Oku H. Insulin secretion after oral calcium load. Endocrinol Jpn.
1978;25(6):645-8. doi: 10.1507/endocrj1954.25.645.

40



Vinicius Soares Barco — Tese de Doutorado

Gedik O, Zileli MS. Effects of hypocalcemia and theophylline on glucose tolerance and insulin release in human beings.
Diabetes. 1977;26(9):813-9. doi: 10.2337/diab.26.9.813.

Heshmat R, Tabatabaei-Malazy O, Abbaszadeh-Ahranjani S, et al. Effect of vitamin D on insulin resistance and
anthropometric parameters in Type 2 diabetes; a randomized double-blind clinical trial. Daru. 2012;20(1):10. doi:
10.1186/2008-2231-20-10.

Higgins JPT, Thomas J, Chandler J, et al. Cochrane Handbook for Systematic Reviews of Interventions version 6.5
(updated August 2024). Cochrane, 2024. Available from: www.training.cochrane.org/handbook.

Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-Hoitinga M, Langendam MW. SYRCLE's risk of bias tool for
animal studies. BMC Med Res Methodol. 2014;14:43. doi: 10.1186/1471-2288-14-43.

Inomata S, Kadowaki S, Yamatani T, Fukase M, Fujita T. Effect of 1 alpha (OH)-vitamin D3 on insulin secretion in diabetes
mellitus. Bone Miner. 1986;1(3):187-92. PMID: 3334207.

Johnson JA, Grande JP, Roche PC, Kumar R. Immunohistochemical localization of the 1,25(0OH)2D3 receptor and calbindin
D28k in human and rat pancreas. Am J Physiol. 1994;267(3 Pt 1):E356-60. doi: 10.1152/ajpendo0.1994.267.3.E356.

Kawahara T, Okada Y, Tanaka Y. Vitamin D efficacy in type 1 and type 2 diabetes. ) Bone Miner Metab. 2024;42(4):438-446.
doi: 10.1007/s00774-024-01509-3.

Kumar PT, Antony S, Nandhu MS, Sadanandan J, Naijil G, Paulose CS. Vitamin D3 restores altered cholinergic and insulin
receptor expression in the cerebral cortex and muscarinic M3 receptor expression in pancreatic islets of
streptozotocin induced diabetic rats. J Nutr Biochem. 2011;22(5):418-25. doi: 10.1016/j.jnutbio.2010.03.010.

Kumar S, Davies M, Zakaria Y, et al. Improvement in glucose tolerance and beta-cell function in a patient with vitamin D
deficiency during treatment with vitamin D. Postgrad Med J. 1994;70(824):440-3. doi: 10.1136/pgm|.70.824.440.

Li X, Liu Y, Zheng Y, Wang P, Zhang Y. The Effect of Vitamin D Supplementation on Glycemic Control in Type 2 Diabetes
Patients: A Systematic Review and Meta-Analysis. Nutrients. 2018;10(3):375. doi: 10.3390/nu10030375.

Liu Y, Gong R, Ma H, et al. Dietary Magnesium Intake Level Modifies the Association Between Vitamin D and Insulin
Resistance: A Large Cross-Sectional Analysis of American Adults. Front Nutr. 2022;9:878665. doi:
10.3389/fnut.2022.878665.

Md Isa Z, Amsah N, Ahmad N. The Impact of Vitamin D Deficiency and Insufficiency on the Outcome of Type 2 Diabetes
Mellitus Patients: A Systematic Review. Nutrients. 2023;15(10):2310. doi: 10.3390/nu15102310.

Milner RD, Hales CN. The role of calcium and magnesium in insulin secretion from rabbit pancreas studied in vitro.
Diabetologia. 1967;3(1):47-9. doi: 10.1007/BF01269910.

MitraSinovic¢-Bruli¢ M, Dervisevic¢ A, Zaciragic¢ A, et al. Vitamin D3 attenuates oxidative stress and regulates glucose level
and leukocyte count in a semi-chronic streptozotocin-induced diabetes model. J Diabetes Metab Disord.
2021;20(1):771-779. doi: 10.1007/s40200-021-00814-2.

Mitri J, Dawson-Hughes B, Hu FB, Pittas AG. Effects of vitamin D and calcium supplementation on pancreatic 3 cell
function, insulin sensitivity, and glycemia in adults at high risk of diabetes: the Calcium and Vitamin D for Diabetes
Mellitus (CaDDM) randomized controlled trial. Am J Clin Nutr. 2011;94(2):486-94. doi: 10.3945/ajcn.111.011684.

Mitri J, Pittas AG. Vitamin D and diabetes. Endocrinol Metab Clin North Am. 2014;43(1):205-32. doi:
10.1016/j.ecl.2013.09.010.

Nikooyeh B, Neyestani TR, Farvid M, et al. Daily consumption of vitamin D- or vitamin D + calcium-fortified yogurt drink
improved glycemic control in patients with type 2 diabetes: a randomized clinical trial. Am J Clin Nutr.
2011;93(4):764-71. doi: 10.3945/ajcn.110.007336.

Office of Dietary Supplements, 2024. Vitamin D: Fact Sheet for Health Professionals. U.S. Department of Health and
Human Services. Available from: https://ods.od.nih.gov/factsheets/VitaminD-HealthProfessional/.

Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic
reviews. BMJ. 2021;372:n71. doi: 10.1136/bmj.n71.

Peeyush KT, Savitha B, Sherin A, Anju TR, Jes P, Paulose CS. Cholinergic, dopaminergic and insulin receptors gene
expression in the cerebellum of streptozotocin-induced diabetic rats: functional regulation with Vitamin D3
supplementation. Pharmacol Biochem Behav. 2010;95(2):216-22. doi: 10.1016/j.pbb.2010.01.008.

Percie du Sert N, Hurst V, Ahluwalia A, et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting animal
research. PLoS Biol. 2020;18(7):e3000410. doi: 10.1371/journal.pbio.3000410.

41


https://ods.od.nih.gov/factsheets/VitaminD-HealthProfessional/

Vinicius Soares Barco — Tese de Doutorado

Pittas AG, Dawson-Hughes B, Sheehan P, et al. Vitamin D Supplementation and Prevention of Type 2 Diabetes. N Engl J
Med. 2019;381(6):520-530. doi: 10.1056/NEJM0a1900906.

Pittas AG, Dawson-Hughes B, Sheehan PR, et al. Rationale and design of the Vitamin D and Type 2 Diabetes (D2d) study: a
diabetes prevention trial. Diabetes Care. 2014;37(12):3227-34. doi: 10.2337/dc14-1005.

Pittas AG, Harris SS, Stark PC, Dawson-Hughes B. The effects of calcium and vitamin D supplementation on blood glucose
and markers of inflammation in nondiabetic adults. Diabetes Care. 2007a;30(4):980-6. doi: 10.2337/dc06-1994.

Pittas AG, Lau J, Hu FB, Dawson-Hughes B. The role of vitamin D and calcium in type 2 diabetes. A systematic review and
meta-analysis. J Clin Endocrinol Metab. 2007b;92(6):2017-29. doi: 10.1210/jc.2007-0298.

Rafiq S, Jeppesen PB. Vitamin D Deficiency Is Inversely Associated with Homeostatic Model Assessment of Insulin
Resistance. Nutrients. 2021;13(12):4358. doi: 10.3390/nu13124358.

Rasouli N, Brodsky IG, Chatterjee R, et al. Effects of Vitamin D Supplementation on Insulin Sensitivity and Secretion in
Prediabetes. J Clin Endocrinol Metab. 2022;107(1):230-240. doi: 10.1210/clinem/dgab649.

Sacerdote A, Dave P, Lokshin V, Bahtiyar G. Type 2 Diabetes Mellitus, Insulin Resistance, and Vitamin D. Curr Diab Rep.
2019;19(10):101. doi: 10.1007/s11892-019-1201-y.

Sadek KM, Shaheen H. Biochemical efficacy of vitamin D in ameliorating endocrine and metabolic disorders in diabetic
rats. Pharm Biol. 2014;52(5):591-6. doi: 10.3109/13880209.2013.854812.

Santos RKF, Branddo-Lima PN, Tete RMDD, Freire ARS, Pires LV. Vitamin D ratio and glycaemic control in individuals with
type 2 diabetes mellitus: A systematic review. Diabetes Metab Res Rev. 2018;34(3). doi: 10.1002/dmrr.2969.

Scragg R. Vitamin D and type 2 diabetes: are we ready for a prevention trial? Diabetes. 2008;57(10):2565-6. doi:
10.2337/db08-0879.

Sergeev IN, Rhoten WB. 1,25-Dihydroxyvitamin D3 evokes oscillations of intracellular calcium in a pancreatic beta-cell
line. Endocrinology. 1995;136(7):2852-61. doi: 10.1210/end0.136.7.7789310.

Sharifzadeh M, Esmaeili-Bandboni A, Emami MR, Naeini F, Zarezadeh M, Javanbakht MH. The effects of all trans retinoic
acid, vitamin D3 and their combination on plasma levels of miRNA-125a-5p, miRNA-34a, and miRNA-126 in an
experimental model of diabetes. Avicenna J Phytomed. 2022;12(1):67-76. doi: 10.22038/AJP.2021.18598.

Sooy K, Schermerhorn T, Noda M, et al. Calbindin-D(28k) controls [Ca(2+)](i) and insulin release. Evidence obtained from
calbindin-d(28k) knockout mice and beta cell lines. J Biol Chem. 1999;274(48):34343-9. doi:
10.1074/jbc.274.48.34343.

Soric MM, Renner ET, Smith SR. Effect of daily vitamin D supplementation on HbA1lc in patients with uncontrolled type 2
diabetes mellitus: a pilot study. J Diabetes. 2012;4(1):104-5. doi: 10.1111/j.1753-0407.2011.00164 x.

Sun H, ShiY, Shang Y, Chen X, Xia F. MicroRNA-378d inhibits Glut4 by targeting Rsbn1 in vitamin D deficient ovarian
granulosa cells. Mol Med Rep. 2021;23(5):369. doi: 10.3892/mmr.2021.12008.

Takiishi T, Gysemans C, Bouillon R, Mathieu C. Vitamin D and diabetes. Endocrinol Metab Clin North Am. 2010;39(2):419-
46, table of contents. doi: 10.1016/j.ecl.2010.02.013.

Wu J, Atkins A, Downes M, Wei Z. Vitamin D in Diabetes: Uncovering the Sunshine Hormone's Role in Glucose
Metabolism and Beyond. Nutrients. 2023;15(8):1997. doi: 10.3390/nu15081997.

Xu P, Lin B, Deng X, Huang K, Zhang Y, Wang N. VDR activation attenuates osteoblastic ferroptosis and senescence by
stimulating the Nrf2/GPX4 pathway in age-related osteoporosis. Free Radic Biol Med. 2022;193(Pt 2):720-735. doi:
10.1016/j.freeradbiomed.2022.11.013.

Zaciragi¢ A, Muzika V, Valjevac A, et al. The protective effects of vitamin D3 on histopathology of pancreas and liver in

streptozotocin-induced diabetic rats. J. Res. Pharm. 2022;26(2):325-333. doi: 10.29228/jrp.130.

42





