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RESUMO

BATTISTINI, C. Potencial probiotico de leite fermentado com Lactobacillus
paracasei subsp. paracasei F19 e Streptococcus thermophilus TH-4: impacto da suplementacao
com bagaco de malte e influéncia sobre o receptor de vitamina D in vivo. 2020. 126 p. Tese
(Doutorado) — Faculdade de Ciéncias Farmacéuticas, Universidade de S&o Paulo, Sdo Paulo, 2020.
Dentre os diversos beneficios a salde relacionados ao consumo de probi6ticos, destacam-se a melhora da
funcdo de barreira intestinal, producdo de &cidos graxos de cadeia curta, reducdo da resposta pré-inflamatdria,
modulacdo da microbiota intestinal, entre outros. No entanto, estes efeitos dependem da cepa empregada, da
matriz de administracdo e da genética do hospedeiro, fatores importantes que devem ser levados em
consideracdo na prescricdo ou indicacdo de tratamentos. Alguns estudos sugeriram que o potencial anti-
inflamat6rio dos probi6ticos parece ser regulado pelo receptor da vitamina D (VDR), que, além de mediar as
fungBes da vitamina D, também atua como fator de transcrigdo associado a autofagia, fungdo de barreira
intestinal e respostas imunolégicas. Entretanto, este € um tdpico ainda pouco explorado e nenhum estudo
avaliou a administragéo de probi6ticos em uma matriz alimentar na resposta anti-inflamatéria relacionada ao
VDR. Sendo assim, o0 presente trabalho avaliou o impacto da suplementacdo de leite fermentado (FM —
fermented milk) com bagaco de malte de cevada (BSG) na sobrevivéncia de cepas potencialmente probioticas
apos a exposicdo a condi¢Bes gastrointestinais (Gl) simuladas in vitro. Adicionalmente, o efeito do FM
probidtico na resposta inflamatdria relacionada as fungdes do VDR foi avaliado por meio de um ensaio in
vivo, empregando um modelo de colite induzida por DSS (dextrano sulfato de sédio). Este trabalho foi
dividido em trés etapas: 1) Sele¢do de uma co-cultura composta por uma cepa probiotica e uma cepa starter
para aplicagdo em FM probidtico; 11) Avaliacdo da viabilidade dos microrganismos no FM ao longo do
armazenamento e sua resisténcia as condi¢des Gl simuladas in vitro; 111) Estudo do impacto do FM probiético
na expressdo do VDR e em biomarcadores inflamatérios in vivo. Foram avaliadas 10 cepas probiéticas
(Lactobacillus (L.) acidophilus LA 5, L. fermentum PCC, L. reuteri RC-14, L. paracasei subsp. paracasei L.
casei 431, L. paracasei subsp. paracasei F19, L. rhamnosus GR-1, L. rhamnosus LGG, Bifidobacterium (B.)
animalis subsp. lactis BB-12, B. longum BB-46 e B. longum subsp. infantis BB-02) e 2 cepas starter
Streptococcus thermophilus (TH-4 e STM-6). As culturas L. paracasei subsp. paracasei F19 e S.
thermophilus TH-4 apresentaram os resultados mais promissores nos ensaios de fermentabilidade do BSG e,
portanto, foram selecionadas para a producdao do FM probidtico. No total, foram avaliadas quatro
formulagdes: FM1 (TH-4); FM2 (TH-4 + BSG); FM3 (TH-4 + F19); FM4 (TH-4 + F19 + BSG). Em relagéo
a viabilidade dos microrganismos, todas as formulagBes apresentaram populacoes acima de 10 log UFC por
porcéo diaria de 200 mL de FM durante os 28 dias de armazenamento a 4 °C. Além disso, estimamos que
cerca de 10 log UFC de TH-4 e 8 log UFC de F19 poderiam chegar viaveis ao colon e possivelmente conferir
beneficios a salde. A co-cultura com F19 e/ou a adi¢do de BSG aumentou a resisténcia do TH-4 ao estresse
Gl simulado in vitro, mostrando um potencial promissor do TH-4 como cultura starter e probidtica. Os
experimentos com animais foram realizados com camundongos C57BL/7 wild-type (WT) e VDR knockout,
em um modelo de colite induzida por DSS. PBS, leite ou FM foram administrados diariamente por 7 dias via
gavagem oral e o tratamento com DSS (5% na agua do bebedouro) foi iniciado 24 h ap6s a primeira dose. O
FM probidtico foi capaz de aumentar a expressao do VDR nos camundongos WT, enquanto reduziu o nivel
de IL-6. Por outro lado, em camundongos VDRKO, o FM probi6tico agravou a inflamagéo, aumentando o
nivel dos marcadores inflamatérios 1L-6 e lipocalina-2. Os resultados obtidos corroboram com a hipétese de
que o efeito anti-inflamatorio dos probidticos sdo regulados pelo VDR, contribuindo para o entendimento dos
mecanismos pelos quais os probidticos exercem seus beneficios a salde, fornecendo ferramentas para uma
recomendagdo de tratamento mais assertiva e segura.

Palavras-chave: BSG; inflamacdo; leite fermentado; probidtico; receptor nuclear; VDR; vitamina D.



ABSTRACT

BATTISTINI, C. Probiotic potential of fermented milk with Lactobacillus
paracasei subsp. paracasei F19 and Streptococcus thermophilus TH-4: impact of BSG
supplementation and influence on the vitamin D receptor in vivo. 2020. 126 p. Thesis (PhD) —
School of Pharmaceutical Sciences, University of Sdo Paulo, S&o Paulo, 2020.

Several health benefits are related to probiotic consumption, such as improvement of the gut barrier
function, production of short-chain fatty acids, reduction of pro-inflammatory response, gut microbiota
modulation, among others. However, these effects depend on the strain employed, the matrix of
administration, and host genetics, which are important factors that should be taken into consideration
when prescribing or indicating probiotic treatments. Previous studies suggested that the anti-
inflammatory potential of probiotics seemed to be regulated by the vitamin D receptor (VDR), which,
in addition to vitamin D functions, is a transcription factor associated with autophagy, gut barrier
function, and immune responses. Nevertheless, this is a new subject that has hardly been explored and,
to the best of our knowledge, the influence of the food matrix on the VDR-related anti-inflammatory
potential of probiotics has not been studied yet. Therefore, the present study evaluated the impact of
the supplementation of probiotic fermented milk (FM) with brewer’s spent grain (BSG) on the
survival of potentially probiotic strains after the exposure to in vitro-simulated gastrointestinal (Gl)
conditions. In addition, the effect of probiotic FM on the VDR-related inflammatory response was
studied, employing an in vivo DSS (dextran sulfate sodium) colitis model. This study was divided into
three steps: 1) Selection of a co-culture of one probiotic and one starter strains for the application in
probiotic FM; I1) Evaluation of the viability of the microorganisms in the FM throughout storage, and
their resistance to in vitro-simulated Gl conditions; I1l) Study of the impact of probiotic FM on the
VDR expression and inflammation biomarkers in vivo. Ten probiotic strains (Lactobacillus (L.)
acidophilus LA-5, L. fermentum PCC, L. reuteri RC-14, L. paracasei subsp. paracasei L. casei 431, L.
paracasei subsp. paracasei F19, L. rhamnosus GR-1, L. rhamnosus LGG, Bifidobacterium (B.)
animalis subsp. lactis BB-12, B. longum BB-46, and B. longum subsp. infantis BB-02) and two starter
strains Streptococcus thermophilus (TH-4 and STM-6) were evaluated. The cultures L. paracasei
subsp. paracasei F19 and S. thermophilus TH-4 showed the most promising results regarding the
fermentability of BSG. Thus, they were selected for the probiotic FM production. In total, four FM
formulations were evaluated: FM1 (TH-4); FM2 (TH-4 + BSG); FM3 (TH-4 + F19); FM4 TH-4 + F19
+ BSG). All formulations showed populations above 10 log CFU per daily portion of 200 mL of FM
up to 28 days of storage at 4 °C. Moreover, we could estimate that around 10 log CFU of TH-4 and 8
log CFU of F19 may reach the colon viable, and possibly confer health benefits. The co-culture with
F19 and/or the addition of BSG improved the resistance of TH-4 to in vitro Gl stress, showing a
promising potential of TH-4 to be employed both as a starter and as a probiotic culture. The animal
experiments were performed with wild-type (WT) and VDR knockout C57BL/7 mice, employing a
DSS colitis model. PBS, milk, or FM were administrated daily for 7 days by oral gavage and the DSS
treatment (5% in drinking water) started 24 h after the first dose. The probiotic FM promoted an
increase in the VDR expression in WT mice, while reduced the IL-6 level. On the other hand, in
VDRKO mice, the probiotic FM worsened the inflammatory response, increasing the levels of the
inflammation markers IL-6 and fecal lipocalin-2. These results corroborate with the hypothesis that the
anti-inflammatory effects of probiotics are regulated by the VDR, contributing to the elucidation of the
mechanisms by which probiotics exert their health benefits, providing tools to a more assertive and
safe treatment recommendation.

Key words: BSG; fermented milk; inflammation; nuclear receptor; probiotic; VDR; vitamin D.
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PRESENTATION

This thesis is presented in the form of scientific articles (published, submitted, or to

be submitted for publication), and is divided into the following chapters

Chapter 1: Probiotic, Vitamin D, and Vitamin D Receptor in Health and Disease

This chapter discusses the critical role of the vitamin D receptor in regulating the health
benefits of probiotic consumption, and resulted in the following published book chapter:
Battistini, C.; Nassani, N.; Saad, S. M. L.; Sun, J. (2020). Probiotics, vitamin D, and
vitamin D receptor in health and disease. In: Albuquerque, M. A. C.; LeBlanc, A. M.;
LeBlanc, J. G.; Bedani, R. (Eds), Lactic Acid Bacteria: A Functional Approach (pp. 93-105).
Boca Raton: CRC Press. https://doi.org/10.1201/9780429422591.

Chapter 2: The potential use of vitamin D as an alternative approach for gut microbiota
modulation in inflammatory bowel disease

This chapter delves into vitamin D deficiency and gut microbiota dysbiosis associated with
Inflammatory Bowel Disease and the potential use of vitamin D as adjuvant therapy. The
content resulted in the following review article under submission: Battistini, C.; Ballan, R.;
Herkenhoff, M. E.; Sun, J.; Saad, S. M. I. (2020). The potential use of vitamin D as an
alternative approach for gut microbiota modulation in inflammatory bowel disease. To be

submitted.

Chapter 3: Brewer’s spent grain enhanced the recovery of potentially probiotic strains
in fermented milk after exposure to in vitro-simulated gastrointestinal conditions

This chapter aimed to evaluate the impact of BSG on the survival of potentially probiotic
strains in fermented milk after the exposure to gastrointestinal conditions simulated in vitro.
The following scientific article resulted from this chapter, which is under submission:
Battistini, C.; Herkenhoff, M. E.; Leite, M. S.; Vieira, A. D. S.; Bedani, R.; Saad, S. M. I.
(2020). Brewer’s spent grain enhanced the recovery of potentially probiotic strains in
fermented milk after exposure to in vitro-simulated gastrointestinal conditions. To be
submitted.


https://doi.org/10.1201/9780429422591

18

Chapter 4: Probiotic fermented milk may worsen inflammation in mice lacking vitamin
D receptor

This chapter evaluated the impact of probiotic fermented milk on the VDR functions and
inflammation biomarkers employing an in vivo DSS colitis model. This study was conducted
at the University of Illinois at Chicago, in Chicago — USA, under the supervision of Prof. Dr.
Jun Sun (“Sandwich PhD” — PDSE CAPES Foundation Program). This content resulted in a
scientific article that will be submitted: Battistini, C.; Zhang, Y. G.; Chatterjee, I.; Lu, R,;
Zhang, J.; Saad, S. M. I.; Sun, J. (2020). Probiotic fermented milk may worsen inflammation

in mice lacking vitamin D receptor. To be submitted.
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JUSTIFICATION

The consumption of probiotics is associated with several health benefits, such as
improvement of gut barrier function, gut microbiota modulation, and regulation of immune
responses (SANDERS et al., 2019). Nevertheless, each individual responds to probiotic
treatment differently and the clinical outcomes are still inconsistent. These facts make it
difficult to state one unique treatment that fits all cases (OUWEHAND et al., 2017; ZMORA
et al., 2018). Meanwhile, it has been suggested that the anti-inflammatory effect of probiotics
may be regulated by the vitamin D receptor (VDR). Probiotics have the potential to improve
the VDR signaling and reduce the inflammatory response. On the other hand, the lack of
VDR may induce an exacerbated inflammatory response to probiotic treatment (WU et al.,
2015). Studies exploring this critical role of VDR on probiotic health benefits are scarce but
of great relevance to elucidate the mechanisms of action of probiotics, supporting the
relevance of the present study.

This thesis was conducted in the context of the Research Project FAPESP 2018/21584-4
“Characterization of probiotic fermented milk supplemented with brewer's spent grain and in
vitro and in vivo evaluation of potential health benefits”.
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OBJECTIVES

General
Evaluate the impact of potentially probiotic fermented milk on the vitamin D receptor (VDR)

expression in vivo.

Specifics

e Evaluate the fermentability of brewer’s spent grain (BSG) by starter and probiotic cultures
and to select a suitable combination of one probiotic and one starter strain for the
application in probiotic fermented milk (FM);

e Produce a probiotic fermented milk supplemented with BSG and evaluate the viability of
the microorganisms in the FM throughout the storage period and their resistance to
gastrointestinal stress simulated in vitro;

e Investigate the impact of probiotic fermented milk on the VDR expression in vivo and
evaluate the VDR-related inflammatory response.
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Probiotic, vitamin D, and vitamin D receptor in health and disease

Abstract

Probiotic microorganisms are able to colonize the gastrointestinal tract, and among other
health beneficial effects, help in the reduction of inflammatory conditions and promote the
normalization of the intestinal microbiota. Meanwhile, vitamin D has its biological functions
mainly through the mediation of the vitamin D receptor (VDR), acting on the antibacterial
mechanism of the innate immune system. Vitamin D/VDR deficiency may be associated with
the development or aggravation of certain illnesses, including inflammatory bowel diseases.
The VDR is encountered in diverse sites of the body, which may explain this connection.
Besides that, it has been found that probiotics may have a protective effect against induced
colitis depending on the VDR status. The administration of butyrate, a microbial metabolite,
raises the VDR expression, suggesting a direct relation between the potential health benefits
of probiotics with the VDR expression. Furthermore, vitamin D and VDR expression are
linked to the composition of the intestinal microbiota, as well as the susceptibility to the
development of autoimmune diseases. Thus, this chapter aims to discuss the interaction of
probiotics, vitamin D, and VDR regarding the intestinal microbiota and the possible

immunomodulatory effects

Key words: Vitamin D, Vitamin D Receptor, VDR, Probiotic, Prebiotic, IBD, Microbiome
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1 INTRODUCTION

The gut microbiome, “a newly discovered organ” of the body, plays a critical role in
immunity and metabolism in the host’s health and disease states. Microbiome products
released in the gut, e.g. short chain fatty acids, may reach and influence the function of organs
and systems beyond the intestinal tract. Environmental factors, lifestyle, age, and sex
influence the profile and function of the microbiome. Its imbalance, termed ‘dysbiosis’ is
directly related to the development of various human diseases (COSTEA et al., 2018;
SALVUCCI, 2019; WANG et al., 2016;).

Vitamin D (VitD) and the vitamin D receptor (VDR) are involved in many functions
of the body, including but not limited to calcium absorption, immunity, glucose, and liver
metabolism, in addition to gut microbiota modulation. For example, VitD deficiency and the
lack or low expression of the VDR are directly related to inflammatory bowel diseases (IBD),
and the treatment with VitD supplements might be effective in some cases (CELIBERTO et
al., 2018; HAUSSLER et al., 2013; NATIONAL INSTITUTE OF HEALTH, 2016; OOI et
al., 2013; WU et al., 2015a,b). Therefore, VDR could be used as a predictive biomarker for
dysbiosis, and the development of strategies that boost its functions are of utmost importance
for the gut microbiome restoration.

Dietary interventions with pre-, pro-, and/or synbiotic foods or supplements have
shown to be effective in restoring the gut microbiome to a healthier pre-disease state pattern
and are interesting and less harmful alternatives when compared to antibiotic therapies
(COSTEA et al., 2018; SALVUCCI 2019). The benefits of probiotics are strain dependent
and may comprise improvement of intestinal epithelial cells turnover, competition for
nutrients and adhesion sites, production of short chain fatty acids, vitamins, bacteriocins, and
anti-inflammatory compounds, regulation of the intestinal transit, modulation of the intestinal
microbiota, and enhancement of immunity. The most common microorganisms known as
having probiotic properties are bacteria from the Lactobacillus, Streptococcus, Enterococcus,
and Bifidobacterium genera. (GIBSON, 2004; HILL et al.,, 2014; HOLZAPFEL &
SCHILINGER, 2002; WILLIAMS, 2010).

Probiotics are usually consumed through food products, supplements or nutraceutical
capsules. The food vehicle used, the presence of other bioactive substances, such as fibers, for
example, and the consumption frequency are factors that influence probiotics efficacy
(RANADHEERA; BAINES; ADAMS, 2010; SANDERS & MARCO, 2010). Besides, the
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microorganisms’ survival through the gastrointestinal tract passage (resistance to acids, bile,
and enzymes) and the antibiotics resistance should also be taken into consideration (GIBSON,
2004; RANADHEERA; BAINES; ADAMS, 2010).

Additionally, another way to increase the population of beneficial bacteria in the
intestinal microbiota is through the intake of prebiotic compounds, which are defined as
“substrates that are selectively utilized by host microorganisms conferring a health benefit”
(GIBSON et al., 2017). Some fibers might have prebiotic potential, once they are not digested
in the small intestine and reach the colon intact, serving as substrates for the local microbiota
(GIBSON et al., 2010; MARTINEZ; BEDANI; SAAD, 2015; PUUPPONEN-PIMIA et al.,
2002;). The combination of prebiotic ingredients and probiotic microorganisms results in
synbiotic foods or supplements and may confer a competitive advantage for the probiotics
over the intestinal commensal microbiota or pathogenic bacteria (MARTINEZ; BEDANI,
SAAD, 2015; PUUPPONEN-PIMIA et al., 2002). Food research should focus on the
development of synbiotic products that target the increase of VDR expression, and
consequently improve the anti-inflammatory responses and modulate the gut microbiota,
which could be applied in a preventive approach for IBD and other diseases.

The clinical trials outcomes of probiotic treatments are still inconsistent and
controversial. In this chapter, we will discuss the potential role of VDR in regulating probiotic
functions, and whether they can be used as a therapeutic strategy to increase the VDR
expression, and consequently, to promote the healthy microbiota.

2 VITAMIN D /VITAMIN D RECEPTOR

2.1 Chemical Structure and Functions

VitD (vitamin D) is a fat-soluble vitamin synthetized by the exposure of the skin to
sunlight or consumed through nutraceutical supplements, fatty fishes, egg yolks, or fortified
foods, such as dairy products. Commonly called pre-VitD, it is found in two chemical
arrangements: vitamin D2, or ergocalciferol, and vitamin D3, or cholecalciferol. The main
differences among these two forms are a double bond between carbons 22 and 23, and a
methyl group bonded to carbon 24 in ergocalciferol (Figure 1). Nonetheless, these compounds
are biologically inactive and should run through two hydroxylation before they have
biological functions in the body (FDA, 2016; HEALTH CANADA, 2012; NATIONAL
INSTITUTE OF HEALTH, 2016; ROSS et al., 2011b).
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Figure 2: Chemical structure of ergocalciferol (A) and cholecalciferol (B).

In blood circulation, pre-VitD is bounded to the VitD binding protein, and then
transported to the liver where the first hydroxylation occurs through the action of 25-
hydroxylase, an enzyme encoded by the gene CYP2R1, generating the 25-OH-cholecalciferol
(25(0OH)D). This compound is then released in the bloodstream and is the major circulating
form and the main marker of VitD status. Thereafter, the second hydroxylation may occur in
the kidneys, brain, lung, prostate, placenta, or in the immune cells, resulting in VitD itself, or
1,25-(OH).D (BIVONA et al., 2018; GENETIC HOME REFERENCE, 2017; HOLICK,
2011a, b).

A great number of biological functions are associated with VitD through the
mediation of the VitD receptor (VDR). Macrophages, when in contact with pathogens, induce
the enzymatic activation of VitD in the cytoplasm, through the action of Toll-like receptors
(TLR). When 1,25-(OH)2D binds to VDR, both migrate to the cell nucleus and antibacterial
compounds are produced, such as B-defensin 2 and cathelicidin, and the Th1l immune
response is activated with the production of interferon gamma (IFN-y). This whole process is
regulated automatically. When 1,25-(OH).D is accumulated, the Th1 profile is inhibited and
the Th2 immune response is activated. Hence, the production of IFN-y is reduced, while the
production of interleukin 4 (IL-4) increases (GATTI et al., 2016).

The VDR is found in several organs and tissues of the body, especially in the
parathyroid gland, small intestines, and colon. In addition, it is also a receptor for the
secondary bile acid lithocholic acid, and a transcriptional factor associated with

immunomodulation, proliferation, intestinal barrier function, and autophagy, and shows a



26

similar sequence with the steroid and thyroid hormone receptor. When bound to the retinoid
X receptor (RXR), they form a heterodimer that is involved in physiological effects, not only
of VitD but, also, of microbial and dietary metabolites, like secondary bile acids and fatty
acids. Furthermore, evidences indicate that VDR is genetically associated with the gut
microbiota profile, IBD, liver diseases, cancer, and blood sugar regulation (BAKKE et al.,
2018; WANG et al., 2016).

In summary, VitD and VDR influence body defenses and inflammatory responses.
Thus, it is crucial to understand their mechanisms of action and establish potential therapies

targeting the improvement of their status and functions for health maintenance.
2.2 Vitamin D Requirements
2.2.1 Recommended Circulating Level and Dietary Reference Intake

VitD status is defined by the serum concentration of 25(OH)D. However, there is no
consensus worldwide about the adequate level. The Institute of Medicine (I0M) from the
USA considers 20 ng/mL (50 nmol/L) of 25(OH)D sufficient (ROSS et al., 2011a,b), while
other medical societies adopted a level of 30 ng/mL based on a possible reduction on the risk
of falls and fractures in the elderly (AMERICAN GERIATRICS SOCIETY, 2014; HOLICK
et al., 2011). In fact, there are a lot of controversial results from clinical trials regarding the
effectiveness of VitD supplementation in different diseases and, for this reason, it is difficult
to establish a suitable acceptance range of 25(OH)D level (BOLLAND et al., 2018; NEED et
al., 2008; SANDERS et al., 2010; TRIVEDI et al., 2003).

According to the IOM, assuming minimal sunlight exposure, the daily recommended
dietary allowance of VitD is 400 1U (10 mcg) for infants up to 12 months, 800 1U (20 mcg)
for elderly (>70 years of age), and 600 1U (15 mcg) for other age groups (ROSS et al.
2011a,b). However, these values can vary depending on the geographic location, season of the
year, skin pigmentation, and use of sun blocking agents (HOLICK, 1994).

An effective method to increase the levels of VitD is the exposure of the skin to
sunlight. However, this is not often indicated due to the risk of skin cancer development.
Alternatively, supplements intake or food fortification might be useful strategies against
hypovitaminosis (PILZ et al., 2018). In addition to ergocalciferol and cholecalciferol, VitD
metabolites may be administered under specific circumstances. Calcidiol, due to its
hydrophilic properties and ability to bypass the hepatic 25-hydroxylation, is useful for

individuals with fat malabsorption or liver disease, while calcitriol, which bypasses the one
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alpha hydroxylation and activation phase, is indicated for patients with chronic kidney disease

or type 1 VitD-dependent rickets.
2.2.2 Hypovitaminosis and Toxicity

VitD deficiency or resistance can be triggered by several factors, e.g. low availability
of the vitamin, resulting from low dietary intake, lack of sunlight exposure, or low absorption;
defects on the hydroxylation stage in the liver or activation in the kidneys, which is common
in chronic renal disease and VitD-dependent rickets type 1; increased catabolism by the liver;
resistance at the end organ level, like in hereditary VitD-resistant rickets type 2.

Of particular concern is the fact that low levels of VitD lead to malabsorption of
calcium and phosphorus in the intestines, and when during a long period, this may cause
rickets in children and osteomalacia in adults. Even though these diseases are less common in
developed countries due to food fortification practices, subclinical VitD deficiency is
common and may be associated with osteoporosis and increased risk of falls and fractures. In
addition, patients with malabsorptive issues have an increased risk of VitD hypovitaminosis,
such as patients suffering celiac disease, inflammatory bowel disease, and a history of
gastrectomy.

The prescription of vitamin supplements is a good strategy to increase the circulating
VitD, but clinicians should be cautious. High VitD doses, that have been associated with
errors in the formulation and excessively fortified dairy products intake, can be toxic and lead
to hypercalciuria. In this condition, the excretion of calcium through the urinary tract is
increased, inducing kidney stones in some cases, or in worse scenarios, hypercalcemia is
developed, when the concentration of calcium in the blood stream is high, and the patients
usually report symptoms like fatigue, muscle weakness, weight loss, nausea, vomiting, soft
tissue calcification, and tachycardia (HOLICK, 2003; JACOBUS et al., 1992; PILZ et al.,
2018). In addition, increased levels of 25(OH)D seems to be related to an increased risk of
falls and fractures, pancreatic and prostate cancer, and mortality (SANDERS et al., 2010;
WORTSMAN et al., 2000).

Hence, medical societies do not have a current consensus about VitD adequacy, and
their recommendations are based only on studies about bone health. On the other hand, a lot
of other disorders are related to VitD deficiency and might need to be taken into consideration
to determine the prescription of supplements. Thus, there is a gap and more studies are needed
in the field in order to regulate the adequate levels of VitD, mostly for anti-inflammatory
effects.
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3 PROBIOTICS, VITAMIN D, AND VDR ON HEALTH

3.1 Probiotics, VDR, and the Gut Microbiota

The gut microbiota comprises all the microorganisms present in the gut, including
bacteria, viruses, archeae, fungi, and yeasts. Its composition reaches maturity at the fourth
year of life approximately, and it is influenced by non-genetic factors, such as age, sex, body
mass index (BMI), smoking status, and dietary patterns, and at the genetic level by the VDR
gene (CANI, 2018; CANI et al., 2019; FOUHY et al., 2019). A healthy intestinal environment
is associated with the presence of beneficial microorganisms like Bifidobacterium spp.,
Faecalibacterium prausnitzii, and Lactobacillus spp., higher amounts of butyrate and anti-
inflammatory cytokines, a thicker mucus layer, and improved barrier function (CELIBERTO
etal., 2018; COSTEA et al., 2018).

The VDR is expressed in intestinal epithelial and immune cells, and regulates the
transcription of barrier proteins, like claudin 2 (ZHANG et al., 2015); the expression of
antimicrobial peptides (AMPs), like cathelicidin and p-defensins, promoting mucosal
homeostasis and barrier function, protection against inflammation, and preventing epithelial
apoptosis. Notably, paneth cells might play a role in preventing dysbiosis as they are
responsible for autophagy and for the production of AMPs (ADOLPH, et al., 2013; WU et al.,
2015b). In addition, both VitD and VDR, promote a tolerogenic and anti-inflammatory
response in Crohn’s disease patients, favoring regulator T cells (Tregs cells) and increasing
the proportions of the Actinobacteria and the Firmicutes phyla (SCHAFFLER et al., 2018).

The VDR status is implicated in inflammation, signal transduction, infections, amino
acid and carbohydrate metabolism, and neoplasm (BAKKE & SUN, 2018; BAKKE et al.,
2018; SUN, 2018). In addition, polymorphisms in VDR gene were associated with
susceptibility to IBD. Studies with mice showed that VDR knockout mice presented a
significant shift in their microbiota at a phylogenetic level and were more prone to
autoimmune diseases (KONGSBAK et al., 2013). Moreover, animals incapable of producing
the active form of VitD or VDR knockout developed a more severe colitis induced by dextran
sulfate sodium (DSS) (AZAD et al., 2012; JIN et al., 2015; KONGSBAK et al., 2013; LEE &
SONG, 2012; OOl et al., 2013; SIMMONS et al., 2000; WANG et al., 2016; WU et al.,
2015b).

In a recent study, Lactobacillus casei rhamnosus (Lcr35®) was effective in
increasing the populations of Lactobacillus and Bifidobacterium in the feces of hospitalized

children with acute diarrhea. Besides, the probiotic treatment ameliorated the abdominal
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discomforts and diarrhea, improving the patients’ appetite and food intake (LAI et al., 2019).
Similarly, Bifidobacterium animalis subsp. lactis (txid302911) was able to shape the gut
microbiota of low birth weight infants to a more diverse and complex profile. The strain
increased the counts of the Bifidobacterium and Lactobacillus genera in their faeces, whereas
the control group presented a predominant presence of opportunistic pathogens associated
with the risk of necrotizing enterocolitis (CHI et al., 2019).

Interestingly, VitD supplementation was associated with lower counts of Clostridium
difficile in breast fed infants while increased Lachnobacterium and decreased Lactococcus in
the gut microbiome of infants, age 3-6 months, were linked to cord blood VitD levels
(SORDILLO etal., 2017).

In conclusion, the VDR status has an important role on the gut microbiota profile and
with the development of IBD; dietary interventions with VitD and probiotics could be
explored further, aiming at improving the VDR expression and restoration of the gut

microbiome.
3.2 Probiotics, Vitamin D, and VDR in IBD and Metabolic Disorders
3.2.1 Inflammatory Bowel Diseases

Inflammatory bowel disease is a chronic inflammation of the gastrointestinal tract
(GIT), caused by abnormal immune responses. The main types of IBD are ulcerative colitis
(UC), which affects the large intestine, and Crohn’s disease (CD), which may affect the whole
intestinal tract (FEUERSTEIN et al., 2017), although more recent studies suggest that they
may be part of the same spectrum.

VitD deficiency is recurrent in patients with IBD. However, it is unclear whether it is
a cause or a consequence. Actually, it has been reported that the consumption of products
with lactose may worsen the abdominal discomforts in IBD, which is in completely
accordance with the lower concentrations of VitD because dairy products are the main
fortified foods with VitD and calcium, and IBD patients stop or decrease consumption of
these products to avoid abdominal discomforts. In addition, studies have shown that VitD
supplementation is a promising tool to improve the clinical outcome and quality of life of IBD
patients, with the potential to inhibit the activity of CD and maintain remission (KABBANI et
al., 2016; MIHELLER et al., 2009; SCOTTI et al., 2019; WILLIAMS et al., 2018; YANG et
al., 2013).

The expression of VDR is decreased in IBD. In fact, investigations with mice have

shown that VDR knockout animals are more prone to develop severe colitis while transgenic
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overexpression of VDR may confer a protective effect (BELIZARIO & NAPOLITANO,
2015; KONG et al., 2008; LIU et al., 2013; OOI et al., 2013; WU et al., 2015b). This anti-
inflammatory response seems to be directly related to NF-xB pathway, given that 42 Single
Nucleotide Polymorphisms (SNPs) linked with immune disorders are binding sites for both
VDR and NF-kB. VDR is also involved in pro-inflammatory response to bacterial endotoxin
LPS and with autophagy regulation (SINGH et al., 2017).

Interestingly, VDR expression is crucial for probiotic anti-inflammatory effects. In a
Salmonella infection model, Lactobacillus plantarum showed physiological and histological
protection only for wild-type mice, whereas no effect was observed in VDR knockout mice
(WU et al., 2015). Similarly, our research group found that the administration of probiotic
fermented milk with Lactobacillus paracasei subsp. paracasei F19 showed a promising
increase in the VDR expression at the mRNA level in wild-type mice, whereas VDR
knockout mice presented an exacerbated inflammation induced by DSS when compared to

wild-type mice (unpublished data).
3.2.2 Metabolic Disorders

Metabolic syndrome, insulin resistance, obesity, and coronary disease have also been
related to low levels of VitD and defects on VDR signaling (CHANG & KIM, 2017,
MORENO-SANTOS et al., 2017; OH et al., 2015). Nonetheless, there is a lack of studies
involving VitD and both type 1 and type 2 diabetes. A few reports have shown controversial,
but promising results (COOPER et al., 2011; DONG et al., 2013; KRUL-POEL et al., 2017;
SONG et al., 2013).

Interestingly, experiments with VDR knockout mice showed that lean animals resist
weight gain induced by high-fat diet (PEIRCE et al., 2014), while interventional studies
reported that VitD supplementation improved insulin signaling (JIN et al., 2015; VRIEZE et
al., 2012). Meanwhile, VitD supplementation may improve lipid profile and inflammatory
markers in non-alcoholic fatty liver disease (NAFLD). In a study with a Non-Alcoholic
Steatohepatitis (NASH) mice model, VitD significantly decreased steatosis and NAFLD
activity (GIBSON et al., 2018; ZHU et al., 2013).

Probiotics are alternatives to enhance metabolic disease status. The consumption of
the probiotic strain Lactobacillus reuteri NCIMB 30242 improved VitD status of
hypercholesterolemic adults by 22.4% when compared with the placebo group (JONES et al.,
2013). In the same trend, obese adults that consumed synbiotic fermented milk produced with

Bifidobacterium lactis Bb-12 and inulin showed a significant reduction in the serum insulin
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and blood triglycerides levels, and at the same time, improved their VitD status and insulin
sensitivity (MOHAMMADI-SARTANG et al., 2018).

Moreover, individuals with metabolic syndrome who consumed probiotic fermented
milk (containing Bifidobacterium lactis Bb-12 and Lactobacillus acidophilus La5) for eight
weeks presented lower levels of blood glucose and vascular cell adhesion molecules, whereas
no significant changes were observed for insulin level, homeostasis model of assessment-
estimated insulin resistance (HOMA-IR), and for other metabolic and cardiovascular markers
(REZAZADEH et al., 2019).

The co-supplementation of VitD and probiotics seems to have synergic effects, and
more studies should be conducted in order to investigate these observations. Nevertheless, in
a clinical trial, the combination of VitD with a pool of probiotics improved the 25(OH)D
levels, whereas it significantly reduced serum insulin levels, HOMA-IR, and high-sensitive C-
reactive protein in patients with type 2 diabetes and coronary heart disease (RAYGAN et al.,
2018).

Probiotic anti-inflammatory properties are dependent on VDR expression.
Meanwhile, both VitD and probiotics influence the markers for intestinal microbiome and
metabolic disease. Their synergic effect is not well explored and more in vivo and clinical

trials should be carried out to answer this unexplored path.

4 CONCLUSIONS AND FUTURE DIRECTION

This chapter discussed how the VDR status influences the gut microbiome and its
critical impact on the potential benefit of probiotics against inflammation and infections.
Overall, VitD and probiotics have great potential to modulate the gut microbiota, improving
the anti-inflammatory response and metabolic markers. Nonetheless, VDR is an important
factor for homeostasis and is directly involved in the probiotics’ mechanisms of action. It is a
double way path, since VDR expression is crucial for probiotics anti-inflammatory potential,
while the administration of probiotic may enhance the VDR expression.

Nevertheless, there is promising evidence of synergic effects of co-supplementation
with VitD and probiotics. However, more in vivo studies and clinical trials combining
probiotics and VitD supplementation are of utmost importance for the comprehension of their
roles. Therefore, it is possible to establish novel biomarkers and develop alternative

treatments for the prevention of inflammation and other diseases.



32

To the best of our knowledge, only Lactobacillus strains were investigated regarding
the potential of probiotics to improve VDR expression, and future studies should include
other genera like Bifidobacterium. Furthermore, the impact of prebiotic compounds and food
processing technologies, such as microencapsulation, could be used as strategies to increase
the probiotic survival after passage through the gastrointestinal tract, and possibly boost their
potential health benefits. IBD patients avoid dairy products due to lactose content (SCOTTI et
al., 2019). Thus, other food matrices should be explored as vehicles for probiotics, such as
soy, rice, coconut, almond, among other vegetable beverages. This knowledge can be
exploited to develop novel strategies by restoring healthy VDR functions and normal host-

microbe interactions.
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The potential use of vitamin D as an alternative approach for gut microbiota

modulation in inflammatory bowel disease
Abstract

Inflammatory bowel disease (IBD) is a chronic disease in the gastrointestinal tract (GIT). The
two major types of IBD are ulcerative colitis (UC), which generally affects only the large
intestine mucosa and submucosa, and Crohn’s disease (CD), which may affect any part of the
GIT by transmural inflammation. Both UC and CD are associated with an imbalance of the
gut microbiota composition and injuries in the intestinal mucosa. In fact, the intestinal
dysbiosis is related to a reduction in butyrate-producing species, impairing the anti-
inflammatory response of the immune system, and is commonly associated with
micronutrients deficiency, e.g. vitamin D hypovitaminosis. Vitamin D, in addition to calcium
homeostasis and bone metabolism, is involved in several critical functions, including immune
cell differentiation, regulation of microbiota, gene transcription, and barrier integrity. Vitamin
D supplementation in IBD patients showed promising results in reducing the disease activity,
gut microbiota modulation, and thus, resulting in improvement of the health status. Therefore,
in this review, we will discuss the potential use of vitamin D supplementation as adjuvant
therapy to restore gut microbiota balance, promote beneficial metabolites, and inhibit

inflammation status in patients with 1BD.

Key words: Vitamin D, VDR, inflammation, microbiome, metabolites, nuclear receptor,

probiotics, tight junctions
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1 INTRODUCTION

Inflammatory bowel disease (IBD) is defined as a chronic inflammation of the
gastrointestinal tract (GIT) that affects more than 6 million people worldwide (AGA, 2017;
ALATAB et al., 2017). The most common types are Crohn’s disease (CD) and ulcerative
colitis (UC), which will differ in the location and extension of the lesions throughout the GIT
(AGA, 2017). CD is a segmental, asymmetrical, and transmural inflammation that may affect
the whole GIT, but is more frequently observed in the ileum and colon. On the other hand,
UC is more related to mucosal inflammation from the rectum to the proximal colon (AGA,
2017; TORRES et al., 2017; UNGARQO et al., 2017). In fact, IBD has a great impact on the
physical, psychological, and social aspects of life, and depression and anxiety are usually
increased in these patients. Thus, the management of these diseases is of utmost importance
for the quality of life of the patients (ALATAB et al., 2017).

Studies have suggested that IBD may be triggered by an abnormal immune response
to gut commensal bacteria in genetically predisposed individuals and is associated with an
impaired intestinal barrier function and a less diverse gut microbiota composition (LEVINE;
SIGALL BONEH; WINE, 2018; RYAN et al., 2020; SCHIRMER et al., 2019; STANGE;
SCHROEDER, 2019). Several factors are associated with the risk of IBD development, such
as country development degree, smoking, sex, age, use of antibiotics or oral contraceptives,
lower serum levels of vitamin D, and diet (ALATAB et al., 2017; PIOVANI et al., 2019).

The gut microbiota is comprised of more than 2000 species of bacteria distributed
throughout the GIT. The population density increases from the stomach to the colon, reaching
10%°-10%2 CFU/mL at the end of the large intestine. Innumerous functions are attributed to the
gut microbiota, like metabolism of nutrients from the diet, fiber fermentation, short-chain
fatty acids (SCFA) production, vitamin production, barrier function and tight junctions
regulation, antimicrobial compounds secretion, immune regulatory, among others (ADAK;
KHAN, 2019; ALMEIDA et al., 2019). Microbial metabolites released by the gut microbiota
circulate and may affect the proper function of other organs and systems of the body.
Therefore, strategies that address the gut microbiota modulation, improvement of the gut
barrier function, and decrease in the intestinal mucosa inflammation are of the greatest
significance for IBD treatment (SALVUCCI, 2019; STANGE; SCHROEDER, 2019).

Micronutrient deficiencies are often observed in IBD patients, and mostly low levels
of vitamin D and zinc, even during disease remission (MACMASTER et al., 2020).
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Observational studies have reported that low levels of vitamin D are directly associated with
increased disease activity, mucosal inflammation, clinical relapse, and quality of life. Thus,
vitamin D deficiency might be both, the cause, and a consequence of IBD (GUBATAN et al.,
2019; MACMASTER et al., 2020). In fact, chronic diarrhea, nutrients malabsorption, low
exposure to sunlight, and reduced consumption of vitamin D-fortified foods, like dairy
products, are frequent in IBD patients, which may lead to vitamin D deficiency (MYINT,;
SAUK; LIMKETKALI, 2020).

Additionally, several studies about epigenetic factors associated with IBD have been
conducted. Indeed, epigenetics may explain how environment and genetics might be involved
in the development, progression, pathogenicity, and response to treatments. Also, epigenetic
markers related to immunoregulation, intestinal epithelial barrier, and autophagy are
differently expressed among IBD and healthy controls, and between UC and CD patients as
well, and miRNAs (microRNA) may be used as biomarkers for disease assessment in the
future, as they are more convenient than endoscopy and biopsies, mainly for patients with
active disease (ZENG; MUKHERJEE; ZHANG, 2019).

In this review, we will explore vitamin D deficiency and gut microbiota dysbiosis
associated with IBD, and the potential use of vitamin D in the management of the disease. In
addition, epigenetic factors involved in IBD and vitamin D mechanisms will also be

discussed.

2 PATHOGENESIS OF INFLAMMATORY BOWEL DISEASES

2.1 Genetics

In the last decades, the understanding of the pathophysiology of IBD has markedly
evolved. In addition to environmental, genetic, and microbial factors, the pathogenesis of IBD
also involves the function of cells related to the inflammatory process, such as adipose,
epithelial, and endothelial cells, together with regulatory RNAs and inflammasome. For a
better elucidation of the disease, a broader approach of all these factors must be performed to
clarify the underlying mechanisms that results in the abnormal immune response associated to
these diseases (DE SOUZA; FIOCCHI, 2016). Here we will focus on the main mechanisms
related to genetic factors and intestinal microbiota that affect the immune response.

It is known that there is an important genetic component that predisposes the
development of both UC and CD, and many of these variants are shared in these diseases,

thus the mechanistic pathways may be similar. A meta-analysis regarding genome-wide
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association studies (GWAS) showed that, although 110 variants are shared in IBD, there are
23 specifics for UC and 30 for CD. The identified loci are enriched for primary
immunodeficiencies, reduced circulating T- cell levels, and mycobacterial diseases (JOSTINS
etal., 2012).

The strongest genetic risk associated with IBD is NOD2 (RADFORD-SMITH;
PANDEYA, 2006). The receptor belongs to the NOD-like receptor (NLR) family and encodes
the primary receptor for muramyl dipeptide (MDP) present in all Gram-positive and negative
bacteria. NOD2 is expressed in macrophages, Paneth cells, and lamina propria lymphocytes
and is pivotal for bacterial recognition. Therefore, it acts in the innate immune response and
regulation of commensal microbiota (SALZMAN et al., 2010). After binding to MDP, the
NOD?2 oligomer activates TAK1, which leads to activation of NF-xB and MAPK, resulting in
the production of inflammatory cytokines (MEINZER; HUGOT, 2005). Changes in the
microbiome with an abnormal NOD?2 response can result in an exacerbated immune response
and inflammation, which is usually present in CD. Still, NOD2 variants can reduce the
transcription of 1L-10 anti-inflammatory cytokine (NI et al., 2017; STROBER; WATANABE,
2011).

There are other genetic variants associated with autophagy identified by GWAS and
related to CD, such as ATG16L1 and IRGM. Activation of NOD-2 by bacterial MDP in
epithelial cells leads to activation of autophagy and increases bacterial killing, a process that
is impaired in individuals with CD associated with NOD-2 variants (HOEFKENS et al.,
2013). This further compromises the secretion of antimicrobial peptides, such as a-defensins
and other cryptdins (STROBER; WATANABE, 2011). Cryptdins are antimicrobial peptides
that are produced by Paneth cells, and their antimicrobial activity is important in reducing
infection by pathogenic bacteria such as Listeria monocytogenes (NI et al., 2017
OUELLETTE et al., 2000; STROBER; WATANABE, 2011).

2.2 Microbiota and Immune response

The human intestinal microbiota holds approximately 10%* bacterial cells and about
100-fold the number of human genes (microbiome), and the most representative phyla are
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria (BACKHED et al., 2015;
THURSBY; JUGE, 2017). Microbiota is shaped since before birth and is influenced by the
mode of birth, the surrounding environment, breastfeeding, availability of nutrients, and other
factors (AAGAARD et al., 2014; DOMINGUEZ-BELLO et al., 2010). After the introduction
of food, the infant's microbiota becomes more similar to that of an adult, and its maturity
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occurs around 3 years of age (BACKHED et al., 2015). Early colonization is essential for the
development and maturation of the immune system. Children born by cesarean have delayed
colonization and present lower diversity and reduced Thl response (JAKOBSSON et al.,
2014).

Immune receptors, such as Toll like receptor receiver (TLR) and NLR, recognize
microbe-associated molecular patterns (MAMPs) and play a chief role in intestinal
homeostasis (HOOPER; LITTMAN; MACPHERSON, 2012). The microbial composition is
conditioned by the products of the immune and epithelial cells, such as IgA, mucus, and
defensins. Regarding the mucosal immunity, it is regulated by the microbiota. Bacteroides
fragilis promotes the differentiation of T helper 1 (Th1) and Clostridia of T helper Reg (Treg),
for example, in a symbiotic relation (IMAM et al., 2018).

Increased intestinal permeability is frequent in CD and UC (COUFAL et al., 2019).
A defect in the intestinal barrier could be a primary cause of immunopathogenesis in IBD
since increased permeability facilitates the absorption of food and microbial products able to
induce an exacerbated immune response and lead to inflammation (TURNER, 2009; WYATT
et al., 1993). This is possibly due to a change in the mucus layer in the intestinal lumen. In
patients with CD, a reduction in the expression of MUC3, MUC4, and MUC5B mRNA in the
ileal mucosa and MUC1 mRNA in the inflamed ileum has already been observed (BUISINE
et al., 1999; DOROFEYEV et al., 2013). Also, the colon mucus of animals that develop UC
spontaneously and patients with active UC has been shown to allow bacteria to penetrate and
reach the intestinal epithelium (JOHANSSON et al., 2014). The variants of the NOD2, JAK2,
MUC1, and MUC13 genes are associated with impaired intestinal barrier function and may
predispose to infectious and inflammatory diseases and handle an abnormal immune response
to luminal antigens (BUHNER et al., 2006; PRAGER et al., 2012; SHENG et al., 2013).

In an experimental colitis model, it was demonstrated that mice with the gut
epithelium vitamin D receptor (VDR) deletion developed a more severe clinical colitis and
worsened epithelial cell apoptosis, leading to an increased intestinal mucosa permeability, and
promoted the Thl and Th17 mucosal response (HE et al., 2018). This suggests that the
downregulation of the colonic VDR observed in patients with IBD may be related to an
increased intestinal mucosa permeability.

The immunological profile of IBD patients is a combination of Thl and Th1/Th17 in
CD and atypical Th2 in UC (ROSEN et al., 2017). An increase in the pro-inflammatory
cytokine IL-17 is observed in the intestinal mucosa and blood, especially in patients with CD.

Since Thl7 cells also produce IL-22 and IL-21, it promotes IFN-y production and Thl
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response. In UC, an immune response Th-2 is characterized by the production of IL-5, 1L-13,
and IFN-y. There is still disagreement regarding the pattern of cytokines secreted in different
diseases and studies showed that the cytokine profile does not always match the type of
immune response (TATIYA-APHIRADEE et al., 2019).

In IBD, there is an increased immune response against microbial antigens. This is
noted by the circulating levels of antibodies against microbial antigens and glycans. Several
studies have pointed out differences in the composition of the microbiota between the 1BDs.
The patients present an imbalance related to microbial diversity and relative abundance of
specific bacteria, namely dysbiosis (CHASSAING; DARFEUILLEMICHAUD, 2011).

In comparison to healthy individuals, individuals with IBD show an increase in
bacteria of the Proteobacteria phylum, such as Enterobacteriaceae and Escherichia coli
(ANDOH et al., 2011). Patients with CD usually present a reduction in the phylum
Firmicutes, especially Faecalibacterium prausnitzii, which is reduced in relative abundance in
the stool, and increased abundances of Bacteroidetes and Proteobacteria. In UC, the gut
microbiota is characterized by the low abundance of butyrate-producing bacteria, and a high
ratio of B.fragilis/F. prausnitzii is associated with a weaken anti-inflammatory response
(CHASSAING; DARFEUILLEMICHAUD, 2011; MIQUEL et al., 2013; SITKIN;
POKROTNIEKS, 2019).

2.3 Therapies and adverse effects

Although IBDs are characterized by a chronic inflammatory disorder, there are
several degrees in the severity of symptoms. Some patients may have the disease controlled
with aminosalicylates and glucocorticoids treatments, while others require biological therapy
and immunosuppressants (QUEZADA; MCLEAN; CROSS, 2018).

Aminosalicylates have a long history of safe use. Their adverse effects are similar to
placebo controls and are usually controlled with a dose reduction (ROGLER, 2010).

The most common immunomodulators are azathioprine (AZA), methotrexate
(MTX), and mercaptopurine (MP), which are usually efficient in controlling symptoms
without the need for corticosteroids. The most frequent adverse effects related to these
medications are liver toxicity, nausea, vomiting, diarrhea, and fatigue. Anti-TNF-a is the first
class of biological therapy created to treat moderate to severe IBD. They comprise a series of
monoclonal antibodies that are effective for both maintenance and remission of CD and UC.
Nonetheless, these therapies may increase the risk for autoimmunity, demyelinating disease,
and opportunistic infections, and about a third of patients can develop infections during the
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first year of using the medication. Thus, some precautions are recommended before starting
therapy, such as screening for tuberculosis and hepatitis B virus (QUEZADA; MCLEAN;
CROSS, 2018).

Additionally, there are the anti-integrin and anti-interleukin 12/23 therapies. Despite
the short history of use, they have shown to be a promising and effective treatment due to
their role in different molecules of the pro-inflammatory cascade (QUEZADA; MCLEAN,;
CROSS, 2018).

The main reason for malnutrition in IBD is the reduced oral food intake due to
symptoms of the disease, such as nausea and vomiting, fasting during hospitalization, or
prolonged restrictive diets. Despite this, the use of medications may affect the absorption and
use of micronutrients. Sulfasalazine, for example, is a folic acid antagonist, which may lead to
anemia when used for a long period. On the other hand, glucocorticoids decrease the
absorption and use of calcium, zinc, and phosphorus and impair vitamin D metabolism
(SCALDAFERRI et al., 2017).

2.4 Diet and Quality of Life in IBD

IBD patients often report reduced quality of life (QoL) and have elevated levels of
anxiety and depression when compared to healthy individuals. This may be due to the
associated symptoms, disruption to usual life activities, employability, stigma, or disability
(KNOWLES et al., 2018a). In a recent systematic review, Knowles et al. (2018b) verified the
impacts of the disease on QoL when compared to healthy individuals. There is a significant
reduction in both mental and physical health, similar to other medical conditions. QoL was
also lower when the disease was active, and worse for those with CD compared to UC
(KNOWLES et al., 2018a). It has also been shown that the QoL of patients with IBD
improves over time, which means that there is an adaptive process to the disease (KNOWLES
etal., 2018a,b).

It is common for patients with IBD to self-impose dietary restrictions, which is
generally associated with insufficient macro and micronutrients in the diet (LIM; KIM,;
HONG, 2018). One study compared patients with inactive or average CD with healthy
controls. An inadequate nutrient intake due to the exclusion of food groups, such as milk,
vegetables, and grains in CD group was observed (SOUSA GUERREIRO et al., 2007). More
than a third of the individuals with IBD had BMI above 25, showing malnutrition
accompanied by obesity, which may be due to physical inactivity or treatment with

corticosteroids. The main micronutrient deficiencies observed in patients with IBD are zinc,
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iron, vitamin B12, and vitamin D, contributing to a critical condition and influencing on well-
being (MASSIRONI et al., 2013; ROCHA et al., 2019).

In the meta-analysis conducted by Gubatan et al. (2019), the relationship between
low levels of vitamin D and the risks of clinically active disease, mucosal inflammation,
clinical relapse, and low quality of life scores among 8316 IBD patients from observational
studies was evaluated. Low levels of 25(OH)D were significantly associated with an increase
in the clinically active disease [UC (pooled OR 1.47, 95% CI 1.03-2.09, P = .03, 12 = 0%);
CD (pooled OR 1.66, 95% CI 1.36-2.02, P < .00001, 12 = 0%)] and clinical relapse [UC
(pooled OR 1.20, 95% CI 1.01-1.43, P = .04, 12 = 0%); CD (pooled OR 1.35, 95% CI
1.14-1.59, P = .0004, 12 = 0%)]. Meanwhile, low vitamin D levels were associated with
increased mucosal inflammation and low quality of life scores only in CD patients. In fact,
mucosal inflammation may lead to malabsorption of vitamin D in CD, thus low levels of
vitamin D could be considered as an inflammation biomarker for CD (GUBATAN et al.,
2019). Accordingly, MacMaster et al. (2020) observed that around 30% of 93 IBD patients in
remission presented vitamin D deficiency (MACMASTER et al., 2020).

Hospitalization of IBD patients is associated with disease complications, surgical
procedures, and a lack of specialized follow-up. Thus, the maintenance of UC and CD
remission is of utmost importance. In fact, according to an integrative review conducted by
Rocha et al. (2019), malnutrition is related to hospitalization of patients affected by the
disease. Moreover, nutritional status may influence hospitalization in I1BD, although no
comparison with adequate nutritional status was evaluated (ROCHA et al., 2019). Low or
insufficient levels of vitamin D have already been linked to an increased need for
hospitalization and surgery in IBD, when compared to normal serum levels
(ANANTHAKRISHNAN et al., 2013; KABBANI et al., 2016). This highlights the
importance of maintaining levels considered as adequate for vitamin D, since its anti-
inflammatory effect is very well studied, and these patients can benefit and improve their

well-being.

3 VITAMIN D AS AN ALTERNATIVE APPROACH IN IBD

3.1 Mechanisms of action of Vitamin D

Vitamin D is a fat-soluble vitamin that can be found in two different chemical
structures: cholecalciferol (vitamin D3) or ergocalciferol (vitamin D). It can be absorbed

either by exposure of the skin to UVB rays from the sun, when the 7-dehydrocholesterol,
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present in the skin, is converted to cholecalciferol, or by the consumption of some fatty fishes,
sun-exposed mushrooms, fortified foods - mostly dairy products, or even by supplements.
Vitamin D is transported to the liver by the circulation and transformed into 25(OH)D (25-
hydroxyvitamin D), the main circulation form and vitamin D status marker, by the enzyme
25-hydroxylase (CYP2R1). Nonetheless, the 25-hydroxyvitamin D should suffer another
hydroxylation in the kidneys by the enzyme 1-a-hydroxylase (CYP27B1), where it is
converted to calcitriol or 1,25-(OH).D (1,25-dihydroxyvitamin D), the active form of the
vitamin (HOLICK, 2017).

The functions of calcitriol in the body are mediated by the VDR. The VDR bounded
to 1,25-(OH).D forms an heterodimer with the retinoic acid receptor (RXR), which migrates
to the cell nucleus and binds to the vitamin D-response element (VDRE) in the promoter
regions of target genes, acting as a nuclear transcription regulator (BAKKE et al., 2018;
HAUSSLER et al., 2011; HOLICK, 2017). In addition, the VDR is expressed in various
tissues (e.g. parathyroid gland, small intestines, and colon). The VDRE is found in several
genes, explaining the mechanisms associated with vitamin D, like autophagy (WU et al.,
2015), cell proliferation (JIN et al., 2017), intestinal barrier function (ZHANG et al., 2015;
ZHANG et al., 2019), gut microbiota modulation (WANG et al., 2016; WU et al., 2015;
ZHANG et al.,, 2020), and immune functions (BASHIR et al.,, 2016; VELDMAN;
CANTORNA; DELUCA, 2000), besides the most well-known mechanism, regarding calcium
homeostasis and bone health (BAKKE et al., 2018; HAUSSLER et al., 2011; WANG et al.,
2016).

Vitamin D immunomodulatory effects are directly related to antigen presenter cells
(e.g. macrophages and dendritic cells) and T-cells functions. It seems that 1,25-(OH).D
modulates the T-cell differentiation, shifting from a pro-inflammatory Th1l immune response
to an anti-inflammatory Th2 immune response, increasing the secretion of IL-4 while
decreasing the secretion of IL-2 and IFN-y. Moreover, 1,25-(OH)2D may inhibit dendritic cell
differentiation and 1L-12 production while increasing IL-10. Also, the lack of 1,25-(OH).D
harms regulatory T-cells (Tregs) differentiation and weakens its functions, which may trigger
autoimmune diseases (CANTORNA, 2016; LIM; HANAUER; LI, 2005; SZODORAY et al.,
2008).

There is no consensus about the ideal circulating level of vitamin D. According to
the Institute of Medicine (IOM), for the majority of the population, a minimum 25(OH)D
serum level of 20 ng/mL (50 nmol/L) is considered enough, in case of a minimum sun

exposure. Meanwhile, the risk of vitamin D deficiency is considered when the 25(OH)D
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serum level is below 12 ng/mL (30 nmol/L) (INSTITUTE OF MEDICINE, 2011).
Nevertheless, the Clinical Practice Guideline from the Endocrine Society defined vitamin D
deficiency as serum level of 25(OH)D below 20 ng/mL (50 nmol/L) and values between 21-
29 ng/mL (525-725 nmol/L) are considered as vitamin D insufficiency (HOLICK et al.,
2011). These thresholds of vitamin D serum levels were established for bone health.
However, it is known that vitamin D deficiency may also be related to certain types of cancer,
cardiovascular diseases and hypertension, type 2 diabetes and metabolic syndrome,
autoimmune diseases (e.g. type 1 diabetes, rheumatoid arthritis, IBD, CD, systemic lupus
erythematosus, and multiple sclerosis), and infectious diseases (e.g. tuberculosis and upper
respiratory infections), autism, depression, among others (HOLICK, 2017; HOLICK et al.,
2011; INSTITUTE OF MEDICINE, 2011; SZODORAY et al., 2008). Furthermore, it is
important to point out that the exposure to sunlight is the most effective natural source of
vitamin D. However, people usually avoid sunlight exposure or use sunscreen due to skin
cancer risk and it is difficult to reach the minimum required through the diet, thus
supplementation is often necessary (HOLICK, 2017; HOLICK et al., 2011; INSTITUTE OF
MEDICINE, 2011).

3.2 Vitamin D as an alternative treatment for gut microbiota modulation and

improvement of inflammation in IBD

It has been suggested that low levels of circulating vitamin D are related to increased
IBD disease activity and relapses, in addition to gut microbiota dysbiosis. In fact, IBD is
characterized by an abnormal immune response to gut commensal bacteria in genetically
predisposed individuals. There are few studies with humans exploring the impact of vitamin
D in IBD management and gut microbiota modulation, which will be discussed hereafter and

are summarized in tablel.
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Table 1: Summary of Vitamin D studies in Inflammatory Bowel Disease

Group Type of IBD  Treatment/Condition Duration of study Outcome Ref.
Adults ucC Single intramuscular injection: Follow wup after 3 125(0OH)D SHARIFI et al.,
N =90 Vitamin D3: 300,000 1U months | TNF-a, IFN-y, IL-12p70, hs-CRP, 2016; SHARIFI et
ESR al., 2019
| Th1l immune response
Children and UCand CD  Oral liquid preparation: Follow wup after 6 125(OH)D PAPPA et al., 2012
adolescents Arm A - Vitamin D.: 2,000 IU daily weeks
N=61 Arm B - Vitamin Ds: 2,000 IU daily
Arm C - Vitamin D,: 50,000 1U weekly
Adolescents UCand CD  Oral pills: 6 weeks (follow up 1 25(0OH)D SIMEK et al., 2016
N= 40 e Vitamin D3: 5,000 1U/10 kg of body after 2, 8, and 12

weight (méx. 25,000 IU weekly) or weeks)
10,000 1U/10 kg or body weight (méax.
50,000 U weekly)

Adults UCand CD  Oral liquid preparation: 12 weeks (follow up at 1 25(OH)D GARG et al,
N=10 Vitamin Ds: 5,000-10,000 1U daily week 16) | CD clinical disease activity (HBI) 2018b
Adults uc Oral pills: 8 weeks 1 25(OH)D GARG et al,
N= 25 Vitamin D3z 4,000 1U weekly | clinical disease activity 2018a

| fecal calprotectin

| inflammation in active UC

Trend in reducing mucolytic species
in fecal microbiota

CD = Crohn’s Disease; ESR = erythrocyte sedimentation rate; GIT = gastrointestinal tract; HBI = Harvey-Bradshaw Index; HE = high sunlight exposure;
hs-CRP = high-sensitivity C-reactive protein; IBD = inflammatory bowel disease; U = International Units; LE = low sunlight exposure; UC = Ulcerative colitis.



Table 1: continued

o1

Group Type of IBD  Treatment/Condition Duration of study Outcome Ref.
Adults CD in Oral: 4 weeks 1 25(0OH)D SCHAFFLER et
N=17 clinical Vitamin Ds: Day 1 — 3: 20,000 1U 1t week 1: Alistipes, Barnesiella, al., 2018
remission Day 4 — 28 (alternated): 20,000 U Roseburia, Anaerotruncus,
Subdoligranulum
T week 2: Faecalibacterium,
Veillonella, Blautia,
Fusicatenibacter, Intestinibacter
1 week 4: Lactobacillus,
Megasphera
| reduced diversity
Adults Healthy Oral drops: 8 weeks 1 25(0H)D BASHIR et al,
N=16 volunteers Vitamin Ds: Upper GIT: 2016
First 4 weeks: 980 IU/ kg of body ! Gammaproteobacteria -
weight weekly (max. 68,600 1U weekly) Pseudomonas spp.,
Last 4 weeks: 490 IU/ kg of body Escherichia/Shiguela spp.
weight weekly (max. 34,300 1U weekly) 1 bacterial richness
Terminal ileum: 1CD8+ T cell
Adults CDand UC  Comparison between Summer/autumm (HE) 25(OH)D levels were correlated SOLTYS et al,
N= 87 active or in Seasonal 25-(OH)D circulating levels vs winter/spring (LE) with changes in microbiome 2020
remission (supplemented or not) ! 25(OH)D — balanced

microbiome composition

CD = Crohn’s Disease; ESR = erythrocyte sedimentation rate; GIT = gastrointestinal tract; HBI = Harvey-Bradshaw Index; HE = high sunlight exposure;
hs-CRP = high-sensitivity C-reactive protein; IBD = inflammatory bowel disease; U = International Units; LE = low sunlight exposure; UC = Ulcerative colitis.
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3.2.1 Vitamin D and gut microbiota modulation

Schaffler et al. (2018) reported that vitamin D3 supplementation altered the gut
microbiota composition only in remission CD patients, and no changes were noted in the
healthy controls. Throughout 4 weeks, an increase in the abundance of beneficial bacteria like
Alistipes, Parabacteroides, Roseburia, and Faecalibacterium was observed, even though it
was transient. The authors suggested that 4 weeks might have been a too short intervention
period to detect a greater change. However, these results suggest that vitamin D
administration has potential as an adjuvant therapy for CD patients (SCHAFFLER, et al.,
2018). It is noteworthy that the reduced abundance of the Faecalibacterium genus is
commonly associated with both diseases, UC and CD. Its characteristic of producing butyrate
has already been shown to be a way to reduce inflammation and promote a balance between
Th17 and Treg (ZHOU et al., 2018).

In an interesting cohort study, the possible connection between the seasonality of
serum vitamin D levels and changes in the microbiome was evaluated. The target population
was composed by adults (n = 87) with IBD (CD or UC), who lived in regions far from the
equator, and both the intestinal mucosa and the fecal samples microbiome were evaluated.
After confirming the differences in the concentrations of 25 (OH) D, which were higher in
periods with higher sun exposure (summer / autumn), some changes in the microbial
composition were also observed. In the summer / autumn period, an increase in the abundance
of Pediococcus spp., Clostridium spp., and Escherichia / Shigella spp. was observed. In
contrast, inflammation-related bacterial genera such as Eggerthella lenta, Fusobacterium
spp., Helicobacter spp., and Faecalibacterium prausnitzii showed lower relative abundance.
Unlike other studies, low levels of vitamin D were associated with a more balanced
composition of the microbiome. It should be noted that it was not a randomized controlled
trial (RTC), but vitamin D levels were correlated with changes in the microbiome in
individuals with IBD (SOLTYS et al., 2020).

Vitamin D supplementation in healthy individuals has also been shown to alter the
microbiome. In a study conducted in healthy adults (n = 16) supplemented with vitamin Ds
(first 4 weeks: 980 IU / kg of body weight; last 4 weeks: 490 IU / kg of body weight) for 8
weeks, the supplemented group had the upper GIT (gastric corpus, antrum, and duodenum)
microbiome composition changed (BASHIR et al., 2016). The abundance of Proteobacteria
was reduced in the gastric corpus (GC) and antrum (GA), along with an increase in
Bacteroidetes in the GC and the descending part of the duodenum, while no changes were
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observed in the microbiome of the lower GIT and fecal samples. The supplemented group
also showed an increase in bacterial richness and significant changes in Gammaproteobacteria
in the upper GIT, such as a reduction in Pseudomonas spp. and Escherichia / Shigella. The
authors suggested that the increase in the phylotype richness and the microbial changes in the
upper GIT, mainly due to the reduction in typically opportunistic pathogens, supports the
beneficial effects of vitamin D on the human gut microbiome, especially in the upper GIT
(BASHIR et al., 2016). Still, similarly to what had been previously observed by Veldman et
al. (2000), a trend in the increase of CD8 + T cell, the immune cell with the highest
expression of VDR, was observed in almost all regions of the gastrointestinal tract evaluated
(BASHIR et al., 2016; VELDMAN et al., 2000).

In another interventional study conducted with healthy individuals, higher circulating
levels of 25(OH)D (above 20 ng/mL) were related to a higher abundance of the beneficial
bacteria Akkermansia muciniphila and a reduced abundance of the pathogen Porphyromonas
spp. Moreover, after supplementation with vitamin Ds for 8 weeks (600, 4,000, or 10,000
IU/day), an increase in the relative abundances of Bacteroides spp. and Parabacteroides spp.
was observed. This fact is usually associated with an improvement in the IBD activity, and a
decrease in the Firmicutes:Bacteroidetes ratio (CHAROENNGAM et al., 2020). Accordingly,
Luthold et al. (2017) reported that 25(OH)D circulating levels were inversely correlated with
the fecal abundances of the Gram-negative genera Haemophilus and Veillonella, in addition
to higher LPS levels, suggesting the vitamin D role in the intestinal homeostasis and
inflammation (LUTHOLD et al., 2017).

3.2.2 Anti-inflammatory potential of vitamin D in IBD

Supplementation of vitamin D in IBD patients is challenging due to nutrients
malabsorption issues, and higher doses are often necessary to achieve the recommended
circulating level (above 20 ng/L, according to IOM). A meta-analysis conducted by Guzman-
Prado et al. (2020) indicated that the administration of vitamin D to IBD patients might
improve the vitamin status while reducing the disease activity index and the levels of hs-CRP
(high-sensitivity C-reactive protein) (GUZMAN-PRADO et al., 2020). Nevertheless, these
benefits seemed to be more pronounced in CD cases when compared to UC (GUBATAN et
al., 2019; GUZMAN-PRADO et al., 2020).

Supplementation of vitamin D2 (2,000 IU daily or 50,000 IU weekly) or vitamin D3
(2,000 U daily) were able to increase vitamin D level in children and adolescents with IBD
and vitamin D insufficiency. However, the higher vitamin D2 dose (50,000 IU weekly) was
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the most successful treatment, achieving a serum level of 25(OH) above 32 ng/mL in 75% of
the patients enrolled in this group (PAPPA et al., 2012). Likewise, adolescents with IBD and
vitamin D deficiency that received oral vitamin D3 supplementation during 6 weeks (5,000 1U
or 10,000 1U per 10 g of body weight) showed an improvement in the vitamin D status up to
12 weeks of follow up (SIMEK et al., 2016). Nonetheless, none of these clinical trials
evaluated inflammatory markers or reported the impact on the disease status.

An observational study with 206 IBD patients showed that vitamin D deficiency and
insufficiency were observed in both CD and UC patients, but were more frequent in CD
patients. In addition, moderate and severe clinical disease activities reported were
significantly associated with vitamin D deficiency in CD (MENTELLA et al., 2019).
Similarly, Mechie et al. (2019) reported that the majority of IBD patients had vitamin D
deficiency and the serum levels of 25(OH)D may be considered an important marker for IBD
disease activity, in addition to hs-CRP and fecal calprotectin (MECHIE et al., 2019).

In a RCT with 90 adults with UC, a single dose injection of 300,000 IU of vitamin
D3 significantly increased the serum levels of 25(OH)D while it decreased inflammatory
markers hs-CRP and ESR (erythrocyte sedimentation rate) and suppressed the Thl immune
response in UC patients (SHARIFI et al., 2016; SHARIFI et al., 2019). Similarly, in the study
conducted by Garg et al. (2018b), UC and CD patients that received 5,000-10,000 IU of
vitamin D3 daily for 12 weeks showed a significant increase in the 25(OH)D serum levels
(GARG et al., 2018b). At the same time, CD patients reported a decrease in the clinical
disease activity index, even though the biomarkers did not confirm this anti-inflammatory
effect (GARG et al., 2018a).

In summary, vitamin D plays a critical role in the proper immune responses, and its
status should be monitored in individuals from risk groups, such as IBD patients. Moreover, a
limited number of interventional studies evaluating the impact of vitamin D in the
inflammation pathways and in the gut microbiota modulation in IBD were conducted.

However, the outcomes are hopeful, and future studies are encouraged.
4 EPIGENETICS AND IBD, VITAMIN D/VDR

Genetics is popularly known as the study of heredity, evaluating the changes in
nucleic acids and their performance in organisms. On the other hand, epigenetics is defined as
changes in gene expression or reversible hereditary changes without altering the DNA

sequence (FEINBERG, 2007). A central goal of epigenomics is to understand the gene
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expression alteration by dietary molecules (CARLBERG; ULVEN; MOLNAR, 2016), and it
makes a joint focus with nutrigenomics and epigenomics (CARLBERG, 2019).

Epigenetics changes occur in the following ways: DNA methylation, histone
modifications, chromatin remodeling, and noncoding RNAs regulation (CAVALLI; HEARD,
2019).

The most well-known epigenetic modification is DNA methylation, which is
characterized by the addition of a methyl group covalently to the C5 carbon of a cytosine
(BIRD, 2002). The degree or number of methylations defines the expression of a gene. High
degree of methylations (hypermetilation) silences the promoter of tumor suppressor genes,
while under-methylated DNA (hypomethylation) induces proto-oncogenes, for example
(HERCEG, 2007).

The second group of epigenetic changes are the histone modifications, which either
activate or repress gene expression. Based on post-translational modifications in the histone
tail at lysine, arginine, and serine residues (KOUZARIDES, 2007), such as acetylation,
methylation, and phosphorylation (CARLBERG; ULVEN; MOLNAR, 2016).

Chromatin remodeling are the third group of epigenetics modification. Chromatin is
modulated by a group of enzymes that catalyze changes in histone residues, such as the
addition or removal of acetyl or methyl groups. Acetylation (addition of acetyl) is generally
associated with transcriptional activation. These reactions are performed by two classes of
enzymes, histone acetyltransferase (HAT) and histone deacetylase (HDAC), while for histone
methylation there are two classes of enzymes with opposite functions, histone
methyltransferase (HMT) and histone demethylase (HDM) (CARLBERG; ULVEN;
MOLNAR, 2016).

There are several classes of RNA, including the noncoding RNAs (ncRNAs). This
class of molecules are grouped in the fourth group of epigenetics modification. NCRNA is a
group of RNA that has several other smaller groups, and neither their production nor their
functions can be generalized. Many of them regulate post-transcriptional processes, and
others are involved in transcriptional regulation. They can be divided in long ncRNAs
(IncRNAs), with up to more than 100 kilobases, and short ncRNAs, with less than 30
nucleotides, such as microRNAs (miRNAs), short interfering RNAs (siRNAs), and PIWI-
interacting RNAs (piRNAs) (CAVALLI; HEARD, 2019).
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4.1 Epigenetics and IBD

For a long time, a genetic susceptibility in IBD pathogenesis was suggested, and the
technological progress in DNA/RNA sequencing allowed many GWAS, and thus, the single
nucleotide polymorphisms (SNPs) identification (ANNESE, 2020; GAYA et al., 2006;
ZHANG; L1, 2014).

The identification of markers for the diagnosis of IBD is of utmost importance, and
DNA methylation and miRNAs are special biomarkers for diagnosis at the molecular level.
Indeed, studies have shown a strong sensitivity, specificity, and precision of these markers in
the diagnosis of IBD (ZENG; MUKHERJEE; ZHANG, 2019).

Compared with a healthy control group, patients with IBD showed different changes
in the mucosa methylation of the THRAP2, FANCC, GBGT1, DOK2, and TNFSF4 markers.
Differences were also observed between patients with CD and UC. CD patients had
hypermethylated GBGT1, IGFBP4, and FAM10A4 and hypomethylated IFITM1 when
compared to UC patients. Thus, enabling them as markers for differentiating CD and UC
(COOKE et al., 2012). Recently, Kim et al. (2020) identified that the fragile histidine triad
(FHIT) gene was hypermethylated in patients with CD, therefore a possible biomarker for this
disease (KIM et al., 2020).

4.2 Vitamin D/VDR epigenetic role in IBD

It is common to associate vitamin D with skeletal homeostasis (LAMBERG-
ALLARDT, 2006). However, VDR is linking at hundreds of sites in the genome
(CARLBERG; CAMPBELL, 2013) and is associated with the regulation of more than 60
genes (ALI; VAIDYA, 2007; THIBAULT; CANCEL-TASSIN; CUSSENOT, 2006). VDR
regulates the opening of ion channels, as well as the activity of various enzymes such as
kinases, phosphatases, and phospholipases (HAUSSLER et al., 2011).

The role of vitamin D/VDR in the secretion of intestinal mucus may be regulated by
the expression of CYP27B1 (ZHU et al., 2019). In both UC and CD, VDR expression is
down-regulated while CYP27B1 is up-regulated (CHEN et al., 2014; DU et al., 2017; LIU et
al., 2013). This reduced VDR expression can also be attributed to the miRNA-346 (CHEN et
al., 2014), one of the post-transcriptional mechanisms explained further.

Another way to prevent intestinal inflammation is by regulation of junctional
proteins (CAMPBELL; MAIERS; DEMALLI, 2017). Although there is a variety of functions
and routes that vitamin D / VDR plays a role, there are few studies exploring gene regulation
of junctional proteins (FAKHOURY et al., 2020). Liu et al. (2017) showed that VDR binds to
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histone inhibiting transcription of ZO-1, claudin-5, and occludin genes (LIU et al., 2017). On
the other hand, Zhang et al. (2015) have identified that VDR increases the leaky protein
claudin-2 as a direct target of the VDR signaling pathway (ZHANG et al., 2015).
Inflammatory cytokines could also increase the expression of Claudin-2 and enhance
intestinal permeability. Thus, lacking intestinal VDR regulation in IBD leads to hyperfunction
of Claudin-2 in the intestine and exaggerates the inflammatory responses (ZHANG et al.,
2017).

Besides the junctional proteins, other studies pointed out the influence of other
proteins related to IBD on the modulation of miRNAs or modulated by them. MiRNA are a
class of small non-coding RNA (17-22 nucleotides) that regulate gene expression post-
transcriptionally. Liu et al. (2018) performed a meta-analysis exploring the association of
SNPs from miRNAs and IBD. They reported three polymorphisms (rs11614913, rs2910146,
and rs3746444) in miRNA-196a2, miRNA-146a, and miRNA-499 in patients with IBD (LIU
et al.,, 2018). In addition, other miRNAs expression profiles changed during IBD. Among
them, are the following: miRNA-21, miRNA-122a, miRNA-155 or miRNA-150, which have
been associated to intestinal epithelial permeability (BIAN et al., 2011; SUN et al., 2013;
TIAN et al., 2013; YE et al., 2011); and miRNA-126, miRNA-146a or miRNA-155, which
are linked to innate and adaptive immune response in intestinal inflammation (FENG et al.,
2012; GHORPADE et al., 2013; SINGH et al., 2014). Moreover, miRNA-146a and miRNA-
155- are directly related to the communication between the GIT microbiome and the brain,
and miRNA-155 acts on 3 proteins, for which down-regulation is related to Alzheimer's
Disease (ALEXANDROQV et al., 2019).

4.3 Probiotic role on epigenetic changes by Vitamin D/VDR

The potential use of probiotics for gut microbiota modulation and IBD management
have been studied (BIANCHI et al., 2019; LEE et al., 2018; SARTOR, 2011). Ryan et al.
(2020) reported that inflamed and non-inflamed colonic segments in CD and UC differ in
microbiota composition and epigenetic profiles (RYAN et al., 2020). Moreover, it has been
suggested that probiotics may modulate the expression of miRNAs (CURRO et al., 2017).

Importantly, the proper function of VDR is crucial for probiotic anti-inflammatory
effects, while probiotic consumption may improve the VDR status as well (BATTISTINI et
al., 2020). Recently, Lu et al. (2020) reported that the anti-inflammatory and anti-infectious
activity of lactobacilli strains isolated from Korean kimchi depends on the VDR expression
(LU et al., 2020). Yet, in an earlier study, Lu et al. (2019) investigated the tissue-specific role
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of intestinal epithelial VDR apoptosis and autophagy. The authors concluded that VDR loss
impairs autophagy and enhances cell death through apoptosis. They suggested that this
mechanism is mediated by the action of vitamin D in ATG16L1 and Beclin-1, which
promotes cell survival and thus an anti-inflammatory role in the intestine (LU et al., 2019).
Likewise, Saccharomyces boulardii revealed to be a promising probiotic specie for the
management of IBD, increasing the expression of miRNA-155 and miRNA-223, while
decreasing the expression miRNA-143 and miRNA-375 (RODRIGUEZ-NOGALES et al.,
2018).

Furthermore, in a study conducted by Chatterjee et al. (2020), it became clear that
the VDR signaling affects both the microbiome and the metabolomics profile. Indeed,
impaired VDR together with a high fat diet (HFD), promoted a significant impact on bile acid
metabolism, which was more pronounced in female mice. In addition to microbiome
regulation, long chain acylcarnitines (LCACs), tocopherol, and equol metabolisms were also
influenced by VDR function and HFD. Thus, it can be concluded that both, diet and VDR
status, play a role in metabolic diseases, inflammation, risk of colon cancer, and epigenetic
pathways (CHATTERJEE et al., 2020).

In summary, emerging studies have pointed out the role of vitamin D/VDR in
regulating proteins that are related to IBD, especially promoting transcription factors, such as
miRNAs. There is also evidence that probiotics play a role in these modulations. Our recent
study has shown that VDR promotes healthy microbial metabolites and microbiome in a
tissue specific and gender specific manner (CHATTERJEE et al., 2020). However, more

studies are necessary to elucidate this influence and all the metabolic steps associated.
5 CONCLUSIONS AND FUTURE DIRECTIONS

In this review, we addressed the immunomodulatory effects of vitamin D. The
knowledge about the particularities of IBD has advanced substantially in recent years, and the
anti-inflammatory and modulating effect of vitamin D and VDR expression has been widely
studied and publicized. However, despite the fact that the chronic inflammation profile in IBD
is the key role that the microbiota plays in this relationship, studies in humans are still scarce.

Vitamin D immunomodulatory effects seem to be related to the suppression of the
pro-inflammatory Thl immune response, while lower levels of 1,25-(OH).D impair Tregs,

triggering autoimmune diseases. Indeed, the supplementation of vitamin D improved the



59

hs-CRP and fecal calprotectin status, while reduced the disease activity index and relapses,
predominantly in CD patients.

So far, it is possible to observe that vitamin D supplementation contributes to the
reduction of inflammation in individuals with IBD and can promote changes in the human
microbiota. However, the studies reported have several limitations, such as the small sample,
the unmatched methodology, or even the lack of definition of what would be the composition
of a healthy microbiota. Surely, VDR is a crucial factor for gut microbiota homeostasis,
having a great impact on the metabolome profile as well. In addition, its proper functions
influence several genes associated with inflammation, barrier function, cancer, autophagy,
among others. Therefore, more studies to assess the microbiota at the metabolic level are
needed, which would be more appropriate than in the taxonomic level, although alterations in
genera and species have already been associated with the disease.

Finally, a different profile of miRNA is expressed in CD, UC, or healthy control
individuals and epigenetics markers revealed to be a highly sensitive, specific, and precise
tool for IBD diagnosis, therefore a promising and less invasive alternative when compared
with endoscopy and biopsies, which are employed nowadays. Moreover, vitamin D also plays
a role in IBD regulating transcription factors associated with barrier function and immune
responses. The exact mechanisms are not well understood and more studies are encouraged to
explore the therapeutic potential of vitamin D in the gut microbiota modulation and anti-
inflammatory effects in IBD in the metabolic, immunological, and epigenetic levels.
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Brewer’s spent grain enhanced the recovery of potentially probiotic strains in

fermented milk after exposure to in vitro-simulated gastrointestinal conditions
Abstract

In beer manufacturing, the by-product brewer’s spent grain (BSG) is generated, which is rich
in fiber and other compounds with interesting nutritional and functional properties. The
fermentability of BSG by ten probiotics and two starter cultures was evaluated to select a
suitable combination of one probiotic and one starter strain for the application in fermented
milk (FM). The co-culture chosen for the development of the probiotic FM was composed of
Lactobacillus paracasei subsp. paracasei F19 and Streptococcus thermophilus TH-4. Four
formulations were studied, using Streptococcus thermophilus TH-4 as starter culture: FM1
(control; without probiotic culture and BSG); FM2 (only with BSG); FM3 (with probiotic
culture and without BSG); FM4 (with probiotic culture and BSG). The viability of the
microorganisms in the FM throughout 28 days and their resistance to in vitro-simulated
gastrointestinal (GI) stress was monitored. The BSG did not influence the fermentation
kinetics or the populations of both microorganisms in the FM during storage. Nevertheless,
the addition of BSG and/or the co-culture with F19 improved the survival of TH-4 against Gl
stress simulated in vitro. All the formulations evaluated have potential as probiotic fermented
beverages, since total probiotic populations were always above 10'° CFU in a daily portion of
200 mL of FM, and a minimum of 10%° and 10® CFU equivalent of, respectively, St.
thermophilus TH-4 and Lb. paracasei subsp. paracasei F19 was recovered after the GI stress.
Therefore, St. thermophilus TH-4 has potential as a probiotic strain in addition to its starter
feature, while BSG may be employed as a possible prebiotic ingredient for food application.
Nonetheless, in vivo and clinical trials to confirm the health benefits of the products

developed herein are needed.

Key words: probiotic; BSG; fermented milk; in vitro gastrointestinal resistance; prebiotic;

synbiotic.
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1 INTRODUCTION

Brazil is the third-largest beer producer worldwide, and this market is responsible for
2% of the GDP (gross domestic product) and 14% of the national industry, generating around
2.7 million of jobs and contributing to the economy with R$ 25 billion per year in taxes
(CERVBRASIL, 2014; SINDICERYV, 2020).

The beer production involves some processes, which comprise the malting step when
the enzymatic content of the barley grains is increased, and these enzymes are activated. Next,
the grains are dried, generating flavor components. Afterward, in the mashing step, the malted
barley is milled and mixed with water, and the temperature is slowly increased, converting the
starch in fermentable sugars, which will serve as a substrate for yeast fermentation and
alcohol production in beer. Finally, the wort obtained is filtered, generating the by-product
brewer’s spent grain (BSG) (FARCAS et al., 2015; MUSSATO; DRAGONE; ROBERTO,
2006; STOJCESKA, 2019).

Studies have shown that 100 liters of beer produced generate approximately 20 kg of
BSG. In 2016, more than 13 billion liters of beer were produced in Brazil, thus a great amount
of by-product was generated, which might be an environmental problem (CERVBRASIL,
2014; SINDICERV, 2020). Moreover, the BSG has around 70% of fibers, mainly
arabinoxylans, lignin, and cellulose, is rich in protein, contains linoleic, palmitic, and oleic
fatty acids, and phenolic compounds like flavonoids, having antioxidant activity. Thus, BSG
may have potential as a prebiotic ingredient, and novel applications of this by-product are of
utmost interest for the development of functional foods with more added value (FARCAS et
al., 2015; GIBSON et al., 2017; MUSSATO; DRAGONE; ROBERTO, 2006; ROBERTSON
etal., 2010; SAJIB et al., 2018; STOJCESKA, 2019).

Probiotics are defined as “live microorganisms which, when administered in
adequate amounts, confer a health benefit on the host” (HILL et al., 2014). Among the
various mechanisms of action attributed to probiotic microorganisms, stands out the capacity
of gut microbiota modulation, barrier function, competition for nutrients and for adhesion
sites, production of short-chain fatty acids (SCFA), organic acids, certain vitamins,
bacteriocins, and anti-inflammatory compounds, and improvement of the immune response
(HILL et al., 2014; SANDERS et al., 2019). In addition, the survival of probiotics during the
food production and storage processes and, also, through the gastrointestinal tract (GIT) stress
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(resistance to acid environment, bile, and enzymes) are extremely important factors for action
and efficacy of probiotics (GIBSON, 2004; RANADHEERA; BAINES; ADAMS, 2010).

Besides the direct administration of probiotics, another way to raise the population of
beneficial bacteria in the intestinal microbiota is through the intake of prebiotics. Since 2017,
prebiotic is defined as “a substrate that is selectively utilized by host microorganisms
conferring a health benefit” (GIBSON et al., 2017). The prebiotic ingredients with so far
approved claims were lactulose, inulin, fructooligosaccharides (FOS), and trans-
galactooligosaccharides (TOS). However, with the new definition, other compounds, such as
insoluble fibers, polyphenols, and polyunsaturated fatty acids, may be considered as
prebiotics if the beneficial effect to host health is proven (GIBSON et al., 2010; GIBSON et
al., 2017; MARTINEZ; BEDANI; SAAD, 2015; SANDERS et al., 2019).

Furthermore, a synbiotic is defined as “a mixture comprising live microorganisms
and substrate(s) selectively utilized by host microorganisms that confers a health benefit on
the host” (SWANSON et al., 2020). The combination of prebiotic and probiotic results in the
“complementary synbiotic”, which may confer a better adaptation of the microorganism in the
food matrix, besides a possible competitive advantage of the probiotics over the intestinal
microbiota (MARTINEZ; BEDANI; SAAD, 2015, SANDERS et al., 2019, SWANSON et al.,
2020). In addition, dairy products have shown to be excellent food matrixes for the
development of probiotic foods, from the technological point of view, as well as the
consumers’ acceptability (SANDERS & MARCO, 2010). Therefore, the present study aimed
to evaluate the potential of BSG to improve the recovery of potentially probiotic strains in

fermented milk after the exposure to in vitro-simulated gastrointestinal (GI) conditions.

2 MATERIAL AND METHODS

2.1 Production of BSG flour

For the BSG flour manufacturing, the barley beer by-product provided by the local
craft brewery Cervejaria Nacional (S&o Paulo, SP, Brazil), was blanched in boiling water for
12 minutes, and then oven-dried (FABBE, Sdo Paulo, Brazil) at 60 °C for 24 hours.
Afterward, the dried BSG was milled and sieved to obtain a flour with particle size
<0.42 mm (BEDANI; ROSSI; SAAD, 2013; SANTOS et al., 2003). The BSG flour was
stored at -18 °C.
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2.2 Evaluation of the fermentability of BSG flour by probiotic and starter cultures

An in vitro fermentation assay was carried out to evaluate the effect of BSG flour on
the growth of probiotic and starter strains from Christian Hansen (Table 1) in culture media
and in UHT fat-free milk.

Table 1: Probiotic and starter strains tested, and culture media and incubation conditions (37 °C) employed for
each culture.

. Incubation
Group Strain Code Agar condition
Bifidobacterium animalis subsp. lactis BB-12 BB-12 Anaerobic®
. . LP-MRS!
Bifidobacterium longum BB-46 BB-46
Bifidobacterium longum subsp. infantis BB-02 BB-02
Lactobacillus acidophilus LA-5 LA-5 MMRS W;th
maltose
Probiotic  Lactobacillus fermentum PCC PCC MRS? Aerobic
Lactobacillus reuteri RC-14 RC-14
Lactobacillus paracasei subsp. paracasei L.casei 431 431 )
] ] ] - Anaerobic®
Lactobacillus paracasei subsp. paracasei F19 F19 ac&ﬂdg'sed
Lactobacillus rhamnosus GR-1 GR-1 4
) (pH 5.4) Aerobic
Lactobacillus rhamnosus LGG LGG
Starter  Streptococcus thermophilus TH-4 TH-4 M17° Aerobic
Streptococcus thermophilus ST-M6 STM

1 -MRS agar (Oxoid) containing sodium propionate (3 g/L, Sigma-Aldrich, St. Louis, USA) and lithium
chloride (2 g/L, Merck, Darmstadt, Germany) (VINDEROLA et al., 2000); 2 — Modified MRS agar, formulated
with the replacement of glucose for maltose (IDF, 1995); 3 — MRS agar (Oxoid); 4 — MRS agar (Oxoid)
acidified with a 3 M acetic acid solution until pH 5.4 (BURITI; CARDARELLI; SAAD, 2007); 5 - M17 agar
with lactose (Oxoid) (RICHTER & VEDAMUTHU, 2001); 6 —AnaeroGen™ Anaerobic System (Oxoid).

Previously, the BSG flour was irradiated at the Nuclear and Energy Research
Institute (IPEN, S&o Paulo, Brazil) with a dose of 25 kGy in the equipment Gammacell 220
(Atomic Energy of Canada Ltd., Ottawa, Canada). The irradiated BSG flour was tested to
confirm the absence of any possible contaminating microorganism (ALBUQUERQUE et al.,
2016).

Modified phenol red MRS broth (mpr-MRS), prepared according to Buriti et al.
(2014), and UHT skimmed milk (MOLICO, Nestlé Brasil Ltda.) were supplemented with
1 g/100 mL of BSG flour, inoculated with each strain separately, and then incubated at 37 °C
(ALBUQUERQUE et al., 2016; BURITI et al., 2014). The counts of each microorganism
were determined before (0 h) and after 24 h of fermentation using selectively agar and
incubation conditions appropriated for each microorganism as described in Table 1. Negative

controls were also evaluated for each strain, in which the mpr-MRS and UHT skimmed milk
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were inoculated and fermented without supplementation with BSG flour. The experiments

were performed in triplicates.

2.3 Production of fermented milk with probiotic co-culture

According to the results from the fermentability assay (item 2.2), one probiotic and

one starter strains were selected to produce the probiotic FM based on their ability to ferment

the BSG in UHT skimmed milk.

The FM were produced according to Figure 1 and four formulations were evaluated,

using Streptococcus thermophilus TH-4 as starter culture: FM1 (control; without probiotic
culture and BSG); FM2 (with BSG only and no probiotic culture); FM3 (with probiotic
culture and without BSG); FM4 (with probiotic culture and BSG).

Powdered skimmed milk (20 g/L)

BSG’s flour (10 g/L)*

* Only on FM2 and FM4 formulations.

Probiotic and starter cultures

Heating
(90 °C / 10 min.)

Skimmed milk

Mixture
(90 °C / 5 min.)

Gelatin (3 g/ L)

Cooling to 37 °C

Inoculation

Incubation
(37 °C until pH 5.4)

Refrigerated storage
(4 °C / Overnight)

Homogenization

Packaging

Refrigerated storage
(4 °C / 28 days)

Figure 1: Schematic representation of the fermented milks production steps employed.
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In accordance with the Codex Alimentarius (JOINT FAO/WHO CODEX
ALIMENTARIUS COMMISSION, 2010), FM is a product obtained through the fermentation
of milk, when the pH is decreased, but not necessarily reaching the isoelectric point of the
casein (pH 4.6 at 25 °C). For this reason, the fermentation was stopped when the pH reached
5.4, therefore not following the common sense of usually fermenting milk until the pH
reaches 4.6. This fermentation endpoint was chosen since the reduction in the pH continues
during the cooling and storage processes, which might affect the survival of the

microorganisms.
2.4 Characterization of the probiotic fermented milk and BSG

The pH was monitored through an Orion Three Stars equipment (Thermofisher
Scientific), using a penetration electrode, model 2A04-GF (Analyser).

The chemical composition and fiber content were determined by the following
methods: moisture (BSG flour) and total solid contents (FM) by oven-drying at 70 °C, under
vacuum; ashes by incineration in a muffle at 550 °C; protein by micro-Kjeldahl, using the
conversion factors 6.38 and 5.83 for the FM and BSG flour, respectively (INSTITUTO
ADOLFO LUTZ, 2008); lipids by the Bligh-Dyer method (BLIGH & DYER, 1959); total
fiber content of BSG by the enzymatic gravimetric method 991.43 from AOAC (A.0.A.C.,
2011), and carbohydrates determined by difference to reach 100% of the chemical

composition.

2.5 Viability of Streptococcus thermophilus TH-4 and Lactobacillus paracasei subsp.

paracasei F19 in fermented milk

The viability of the microorganisms in FM was determined after 1, 7, 14, 21, and 28
days of storage at 4 °C.

Samples of the FM were submitted to successive serial decimal dilutions in sterile
saline solution (NaCl, 0.85 ¢g/100 mL). For the enumeration of St. thermophilus TH-4,
aliquots of each dilution were pour plated in M17 agar (Oxoid), and the plates incubated in
aerobic conditions during 48 h at 37 °C (RICHTER & VEDAMUTHU, 2001). For the
enumeration of Lb. paracasei subsp. paracasei F19, aliquots of each dilution were pour plated
in acidified MRS agar (Oxoid), and the plates incubated in anaerobic conditions
(AnaeroGenTM Anaerobic System, Oxoid) during 48 h at 37 °C (BURITI; CARDARELLLI;
SAAD, 2007).
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2.6 Submission of fermented milk to gastrointestinal conditions simulated in vitro

The FM were submitted to an in vitro assay simulating the passage through the GIT
in order to estimate the viable population of probiotic bacteria that may reach the colon and,
thus, resulting in the possible health benefits of these microorganisms.

To mimic the GIT conditions, the assay was divided into gastric, enteric I, and
enteric 1l phases, as described previously by Bedani, Rossi & Saad (2013). In each step,
appropriated enzymes were added, and the pH adjusted with hydrochloric acid or alkaline
solutions, as illustrated in Figure 2 (BEDANI; ROSSI; SAAD, 2013). At the end of all stages,
samples were collected to evaluate the viable cell number of the microorganisms employed in
the FM by Real-Time quantitative PCR (PADILHA et al., 2016).

10-fold diluted fermented milk

1N Hydrochloric acid Bile (10 g/L) + Bile (g.s.p to keep 10 g/L) +
solution (q.s.p.) Pancreatin (1 g/L) Pancreatin (q.s.p to keep 1 g/L)
Pepsin (3 g/L) + Alkaline solution” Alkaline solution”
Lipase (0.9 mg/L) (q.s.p.) (q.5.p.)
\ 4 v v
L\
o —> — —
Viability
Gastric Phase Enteric Phase | Enteric Phase Il
(pH 2.3-2.6) (pH 5.4-5.7) (pH 6.8-7.2)

‘ T1 , \ T2 l \ T3 ’
[ [ |

2h/37°C/ 150 rpm 2h/37°C/150 rpm 2h/37°C/150 rpm

Sampling Sampling Sampling

*Alkaline solution = 150 mL of 1N NaOH + 14 g of PO,H,Na.2H,0 + q.s.p. H,0to 1 L.

Figure 2: Schematic representation of the in vitro-simulated gastrointestinal conditions assay.

2.7 Survival of Streptococcus thermophilus TH-4 and Lactobacillus paracasei subsp.

paracasei F19 under gastrointestinal conditions simulated in vitro

After each phase of the Gl in vitro assay, aliquots of 3 mL were mixed with 27 mL
of 2% (w/v) trisodium citrate dihydrate solution and incubated at 45 °C for 30 min. Next, the
cell pellets were harvested by centrifugation (9000 g / 10 min / 4 °C), washed twice with Tris
EDTA (TE) buffer (10mM Tris-HCL, 1 mM EDTA, pH 8), and resuspended in 499 pL of
PBS buffer prior to PMA (propidium monoazide) treatment (PADILHA et al., 2016;
VILLARREAL, 2013).
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To avoid the amplification of the DNA from dead cells, the PMA treatment was
performed. The cell suspensions were transferred to a 2 mL light-transparent microcentrifuge
tube and homogenized with 1.25 pL of PMA (Biotium) solution (final concentration of 50
mM, as indicated by the manufacturer). After 5 min of dark incubation at 22 °C, the tubes
were light-exposed for 15 min using the Glo-Plate™ Blue LED Illuminator (Biotium). The
cells pellet were harvested by centrifugation (10000 g / 10 min / 4 °C), washed with PBS
buffer, resuspended in 500 pL of TE buffer, and transferred to a 2 mL screw-cap tube
containing 0.3 g of 0.1 mm zirconia beads and 150 pL of buffer-saturated phenol (Invitrogen)
(PADILHA et al., 2016; VILLARREAL, 2013).

The cells were mechanically lysed using the bead beating system FastPrep-24™
Classic (MP Biomedicals) for 1 min at 5.0 m/s, and cooled down on ice for 1 min. This step
was repeated one more time. Thereafter, the DNA was isolated by successive extraction with
phenol-chloroform: isoamyl alcohol followed by precipitation with ethanol, as described by
Padilha et al. (2016). The DNA was collected by centrifugation (15700 g / 5 min / 4 °C),
resuspended in 100 pL of TE buffer (PADILHA et al., 2016; VILLARREAL, 2013), and the
quality and concentration determined in a NanoPhotometer® N60 (IMPLEN).

For enumeration of viable cells of St. thermophilus TH-4 and Lb. paracasei subsp.
paracasei F19 quantitative PCR (qPCR) was performed using the 7500 Real-Time PCR
System (Applied Biosystems™). The amplification reactions were composed of 12.5 pL of
2X Power SYBR® Green PCR Master Mix (Applied Biosystems™), 5 pL of the DNA
sample, each primer at the appropriate concentration, and ¢.s.p. DNase/RNase-Free distilled
water (UltraPure™, Invitrogen ®) water to complete 25 pL. The primer sequences and
concentrations and respective amplification programs are detailed in Table 2.

The standard curves were built with 10-fold dilution series of the genomic DNA
isolated from the pure cultures of St. thermophilus TH-4 (genome size: 2102268 bp; NCBI
RefSeq: NZ_CP038020.1) and Lb. paracasei subsp. paracasei F19 (genome size: 3063698
bp; GenBank: CP016355.1) from 100 to 5x10® genome copies per amplification reaction. The
viable cell number were determined by the comparison of the threshold cycle (C:) of each
sample with the standard curves (PADILHA et al., 2016).
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Table 2: Primers and cycling parameters applied to determine the viable cells numbers of Streptococcus
thermophilus TH-4 and Lactobacillus paracasei subsp. paracasei F19 by quantitative PCR (qPCR).

Streptococcus thermophilus TH-4
Primers  Sthermo-F (forward)?

(5 - GTTCACACTGTGACGGTAGCTT — 3°) 500nM
Sthermo-R (reverse)! 500 M
(5= GAGCCACAGCCTTTAACTTCAGA - 3")
Cycling Ix 50 °C — 2 min,
95 °C — 5 min.
95°C-30s
40x% 60°C—-30s
72°C—1min
Lactobacillus paracasei subsp. paracasei F19
Primers  CRISPR2F (forward)? 100 1M
(5’- CGTGTGCCGATATAATGGGAACG-3")
CRISPR2R (reverse)? 100 nM
(5’-CCAAAGATCATCAAGCGTGCCAT-3%)
Cycling Ix 50 °C — 2 min,
95 °C — 10 min.
95°C-15s
40x .
60 °C — 1 min.

LFALENTIN et al., 2012; 2 SIEUWERTS & HAKANSSON, 2016.

2.8 Statistical analysis

The results were expressed as mean * standard deviation (SD). To quantify the
viable cell number, the Ct values were automatically converted to CFU equivalent/mL by the
7500 Real-Time PCR System Software (Applied Biosystems™). The homogeneity and
normal distribution of the collected data were evaluated. Once a normal distribution was
found, the Student’s t-test was applied to compare two samples and for three or more samples
the Analysis of Variance (ANOVA) followed by Tuckey test was applied. Results were
considered as significantly different when p < 0.05 (significance level of 95%). Minitab®

Statistical Software (Minitab, LLC), version 19, was used for the statistical analysis.
3 RESULTS

3.1 Evaluation of fermentability of BSG by probiotic and starter cultures

In general, all strains tested, except for St. thermophilus TH-4, presented a good
growth in mpr-MRS with or without BSG flour supplementation (Table 3). Regarding the
probiotic strains, Bifidobacterium spp. showed higher population in the absence of the BSG
(p<0.05) after 24 h of fermentation, while PCC, 431, GR-1, and LA-5 counts were
significantly higher with the addition of BSG. On the other hand, the strains RC-14, F19, and
LGG showed similar growth with or without the BSG supplementation. Regarding the
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St. thermophilus strains evaluated, ST-M6 counts were higher when fermented with BGS,
while those of TH-4 decreased in both conditions after 24 h of fermentation. Even so, the
reduction in TH-4 populations was attenuated in the presence of BSG (p < 0.05).

Most of the strains grew in the negative control. Thus, fermentability of the strains in
milk was also evaluated, since this was the food matrix chosen for the development of the
probiotic fermented food product.

According to Table 3, in UHT skimmed milk supplemented with BSG, the
populations of BB-46, PCC, RC-14, F19, and LGG increased significantly when compared to
their respective negative control (p < 0.05). Regarding all the other strains, probiotic or
starter, no significant differences were observed between the counts after fermentation with or
without BSG. Additionally, Lb. paracasei subsp. paracasei F19 showed the highest
population after 24 h of fermentation and seemed to be the strain that benefited most with the
addition of BSG. Therefore, this strain was selected for the development of a probiotic FM

supplemented with BSG in co-culture with St. thermophilus TH-4.

3.2 Production and characterization of probiotic fermented milk and submission to in

vitro-simulated gastrointestinal conditions

The chemical composition of the FM formulations and BSG flour are presented in
Table 4. Overall, no important differences were observed in the composition among the FM
formulations, despite a little higher fat content in the FM with the addition of BSG (FM2 and
FM4). Moreover, no soluble fiber was found in the BSG and around 90% of the carbohydrate
content was comprised of insoluble fiber.

The co-culture of Lb. paracasei subsp. paracasei F19 (F19) and St. thermophilus
TH-4 (TH-4) showed a trend to reduce the fermentation time when compared to the FM with
only TH-4 (Table 5). However, no significant difference in the acidification rate was
observed. Overall, the pH of all the FM decreased significantly between the 1% and 7% day of
storage (data not shown), remaining stable until the end of storage. No difference was
observed in the pH among the FM on day 1. However, on day 28, the FM formulations with
F19 and TH-4, namely FM3 and FM4, presented significantly lower pH values (p < 0.05)
when compared to FM1 and FM2 (Table 5).



Table 3: Variations in probiotic and starter populations in modified phenol red MRS broth (mpr-MRS) and in UHT skimmed milk, with or without BSG flour, from before

(0 h) and after 24 h of fermentation for the different strains tested.

A log CFU/mL 0-24 h*

Phenol red MRS broth

UHT skimmed milk

Group Strain With BSG Negative control™ With BSG Negative control™
Bifidobacterium animalis subsp. lactis BB-12 2.45 + 0,09PFP 2.71 £0.07¢P2 3.35 £ 0.04¢ 3.29 +0.19¢P2
Bifidobacterium longum BB-46 2.31 £ 0.05%° 2.54 +0.09¢P2 4,03+ 0.02782 3.75 £ 0.07A8b
Bifidobacterium longum subsp. infantis BB-02 2.45 + 0.10PFP 2.79 £ 0.07¢ 3.35+0.07¢ 3.54 + 0.06B¢
Lactobacillus acidophilus LA-5 2.97 £0.11¢ 2.48 +0.04P° 4,04 +0.1078 3.90 + 0.024¢
Lactobacillus fermentum PCC 2.56 + 0.08PEa 2.16 + 0.05%° 1.96 + 0.10°2 1.14 + 0.06"

Probiotic | 2 ctobacillus reuteri RC-14 3.56 + 0,038 3.68 % 0.09% 2.18 +0.39% - 0.08 + 0.04"
Lactobacillus paracasei subsp. paracasei L.casei 431 4.28 +0.04"2 3.37 £0.03B0 3.19 + 0.06¢ 3.31 +£0.03¢P2
Lactobacillus paracasei subsp. paracasei F19 2.56 + 0.18PFa 2.53 +0.15P2 4.26 +0.05 3.18 +£0.03%"
Lactobacillus rhamnosus GR-1 3.78 £ 0.13B2 2.69 + 0.03¢P0 3.89 +0.0852 3.51 +0.078%
Lactobacillus rhamnosus LGG 2.74 +0.21CPa 2.73 +0.14¢Pa 3.06 + 0.09¢ 2,73 +0.11F°
Streptococcus thermophilus TH-4 -0.15 + 0.0452 -0.76 + 0.155" 4.29+0.117 4.35+0.0772

taret Streptococcus thermophilus ST-M6 2.88 +0.15% 2.43 +0.054 4.05+0.16"2 4.01+0.0752

A log CFU/mL 0-24 h = Population T24 — Population TO (log CFU/mL); TO = initial population; T24 = population after 24 h of fermentation. * Negative control =
fermentation without the addition of BSG flour. ~B Means in the same column for the same group (probiotic or starter) with different capital letters are significantly
different (p < 0.05). ® Means in the same row for the same media (mpr-MRS or UHT skimmed milk) with different lower case letters are significantly different (p <
0.05).
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Table 4: Chemical composition of the fermented milks (FM) and brewer’s spent grain flour (BSG).

BSG FM1 FM2 FM3 FM4
Moisture (g/100 g) 248+0.12 88.12+0.194 88.31+0.31" 88.46+0.14" 87.19+0.18%
Protein (g/100 g) 1920+ 0.33 4.42+022" 451+0.024 4.36+0.13* 4.55+0.30"
Fat (9/100 g) 10.93+0.63 0.38+£0.025¢ 0.54+0.05% 0.37+0.03° 0.47 £0.03"8
Ash (g/100 g) 3.79+0.05 1.02+0.02* 1.02+0.02% 0.92+0.01° 0.97+0.018
Carbohydrates (g/100 g) 63.60 £ 2 6.05+0.10"®  562+047% 5.89+0.02"% 6.81+0.05"
Total dietary fiber (g/100g)  57.67 £ 0.14" N/A N/A N/A N/A

FM1 (control; without probiotic culture and BSG); FM2 (with BSG only and no probiotic culture); FM3 (with
probiotic culture and without BSG); FM4 (with probiotic culture and BSG). ~B Means in the same row with
different capital letters are significantly different (p < 0.05). * No soluble fiber was detected. N/A (not
applicable).

Table 5: Fermentation time, acidification rate, and pH of fermented milks (FM) after 1 and 28 days of storage at
5°C.

Formulations

FM1 FM2 FM3 FM4
Time to reach pH 5.4 (h) 3.1+0.18 34+01° 2.9+0.185¢ 2.8+0.0¢
Acidification rate (pH U/h) 0.43 £ 0.05” 0.39 £ 0.03* 0.45 + 0.05” 0.42 +£0.02A
pH (day 1) 5.1+0.2° 5.2 +0.2° 4.9 +0.3A 4.9 + 0.4
pH (day 28) 4.7 +0.2A 4.8 +0.2A 4.2+0.38 4.2+0.28

FMZ1 (control; without probiotic culture and BSG); FM2 (with BSG only and no probiotic culture); FM3 (with
probiotic culture and without BSG); FM4 (with probiotic culture and BSG). A8 Means in the same row with
different capital letters are significantly different (p < 0.05).

The addition of BSG and/or the co-culture with F19 did not show any influence in
the viability of TH-4. The counts were similar for all the FM formulations, remaining above
8.4 log CFU/mL throughout the storage time evaluated (Erro! Fonte de referéncia ndo
encontrada. 6). Likewise, the addition of BSG did not influence the viability of F19 in the
FM, which was maintained above 8.9 log CFU/mL during the 28 days of storage (Table 6).

As illustrated in Figures 3 and 4, the viability of TH-4 and F19 significantly
decreased after the GIT stress simulated in vitro (p < 0.05). Nevertheless, the addition of BSG
in the FM conferred a significant protection to TH-4 throughout the storage time (p < 0.05)
and the co-culture with F19 did not show any negative effect. Meanwhile, the resistance of
F19 was improved with the addition of BSG only at day 1 (p > 0.05).



Table 6: Viabilities of Streptococcus thermophilus TH-4 and Lactobacillus paracasei subsp. paracasei F19
(log CFU/mL) in the fermented milks during storage at 4 °C for up to 28 days.

Microorganism Time Formulations
(days)
FM1 FM2 FM3 FM4
S. thermophilus TH-4 1 8.90 + 0.0042 8.83+0.017 8.55 + 0.064 8.61+0.614
7 8.81+0.19% 8.88 +0.117 8.50 + 0.004 8.46 + 0574
14 8.91 + 0.0842 8.89 + 0.20/% 8.56 + 0.014 8.60 + 0.774
21 8.91 + 0.0442 8.94 + 0.034 8.54 + 0.0442 8.40 + 0.694¢
28 8.94 + 0.034 8.94 + 0.0842 8.54 + 0.007 8.39 +£ 0.717¢
Lb. paracasei subsp. 1 N/A N/A 8.91+£0.09%  8.95+0.13%
paracasei F19
7 N/A N/A 8.99 +£0.08”%®  9.16 + 0.10%%®
14 N/A N/A 9.16 + 0.0142 9.17 + 0.004
21 N/A N/A 9.19 +£ 0.0742 9.26 + 0.074¢
28 N/A N/A 9.15 + 0.0942 9.25+ 0.074¢

AB Means in the same row with different capital letters are significantly different (p < 0.05). #* Means in
the same column, for a same microorganism (TH-4 or F19) with different lower case letters are
significantly different (p < 0.05). FM1 (control; without probiotic culture and BSG); FM2 (with BSG only
and no probiotic culture); FM3 (with probiotic culture and without BSG); FM4 (with probiotic culture and
BSG); N/A (not applicable).

4 DISCUSSION

Several studies with barley are being conducted to explore the possible stimulation
of probiotic growth and the gut microbiota modulation. These effects may be related to the
barley’s B-glucan and arabinoxylooligosaccharides (AXOS) contents, which are considered as
having potential prebiotic effects (ARENA et al., 2014; GOMEZ et al., 2015; SAJIB et al.,
2018; SHEN et al., 2012). In the study conducted by Gémez et al. (2015), the fermentation of
AXOS from BSG increased the population of bifidobacteria and lacobacilli in an in vitro
assay with human feces, while clostridia populations decreased. In addition, more SCFA were
produced when compared to the negative control group (GOMEZ et al., 2015). Likewise,
Shen et al. (2012) reported that the administration of barley and oat (-glucans to rats
increased the fecal SCFA and the population of Bifidobacterium and Lactobacillus in the
colon, while it decreased the population of Enterobacteriaceae (SHEN et al., 2012).

In the present study, we found that BSG flour from barley improved the fermentation
of Lactobacillus spp. in a strain-dependent manner and Lb. paracasei subsp. paracasei F19
was the strain to most benefit with the addition of BSG flour in FM. In contrast, almost no
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effect was observed for Bifidobacterium spp., which showed slightly increased populations in
FM only for Bifidobacterium longum BB-46. Pallin et al. (2016) also observed that
lactobacilli strains grew well in the presence of barley flour, with counts always above 7.30
log cfu/g for the heat-treated flour, and above 9.00 log cfu/g for the untreated flour. Likewise,
Arena et al. (2014) reported that food matrices containing B-glucan could stimulate the growth
of Lactobacillus spp. and increase the resistance of certain strains to the passage through the
oral and GIT simulated in vitro. Moreover, B-glucan enriched carriers promoted a faster
growth of all the lactobacilli strains tested by the authors after the GIT stresses; however,
these effects were strain-dependent like herein observed (ARENA et al., 2014).
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Figure 3: Population of Streptococcus thermophilus TH-4 in fermented milk
formulations before (Initial) and after gastrointestinal stress simulated in
vitro (Enteric 1) after 1 (i) and 28 (ii) days of storage at 4 °C. ~B For each
phase, different capital letters represent significant differences between FM
formulations (p < 0.05). *® For each FM formulation, different lower case
letters represent significant differences between phases of the in vitro assay
(p < 0.05). FM1 (control; without the addition of probiotic culture and
BSG); FM2 (with BSG only and no probiotic culture); FM3 (with probiotic
culture and without BSG); FM4 (with probiotic culture and BSG).
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Figure 4: Population of Lactobacillus paracasei subsp. paracasei F19 in
fermented milk (FM) formulations before (Initial) and after gastrointestinal
stress simulated in vitro (Enteric Il) after 1 (i) and 28 (ii) days of storage at
4 °C. ABFor each phase, different capital letters represent significant
differences between FM formulations (p <0.05). ** For each FM
formulation, different lower case letters represent significant differences
between phases of the in vitro assay (p < 0.05). FM3 (with probiotic culture
and without BSG); FM4 (with probiotic culture and BSG).

Regarding the starter strains, the growth media was the most important factor.
St. thermophilus TH-4 did not ferment the mpr-MRS but showed great potential as a starter
culture for FM production. No major differences were observed in the behavior of
St. thermophilus ST-M6 in mpr-MRS or milk, with or without BSG supplementation. The
ability of St. thermophilus to utilize different sugars and its proteolytic activities are important
factors involving milk fermentation and is directly related to each strain genetic (CUI et al.,
2016). Moreover, according to the manufacturer, TH-4 has potential as a probiotic, so it was
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selected to study the possible application of this strain both as a starter and a probiotic culture
in FM.

The composition of the BSG may differ between the breweries. On average, the
results obtained herein was consistent with earlier reports with a slightly higher protein
recovery (ROBERTSON et al., 2010; SAJIB et al., 2018; STOJCESKA, 2019). Meanwhile,
the addition of BSG did not show any inhibitory effect in the kinetics of milk fermentation. In
fact, the acidification rates were in agreement with previously observed for milk or soymilk
fermentation added with commercial prebiotic ingredients FOS and/or inulin (BATTISTINI et
al., 2018; OLIVEIRA et al., 2009).

Concerning the viability of the microorganisms in the FM throughout the storage
time evaluated, no major effects were observed with the co-culture and/or BSG
supplementation. The counts of St. thermophilus TH-4 and Lb. paracasei subsp.
paracasei F19 were always above, respectively, 10%° and 10 CFU per daily portion of 200
mL of FM for all the studied formulations, reaching the minimum usually associated with
probiotic health benefits (HEALTH CANADA, 2019; HILL et al., 2014, OUWEHAND,
2017).

The resistance of TH-4 against GIT stress simulated in vitro was significantly
improved by the addition of BSG and/or the co-culture with F19. Except for FM1 (without
BSG or co-culture with F19), we could estimate that a daily portion of 200 mL of all other
FM studied formulations could deliver around 10'° CFU equivalent viable cells of
St. thermophilus TH-4 to the colon, corroborating the potential use of this strain as a starter
and probiotic culture, if the health benefits are supported by clinical trials.

Previous studies have described interesting features of Lb. paracasei subsp.
paracasei. These include genetic stability, resistance to the GIT stress, improvement of IBS
(irritable bowel syndrome) symptoms, and gut microbiota modulation (BERTAZZONI et al.,
2013; CRITTENDEN et al.,, 2002; DI CERBO & PALMIERI, 2013; LOMBARDO;
VERNETTO; BLANCO, 2009; MATTO et al., 2006). In fact, the present study showed
survival of 10 and 10° CFU equivalents after the exposure of the FM formulations,
respectively, with and without BSG to in vitro GIT conditions, considering a daily portion of
200 mL of FM. This outcome is very promising when compared with the results of 10® and
10° CFU/qg of F19 fecal recovery reported by Crittenden et al. (2002) and Métto et al. (2006),
respectively.

Ouwehand (2017) stated that the dose-response of probiotic health effects is not clear

yet. Regarding probiotic fecal recovery, the dose administered was directly proportional to the
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amount of the strains detected in the patient feces. Similar results were found for antibiotic-
associated diarrhea, for which the risk is reduced with a dose above 10'° CFU. On the other
hand, no dose-response could be found for Clostridium difficile associated diarrhea, as well as
for immune modulation. (OUWEHAND, 2017).

It is important to highlight that molecular biology techniques, namely gPCR in
combination with PMA treatment (PMA-gPCR), should be employed for the quantification of
viable cells after the GIT conditions assay. In agreement with what was previously stated by
Villarreal et al. (2013), the traditional plate count method is not reliable for the enumeration
of probiotic microorganisms after stress, since they might be in a viable but not cultivable
state. In fact, we did not detect any viable cells of TH-4 and significantly lower viable cells of
F19 after GIT stress simulated in vitro whilst employing traditional plate-counting methods
(data not shown).

5 CONCLUSION

The BSG revealed to be an interesting ingredient rich in fiber that may be employed
in a synbiotic approach. The addition of BSG in FM, alone or in combination with
Lb. paracasei subsp. paracasei F19, improved the resistance of St. thermophilus TH-4 to GIT
conditions simulated in vitro, suggesting a prospective application of this strain both as starter
and as probiotic culture. Nonetheless, the employment of PMA-gPCR was crucial for the
assessment of viable cells of TH-4 and F19. Furthermore, all the evaluated FM formulations
have potential as probiotic foods, since total probiotic populations were always above 10°
CFU in a daily portion of 200 mL of FM during the 28 days of storage, delivering to the colon
an estimated viable cells above 10'° and 10® CFU equivalent of, respectively, St. thermophilus
TH-4 and Lb. paracasei subsp. paracasei F19,. Future in vivo and clinical trials to evaluate
the possible health benefits conferred by the consumption of FM with TH-4 and F19 are

encouraged.
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Probiotic fermented milk may worsen inflammation in mice lacking vitamin D

recepto r
Abstract

Functional foods are promising alternative approaches to alleviate the symptoms or prevent
the development of certain illnesses, like inflammatory bowel diseases. Meanwhile, probiotics
are known to improve inflammatory conditions, gut barrier function, and production of short-
chain fatty acids. Nonetheless, these effects vary between genera or strains, and each health
benefit depends on the host’s genetics, route of administration, and matrix of delivery. In
addition, studies have shown that the vitamin D receptor, in addition to vitamin D functions,
is a critical factor associated with the health benefits of probiotics, acting directly on the
intestinal permeability, inflammatory responses, and is a key genetic factor for shaping the
gut microbiome. This study aimed to evaluate the impact of the administration of a probiotic
fermented milk (FM) containing Lactobacillus paracasei subsp. paracasei F19 and
Streptococcus thermophilus TH-4, a potentially probiotic food matrix, on the inflammatory
responses and VDR expression using a DSS (dextran sulfate sodium)-induced colitis mouse
model. The administration of probiotic FM showed an anti-inflammatory effect only for wild-
type (WT) mice, reducing the serum level of IL-6, while increasing the VDR expression at the
MRNA and protein levels. In contrast, VDR Knockout (KO) mice showed an aggravation in
the inflammatory response with the probiotic treatment, presenting a more significant body
weight loss and increased serum IL-6 and fecal lipocalin 2 concentrations. Therefore, the
probiotic FM studied presented a promising anti-inflammatory potential against inflammation

in a VDR-dependent manner.

Key words: fermented milk, functional foods, inflammation, nuclear receptor, probiotics,

vitamin D receptor.
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1 INTRODUCTION

Functional foods are those to confer a health benefit in addition to basic nutrition
and should be offered as a “normal food pattern” and not as pills or capsules. Moreover, the
recommended daily portion to provide the associated health claims must be well-suited for a
normal diet (DOMINGUEZ DIAZ; FERNANDEZ-RUIZ; CARMARA, 2020). An
interesting approach would be to use functional foods as an adjuvant therapy to alleviate the
symptoms or prevent the development of certain illnesses. The most well-known types of
functional foods are those enriched with dietary fibers, bioactive compounds (e.g.
polyphenols), omega-3 PUFA (polyunsaturated fatty acids), prebiotics (e.g. inulin, FOS,
GOS, HMO), and probiotics (BALLAN et al., 2020).

Probiotics are defined as “live microorganisms which, when administered in
adequate amounts, confer a health benefit on the host” (HILL et al., 2014). The health
benefits related to the consumption of probiotics include improvement of the barrier function,
competition with pathogens for nutrients and adhesion sites, and production of organic acids,
SCFA (short-chain fatty acids), neurochemicals, vitamins, antimicrobials, mucin, and
enzymes. Furthermore, they may reduce the pro-inflammatory responses, interact with the
gut microbiota by the cross-feeding mechanism, or metabolizing substrates that will interact
with the host through the intestinal epithelium, and may enhance the immune functions by
increasing the phagocytic activity and production of immunoglobulins (BALLAN et al.,
2020; SANDERS et al., 2019).

It is noteworthy that the pathways by which probiotics interact with the host may
differ at genus or strain levels. In this way, the efficacy of probiotics will depend on several
factors, such as host genetics, route of administration (e.g. oral or topic), and matrix of
delivery (e.g. fermented foods, capsules, or supplements, etc) (CHAMPAGNE; CRUZ;
DAGA, 2018; SANDERS et al., 2018; ZMORA et al., 2018). Still, studies have shown that
the incorporation of probiotics in like dairy products, may improve their resistance to the
gastrointestinal (GIT) stress. However, this fact is not always associated with an
improvement of beneficial effects. Therefore, the technological and functional points of view
should be taken into consideration when developing and/or indicating the consumption of
probiotics (BALLAN et al., 2020; CHAMPAGNE; CRUZ; DAGA, 2018; PAPAI et al.,
2020; SANDERS et al., 2018).
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Among the genetic factors associated with the probiotic’s mechanisms of action,
stands out the vitamin D receptor (VDR). The VDR is a transcriptional factor which, in
addition to its regulation of vitamin D functions, is involved in autophagy (WU et al., 2015b),
proliferation (JIN et al., 2017; OGBU; BAKKE; SUN, 2020), anti-tumorigenesis (ZHANG et
al., 2020a; ZHANG et al., 2020b), gut microbiota modulation (CHATTERJEE et al., 2020;
OOl et al., 2013; WANG et al., 2016; WU et al., 2015b), intestinal barrier function (ZHANG
et al., 2015; ZHANG et al., 2019; ZHANG et al., 2020b), anti-inflammatory effects (OOI et
al.,, 2013; WU et al.,, 2015b), immune functions (OOI; CHEN; CANTORNA, 2012;
VELDMAN; CANTORNA; DELUCA, 2000), and neurodevelopment disorders (OGBU,;
XIA; SUN, 2020) pathways.

Studies have shown that the proper function of VDR is crucial for the potential
health benefits associated with the consumption of probiotics. Indeed, impaired VDR
expression inhibited the protective effect of probiotic treatment against Salmonella infection
in vivo or in vitro, whereas in normal conditions probiotics improved the VDR transcriptional
activity and the expression of antimicrobial peptides (e.g. cathelicidin, defensins, and
lysozyme) (WU et al., 2015a). Still, the direct administration of butyrate, a beneficial
bacterial metabolite that is released by probiotics, directly or indirectly (cross-feeding),
appeared to increase the VDR expression and exert an anti-inflammatory effect in wild-type
(WT) mice (WU et al., 2015b). Meanwhile, the lack of VDR may trigger the predisposition
to DSS (dextran sulfate sodium)-induced colitis and intestinal permeability, in addition to an
aggravated inflammation and gut microbiota dysbiosis (OOl et al., 2013).

To the best of our knowledge, only the probiotic conditional media or pure cultures
have been studied regarding their effects on VDR-related anti-inflammatory responses.
Therefore, this study aimed to evaluate the influence of a food matrix in the potential of
probiotics to improve VDR functions and inflammation biomarkers employing an in vivo

DSS colitis mouse model.

2 MATERIAL E METHODS

2.1 Fermented milk production

The fermented milk (FM) formulations were produced as illustrated in Figure 1,
using Streptococcus thermophilus TH-4 and Lactobacillus paracasei subsp. paracasei F19,
as starter and probiotic cultures, respectively, both from Chr. Hansen. Brewer’s spent grain

flour (BSG) (Cervejaria Nacional, Sdo Paulo, Brazil) was added as fiber source ingredient.
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Four formulations were evaluated: FM1 (TH-4); FM2 (TH-4 + BSG); FM3 (TH-4 + F19);
FM4 (TH-4 + F19 + BSG).

a) Milk base preparation b) Fermented milk production

Powdered {\ 60}

skimmed milk =

Ingupate Incubate
BELLh 37°C/24h :
lv 0.3 g of freeze-dried Centrifuge
Bee 30 L of 12.5mL of :
10 /L culture h media* G 3 4500 rpm / 10 min
N v (10g/1) growth media arowth media* l
Discard supernatant
' Resuspend the pellet in 50 mL of Resuspend the pellet
milk base, previously prepared, in sterile NaCl 0.85%
l and ferment at 37 °C until pH 5.4 solution
Pasteurization l‘
90 °C/ 12’ l Centrifuge
\ 4500 rpm / 10 min
l Storage at 4 °C l

Discard the supernatant
and wash againin
saline solution

Cooling until
37-43°C

Figure 1: Schematic representation of the fermented milks production. BSG = Brewer’s spent grain flour.
* Growth media for S. thermophilus TH-4 was M17 broth (Sigma-Aldrich) and for L. paracasei subsp.
paracasei F19 was MRS broth (Difco).

2.2 Animals

Animal experiments were performed with wild-type (WT) and VDR knockout
(VDRKO) C57BL/6 mice with 2-3 months of age. Mice were provided with water and food
ad libitum and maintained in a 12-hour dark-light cycle. The animal work was approved by

the UIC Office of Animal Care (ACC Number: 17-218).

2.2.1 Pilot Study

A pilot study was conducted to select the fermented milk (FM) formulation with
greater potential to improve VDR status for a subsequent interventional study. Six groups of
3 WT mice received 100 pL of PBS, milk, or FM by oral gavage, and were euthanized 24 h
after treatment by anesthesia followed by cervical dislocation, as illustrated in figure 2a.
Colon epithelial cells were collected for VDR protein expression assessment by Western blot
as described by Zhang, Xia & Sun (2020).

The counts of starter and/or probiotic were always above 102 CFU/mL for all FM

formulations. Thus, the administered dose was 10’ CFU.
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a) Pilot study

PBS Milk FM1 FM2 FM3 FM4
100 pL 100 pL 100 pL 100 pL 100 pL 100 pL
| | ! ! | |
L Y J
24 h
!
Euthanasia

b) Intervention study

PBS PBS+DSS Milk Milk+DSS FM FM+DSS PBS+DSS FM+DSS

! ! ] ! ! ! 1 ] !
WT WT WT WT WT WT VDRKO VDRKO |
Dietary intervention = 100 pL daily
f } i
0 1 7 (days) = Euthanasia

L

T

DSS
(5% in drinking water)

Figure 2: Schematic representation of the animal studies. A) Pilot Study.
B) Intervention Study. PBS = Phosphate Buffered Saline; TH-4 = Streptococcus
thermophilus TH-4; F19 = Lactobacillus paracasei subsp. paracasei F19;
BSG = Brewer’s spent grain; FM = Fermented milk; FM1 (TH-4); FM2 (TH-4 +
BSG); FM3 (TH-4 + F19); FM4 (TH-4 + F19 + BSG); VDR = vitamin D receptor;
WT = wild-type; VDRKO = VDR knockout; DSS = Dextran Sulfate Sodium.

2.2.2 Intervention Study

After the pilot study, one FM formulation was selected for an interventional study to
evaluate its feasible anti-inflammatory effect in a DSS (dextran sulfate sodium) colitis model.

Six groups of WT mice (n=8) received, by oral gavage, 100 pL/day of FM (10’
CFU), milk, or PBS. Additionally, two groups of VDRKO mice (n=3) received, by oral
gavage, 100 pL/day of FM (10’ CFU) or PBS. In the assigned groups, the DSS treatment
started 24 h after the first dose, as detailed in figure 2b. Fecal samples were collected daily,
as described by Zhang, Xia & Sun (2020), and the body weight assessed as well. The animals

were euthanized on day 7 by anesthesia followed by cervical dislocation.
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2.3 Vitamin D receptor expression

After the euthanasia, the colon lengths were determined, and tissues samples were

collected to evaluate the colonic VDR expressions at protein and mMRNA levels.
2.3.1 Western blot

The VDR expression at protein level was determined by western blot. Protein from
colon samples were extracted by sonication in lysis buffer (1% Triton X-100, 150 mmol/L
NaCL, 10 mmol/L Tris pH 7.4, 1 mmol/L EDTA, 1 mmol/L EGTA pH 8.0, 0.2 mmol/L
sodium ortho-vanadate, and protease inhibitor cocktail), separated by SDS-polyacrylamide
gel electrophoresis, and finally detected by immunoblotting with primary antibodies to
mouse VDR and B-actin (Santacruz, CA, USA). The ECL kit (Thermo Fisher Scientific) was
used for visualization (CHATTERJEE et al., 2020; WU et al., 2015b; ZHANG; XIA; SUN,
2020).

2.3.2 Gene expression

The VDR expression at mRNA level was determined by qPCR. Total RNA from
colon samples was extracted using TRIzol reagent (Invitrogen) according to manufacturer
instructions, followed by RNA reverse transcription using the iScript cDNA synthesis Kit
(Bio-Rad). Next, gPCR was performed using Bio-Rad CFX 96 Real-time system and SYBR
green supermix (Bio-Rad). All reactions were performed in triplicates and the results were
normalized to B-actin level from the same sample. The 224t calculation was employed to
determine the VDR relative gene expression, as previously described by Zhang, Xia & Sun
(2020).

2.4 Inflammation

Blood was collected by cardiac puncture and transferred to tubes with EDTA
(10 mg/mL). The IL-6 level was measured using an ELISA kit (IL6 ELISA kit, KE 1000-7,
Mouse IL6, Proteintech) according to the manufacturer’s instructions (WU et al., 2015a).

Fecal samples were prepared as described by Lu et al. (2019), and lipocalin 2 (LCN-
2) level was estimated using the Duoset murine Lcn-2 ELISA kit (R&D Systems,

Minneapolis, MN) according to the manufacturer’s instructions.
2.5 Statistical analysis

The results were expressed as mean + standard deviation (SD). The homogeneity

and normal distribution of the collected data were evaluated. Once a normal distribution was
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found, Analysis of Variance (ANOVA) followed by Tuckey test was applied. Results were
considered significantly different when p < 0.05 (significance level of 95%). Minitab®

Statistical Software (Minitab, LLC), version 19, was used for the statistical analysis
3 RESULTS

3.1 Pilot Study
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Figure 3: Protein Expression of VDR in colon samples from Pilot Study.
VDR = vitamin D receptor, PBS = Phosphate Buffered Saline;
TH-4 = Streptococcus thermophilus TH-4; F19 = Lactobacillus paracasei
subsp. paracasei F19; BSG = Brewer’s spent grain; FM = Fermented milk;
FM1 (TH-4); FM2 (TH-4 + BSG); FM3 (TH-4 + F19); FM4 (TH-4 + F19 +
BSG). A,B Different capital letters represent significant differences between
treatments (p < 0.05).

The administration of FM showed a promising potential to increase the colonic
VDR protein expression when compared to PBS, as shown in figure 3. Nonetheless, the
addition of BSG as a fiber source did not show any positive effect to improve the VDR
status. Still, our unpublished data have shown that S. thermophilus TH-4 has potential as a
probiotic strain, in addition to its starter features, and the co-culture with L. paracasei subsp.
paracasei F19 enhanced its survival after exposure to GIT stress simulated in vitro. Thus, the
FM formulation selected for the intervention study was the FM3, with the co-culture of TH-4

and F19, without BSG, now on referred just as FM.
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Figure 4: A) Body weight changes during the dietary intervention. B) Total body weight variation. C) Colon lengths. D) Cecum lengths. FM = fermented milk
with the co-culture Streptococcus thermophilus TH-4 and Lactobacillus paracasei subsp. paracasei F19, DSS = dextran sulfate sodium, WT = wild-type,
VDRKO = vitamin D receptor knockout. A,B Different capital letters represent significant differences between treatments (p < 0.05).



102

3.2 Intervention Study

All the groups that were submitted to DSS treatment showed a significant body
weight loss, as illustrated in figure 4B, which was more pronounced at days 6 and 7 (Figure
4A). Meanwhile, rectal bleeding and softer feces were observed from day 5 until the end of
the study. In addition, all DSS groups showed shortened cecum lengths when compared to
their respective controls (Figure 4D), and FM showed a trend to attenuate it in WT mice.
Regardless of statistical differences, no major differences were observed in colon lengths
(Figure 4C).

The administration of probiotic FM showed a promising trend to improve the VDR
status in the colon at both mRNA and protein levels, as observed in figure 5A and B.
Nonetheless, this positive effect was only observed in the groups that had not been submitted
to DSS treatment.
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Figure 5: VDR expression in colon samples at mMRNA (A) and protein (B) levels. VDR = vitamin D receptor,
FM = fermented milk with the co-culture Streptococcus thermophilus TH-4 and Lactobacillus paracasei subsp.
paracasei F19, DSS = dextran sulfate sodium, WT = wild-type, VDRKO = vitamin D receptor knockout.
A,B Different capital letters represent significant differences between treatments (p < 0.05).

Regarding the inflammation biomarkers, as shown in figure 6 A, the administration
of milk or probiotic FM significantly reduced the serum level of IL-6 when compared to the
PBS control (p < 0.0.5). In addition, between DSS groups, probiotic FM showed a trend
towards a decrease in the IL-6 release, but this effect was dependent on VDR functions. In
fact, the IL-6 concentration was extremely higher in VDRKO mice that received probiotic
FM when compared to all other DSS groups. Furthermore, fecal lipocalin 2 was also

significantly increased with the DSS treatment, and the probiotic FM showed a tendency to
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worsen this inflammation marker when compared to the PBS control in VDRKO mice

(Figure 6B).
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Figure 6. Serum of IL-6 (A) and fecal lipocalin-2 (B) levels.

IL-6 = interleukin 6, FM

Streptoc

fermented milk with the co-culture
occus thermophilus TH-4 and Lactobacillus paracasei subsp.
dextran sulfate sodium, WT wild-type,

paracasei F19, DSS
VDRKO = vitamin D receptor knockout. A,B Different capital letters

represent significant differences between treatments (p < 0.05).

4 DISCUSSION

In the presen
expression in colon at

concentration of IL-6 i

t study, we have shown that probiotic FM increased the VDR
the mRNA and protein levels and a tendency in reducing the serum

n DSS-colitis in WT mice. On the other hand, in VDRKO mice, the

treatment with probiotic FM triggered an abnormal inflammatory response to DSS-induced

colitis.
The critical

role of VDR in the anti-inflammatory outcomes of probiotic

interventions has hardly been reported. In the study conducted by Lu et al. (2020),
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conditional media from Lactobacillus paracasei DKL121, a lactic acid bacteria isolated from
Korean kimchi, increased the in vitro VDR expression of human colon cancer cells
(HCT116) at RNA and proteins level, while improved autophagic response and cathelicidin
gene expression. Furthermore, pre-treatment with the probiotic showed a protective effect
against inflammation (LU et al.,, 2020). Similarly, Wu et al. (2015a) reported that
Lactobacillus rhamnosus LGG and Lactobacillus plantarum improved the VDR and
cathelicidin signaling in vitro, while Lactobacillus plantarum protected WT mice against
Salmonella infection and improved Paneth cells functions. However, in VDRKO mice
probiotic treatment caused a more intense inflammatory response, corroborating with the
principle that VDR signaling is essential for probiotics anti-inflammatory effects (WU et al.,
2015a).

The impaired intestinal barrier may have triggered the abnormal inflammation of the
VDRKO mice that received the probiotic FM treatment when compared to the other DSS
treated groups. Several studies reported that the lack of VDR drastically increases the
vulnerability to DSS-induced colitis and the proper functions of VDR are critical for tissue
recovery. In addition to higher levels of pro-inflammatory cytokines, the junctional proteins
seemed to be very compromised in DSS-treated VDRKO mice, increasing gut permeability,
whereas a possible bacteria translocation from the gut to the circulation may occur (FROICU,;
CANTORNA, 2007; HE et al., 2018; KONG et al., 2008; OOl et al., 2013). In fact, claudin-2
is overexpressed in VDRKO mice under inflammation, which may explain the impaired gut
barrier in association with a higher IL-6 level (ZHANG et al., 2019). The IL-6 is directly
related to chronic inflammatory diseases and bacterial infection. Meanwhile, its
overexpression may inhibit Treg (regulatory T cell) differentiation, impairing the immune
response  (KISHIMOTO, 2005; ROSE-JOHN, 2020; TANAKA; NARAZAKI;
KISHIMOTO, 2012). Therefore, we hypothesized that the probiotic bacteria present in the
FM could have been translocated, becoming a threat to VDRKO mice, aggravating the body
weight loss and the inflammation biomarkers.

As expected, the fecal level of lipocalin 2 (LCNZ2) has substantially increased with
DSS treatment as well. Fecal LCN2 has been shown to be a sensitive and noninvasive
inflammation marker related to bacterial infection (CHASSAING et al., 2012; LU et al.,
2019; STALLHOFER et al.,, 2015). In the present study, we observed that LCN2
concentration was slightly higher in WT that received milk or FM when compared those on
PBS, with or without DSS treatment. Nevertheless, in VDRKO mice, the effect of probiotic

in increasing LCN2 was more pronounced. Curiously, Chiang et al. (2012) reported that the



105

downregulation of VDR reduced the effect of vitamin D in suppressing the LCN2 expression
and tumorigenesis in an in vitro cancer model, suggesting that LCN2 may be regulated by
VDR.

An important mechanism of action of probiotics in the gut is the metabolization of
dietary components into SCFA, such as butyrate, propionate, and acetate. These compounds
may improve several functions related to the gut epithelium and anti-inflammatory responses
(PEARCE et al., 2020; SANDERS et al., 2018; SANDERS et al., 2019). Therefore, an
interesting alternative approach for VDR deficient target groups would be the administration
of beneficial metabolites, such as butyrate, as a pre-treatment prior probiotics intervention,
aiming to enhance the gut barrier integrity, and possibly avoid translocation and aggravated
inflammation/infection. Indeed, the depletion of VDR exclusively in the intestinal epithelial
cells leads to a shift in the gut microbiota, decreasing the population of butyrate-producer
bacteria. On the other hand, the administration of butyrate may enhance the VDR expression
while regulates autophagy, Paneth cells, and inflammation (WU et al., 2015b). In addition,
butyrate may increase the expression of lysozyme and boost the barrier integrity (PEARCE et
al., 2020).

It is noteworthy that milk itself showed an improvement in the VDR expression and
IL-6 level in WT mice. Dairy products are the major vitamin D fortified food, and the
administration of vitamin D appeared to improve immune functions and shape the gut
microbiota, ameliorating Inflammatory bowel diseases (IBD) symptoms. Likewise, in vivo
studies have reported that vitamin D may reduce the severity of induced colitis while
enhancing gut barrier integrity (ZHU et al., 2015). Thus, we believed these facts could
explain why the animals that received only milk showed these positive outcomes when
compared to the PBS control group. On the other hand, intestinal inflammation is usually
associated with nutrients malabsorption problems, and the vitamin D amount present in milk
or FM was not sufficient to confer a protective effect against DSS colitis (CANTORNA,
2016).

The health outcomes regarding the administration of probiotics in IBD are still
inconsistent and an official recommendation does not exist yet (WU et al., 2015a). VDR is
usually downregulated in IBD patients. Pre-disposed individuals present an atypical immune
reaction to commensal bacteria, in addition to increased gut permeability and gut microbiota
dysbiosis (LEVINE; SIGALL BONEH; WINE, 2018; RYAN et al., 2020). Zhang, Xia &
Sun (2020) showed that the VDR signaling may be assessed using fecal samples, which is a

noninvasive exam and could offer a promising diagnostic tool. Therefore, we suggest that
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VDR functions should be assessed prior to probiotic interventions, which will allow a more
precise and safe treatment recommendation.

Hence, the present study reinforces that VDR plays a critical role in the potential
anti-inflammatory effects of probiotics. To the best of our knowledge, this is the first study
evaluating the influence of a food matrix as a probiotic vehicle in the VDR functions. Our
study has some limitations that should be addressed in future studies, such as the need to
increase the number of VDRKO animals, including the evaluation of probiotics in VDRKO
mice without DSS treatment, histological studies, expression of tight junction proteins, and
other pro-inflammatory and anti-inflammatory biomarkers. We encourage studies with
different probiotic genus and strains and/or food matrices (e.g. plant-based products or milk
without vitamin D fortification), which will certainly contribute to elucidate the probiotic
health benefits in anti-inflammation.

5 CONCLUSIONS

The probiotic FM produced with the co-culture Streptococcus thermophilus TH-4
and Lactobacillus paracasei subsp. paracasei F19 has a promising anti-inflammatory
potential and may improve VDR signaling. Meanwhile, the lack of VDR may trigger an

abnormal inflammatory response to probiotic FM treatment.
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GENERAL CONCLUSIONS

In this study, we explored the application of brewer’s spent grain (BSG), a beer industry
by-product, as a potential prebiotic ingredient in fermented milk with probiotic strains. The
BSG revealed to be an interesting ingredient rich in fiber that may improve the resistance of
potentially probiotic strains in fermented milk to gastrointestinal (GI) stress simulated in
vitro. Furthermore, we showed that Streptococcus thermophilus TH-4, in addition to its starter
feature, has potential as probiotic strain when in combination with BSG and/or Lactobacillus
paracasei subsp. paracasei F19. The fermented milk with Streptococcus thermophilus TH-4
and Lactobacillus paracasei subsp. paracasei F19 has a promising anti-inflammatory
potential against DSS-induced colitis and may improve the vitamin D (VDR) expression.
Nevertheless, we observed that the lack of VDR aggravated the inflammation after probiotic
treatment.

Our study has some limitations that should be addressed in future studies, such as
increase the sample size of VDR knockout mice, perform histological studies, and explore the
expression of tight junction proteins and other inflammation biomarkers. We encourage
studies with different probiotic genus and/or food matrices (e.g. plant-based products or milk
without vitamin D fortification), which will contribute to elucidate the probiotic health

benefits related to the VDR.
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Probiotics, Vitamin D, and
Vitamin D Receptor in Health

and Disease

Carolina Battistini."? Napb Nasgssant,! Susana MI Saad!?
and Jun Sun®*

Introduction

The gut microbiome, “a newly discovered organ”™ of the body, plays a cntical role
in immunity and metabolism m the host's healthy and diseased states. Microbiome
products released in the gut, ez, short chain fatty acids, may reach and infiuence the
fimetion of organs and systems beyond the intestinal tract. Environmental factors,
lifestyle, age, and sex influence the profile and function of the microbiome. Its
imbalance. termed “dysbiosis’, 1s directly related to the development of varions human
diseases (Wang et al. 2016, Costea et al. 2018, Salvucci 2019).

Vitamin D (VitD) and the vitamin D receptor (VDE) are invelved in many
fimctions of the body, including but not limited to calcium absorption, iImmunity,
glucose and liver metabolism, in addition to gut microbiota modulation. For example,
WVitD deficiency and the lack or low expression of the VDE. are directly related to
inflammatory bowel diseases (IBD)), and the treatment with VitD) supplements might
be effective in some cases (Haussler et al. 2013, Ooi et al. 2013, Wu et al. 2015a.b,
National Institute of Health 2016, Celiberto et al. 2018). Therefore, VDE could be
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The Potential Use of Vitamin D as an Alternative Approach for Gut

Microbiota Modulation in Inflammatory Bowel Disease

Carolina Battistini**, Rafael Ballan®™, Marcos Edgar Herkenhoff™, Jun Sun?, Susana Marta
Isay Saad“*

‘Diepartment of Pharmaceutical and Biochemical Technology, School of Pharmaceutical Sciences,
University of Sd0 Panle, S3c Paulo, 8P, Brazil

‘Food Research Center, University of 380 Paulo, S80 Paulo, SP, Brazil

‘Division of Gastroenterology and Hepatology, Department of Meadicine, University of Illincis at
Chicago, Chicage IL, USA

* These authors contributed equally to this work

* Correspondence: Susana M. L. Saad (susasd@usp br
Department of Pharmaceutical and Biochemical Technology, School of Pharmmacentical Sciences -

Univerzity of Sdo0 Paulo
Av. Prof Lineun Prestes, 380 - BL. 16 - 05308-000 - S&o0 Paulo, 5P, Brazl
Phone 53-11-3091-2378

Total word count: 6354 words
Number of tahles: 1
Running title: Microbiota Modulation by Vitamm D m IBD

Financial support: 33c Paulo Fesearch Foundation (Project: FAPESP #101821584-4 and
#2019/02383-0), EgBC, — Food Besearch Center (Project FAPESP #2013/07914-8), and CAPES
Foundation (PDSE #88881.187323/2018-01, PhD and MSc Fellowships #88882.376972-2019-01 and
#88882.376365/2019-01).

Conflicts of interest: None of the authors have conflicts of interast.



115

Attachment 3. Scientific article under submission: Brewer’s spent grain enhanced the

recovery of potentially probiotic strains in fermented milk after exposure to in vitro-simulated

gastrointestinal conditions

[==]

10

11
12

13
14
15

16
17

18

19

To be submitted to

Brewer’s spent grain enhanced the recovery of potentially probiotic strains in

fermented milk after exposure to in vifre-simulated gastrointestinal conditions

Carolina Battistiniz?, Marcos Edgar Herkenhoff 22, Marcela de Souza Leite®t. Antonin,
Diogo Silva Vigira®®, Raquel Bedani®?, Susana Marta [say, Saad>”

2 Department of DBiochemical and Pharmaceutical Technology, School of
Pharmaceutical Sciences, University of S&o Paulo. Av. Professor Lineu Prestes, 5380,

Sao Paulo. SP, 05508-000. Brazil.

' Food Research Center EQRC. University, of Sdo Paulo, Av. Professor Lineu Prestes,
580, S&o Paulo, SP 05508-000, Brazil

*Corresponding  author, at: Departamento de Tecnologia Bioguimico-Farmacéutica,
Faculdade de Ciéncias Farmac8uticas, Universidade de S3o Paulo, Av. Prof Linen
Prestes, 580, 05508-000, Sdo Paulo, SP, Brazml

E-mail address: susaad@usp.br (5. M.I. Saad)

Running Title: Brewer’'s spent grain increased probiotic resistance in fermented milk.



116

Attachment 4. Proof of Ethical Committee Approval for the animal experiments and

certificates of related training

I UNIVERSITY OF ILLINOIS
ALCHICA

September 6, 2018
Jun Sun N

.. Office of Animal Care and Institutional
ﬁﬁﬁﬂmmw”ﬁ and Hepatology Biosafery Committee (M/C 672)

Office of the Vice Chancellor for Research
206 Administrative Office Building
Dear Dr. Sun: 1737 West Polk Streer

Chicago, Nlinois 0612
The modificahions requested in modificaton indicated below peartainmg to your apprm'ej protocol indicated below have been
reviewed and approved m accordance with the Animal Care Policies of the University of lllmors at Chicage on 09052018,

Title of Application: How Vitamin [} Receptor Influences Inteztinal Barriers
ACC Number: 17-118
Modification Number: 06

Mature of Modification: Personnel Added: Carclina Battistini
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Abstract

The gut microbiota (GM) compasition varies among individuals and is influenced by
intrinsic (genetics, age) and extrinsic ([emironment, diet, [festyle) factors. An imbalance
ordysbiosis is directly associated with the development of severml illnesses, due to the
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V International Symposium on Lactic Acid Bacteria — SIBAL 2016
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152 EVALUATION OF A BY-PRODUCT FROM BEER INDUSTRY AS SUBSTRATE FOR
GROWTH OF PROBIOTIC AND STARTER BACTERIA

C. Battistini, R. Bedani, 5. M. |. Saad

Faculdade de Ciéncias Farmacéuticas, Universidade de Sdo Paulo. Av. Prof. Lineu Prestes, 580
05508-000 - Sdo Paulo, SP, Brasil. E-mail:carolina.battistini@usp.br

In the beer manufacturing, after the malting and brewing processes, the slurry obtained is
filtered. Afterwards, the liquid fraction is fermented for beer production, whilst the solid
fraction is the main by-product generated by the beer Industries, called brewer’s spent grain
(BSG). The BSG is rich in protein, fibre (mainly arabinoxylan, lignin, and cellulose), and pheno-
lic compounds. When disposed, BSG may become an environmental problem; however, due
to its relatively low cost and nutritive properties, this by-product has attracted the attention
of researchers. Until now, to the best of our knowledge, BSG has only been used in animal
feed and in bakery products. Nevertheless, BSG could be an inexpensive raw material with-
potential human health benefits when incorporated in different foods, including fermented
products. Thus, the aim of this study was to evaluate the BSG flour as a substrate for growth
of the probiotic strains Bifidobacterium (B.) animalis subsp. lactis BB-12, B. longum BB-46,
B. longum subsp. infantis BB-02, Lactobacillus (Lb.) acidophilus LAS, Lb. rhamnosus GR1, Lb.
rhamnosus LGG, Lb. paracasei subsp. paracasei, L. casei 431, Lb. paracasel subsp. paraca-
sei F19, and Streptococcus (St.) thermophilus TH4, and the starter culture St. thermophilus
STM6. Modified MRS broth containing phenol red (as indicator) and BSG flour (1 g:100 mL?)
was inoculated with 45 log CFU:mL? of each strain individually, and then incubated at 37
“C. The counts of each microorganism were determined on selective agar before (0 h) and
after 24 h and 48 h of aerobic incubation at 37°C. After 24 h, the strains LAS, L. casei 431 and
GR1 showed the highest viable cells counts, 8.0 £0.2, 8.1 £ 0.1, and 8.3 + 0.02 log CFU-mL?,
respectively. On the other hand, the populations of LGG, BB02, BB-12, BB-46, and F19 were
approximately 7.4 log CFU-mL* for the same period. Regarding streptococci strains, STM6
showed higher population (7.9 + 0.1 CFU-mL") than TH4 (4.7 + 0.08 CFU-mL?) after 24 h.
Overall, the populations of probiotic and starter strains kept stable after 48 h. Therefore, BSG
showed great potential as substrate for the growth of the probiotic and starter microorgan-
isms tested. However, according to our results, the ability to ferment this type of substrate
was strain-dependent.

This is fo certify that  Cravolina BaHistini has attended to the
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Benefitting from Lactic Acid Bacteria

Progress in Health and Food
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f516- TOCUMAN “3015 ™ San Miguel de Tucumadn, Tucumdn, Argentina. October 19-21, 2016
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29° Congresso Brasileiro de Microbiologia

TITLE: SELECTION OF STARTER AND PROBIOTIC CULTURES FOR AFPPLICATION IN A
BLACKBERRY PROBIOTIC FERMENTED MILK SUPPLEMENTED WITH BEER'S INDUSTRY BY-
PRODUCT

AUTHORS: BATTISTINI, C.; BEDANI, R_; SAAD, 5. M. 1.

INSTITUTION: FACULDADE DE CIENCIAS FARMACEUTICAS, UNIVERSIDADE DE SAO PAULO
(AV. PROF. LINEU PRESTES, 580, CEP 05508-000, SAC PAULO - SP, BRAZIL). FOOD
RESEARCH CENTER, UNIVERSITY OF SAD PAULO, SA0 PAULO, BRAZIL.

ABSTRACT:

Probictic microorganisms and fibers can beneficially modulate the intestinal microbiota, improving
the host's health and consequently reducing the risk for the development of diseases. In the beer
production, is generated the brewer's spent grain, which has around 70% of fibers. The addition of
brewer’s spent grain flour (BSG) in probictic fermented milk (FM) might enhance the beneficial
properties to health of this type of functional food. Thus, this study evaluated the fermentability of
BSG by starter and probiotic cultures and selected a suitable strain combination for the application
in blackberry probiotic FM supplemented with BSG. Probiotic cultures Bifidobacterium (B.)
animalis (BB-12), B.Jlongum (BB-46 and BEB-02), Llactobacillus (L) acidophilus (LA-5), L
rhamnosus (GR-1 and LGG), L. fermentum (PCC), L. reuteri (RC-14), L. paracasei (431 and F19), and
the starter cultures Streptococcus thermophilus (TH-4 and 5TM-6) were evaluated regarding their
ability to ferment the BSG. The fermentability assay consisted of supplementing UHT skimmed
milk (MILK) with 1 z-100 mL™ of BSG, followed by inoculation with each strain individually. The
counts of each microorganism were determined on selective agar before (0 h) and after 24 h after
incubation at 37 °C. The two cultures that showed the highest growth in the presence of BSG were
selected for FM production. Four FM formulations with blackberry pulp were assessed: FM1
(control); FM2 (with B53G); FM3 (with probiotic culture); FM4 (with probiotic culture and B5G); the
starter culture was added in all formulations. The products were stored at 4 °C for 28 days and the
viability of the microorganisms was determined weekly, using selective agar. Regarding
fermentability assay, the strains that significantly increased their populations after 24 h of
fermentation with BSG were BB-46, PCC, RC-14, F19, and LGG (p<0.05). However, TH-4, STM-&,
and F19 showed the highest population after 24 h, with counts around 9.1 CFU-m i Thus, the co-
culture chosen for application in blackberry probiotic FM was composed by F19 and TH-4. In the
FM formulations, both TH-4 and F19 remained stable, respectively, above 8.0 and above 85
CFU-mL™ over 28 days, and the addition of BSG did not influence their counts. Therefore, all the
FM formulations tested have potential as probiotic fermented milks, since the probiotic
populations were always above 10°CFUina daily portion of 100 mL of the FM.

Keywords: blackberry, brewer's spent grain, fiber, functional food, probiotic

Financial support: FAPESP (Project #2013/50506-8) and CAPES
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VITAMIN D RECEPTOR CONTRIBUTES TO THE HEALTH BENEFITS OF
PROBIOTIC CONSUMPTION

Caroling Bathistini ' - Yong-guo Zhang ¥ - Ishita Chattenes # - Hong Lu #' -
Jilei Zhang ® - Susana M | Saad ™ - Jun Sun @

University of 580 Paulo, School of Pharmaceutical Sciences / Dapartment
of Pharmaceutical and Biochemical Technology / FoBC - Food Research
Center 530 Pawlo, Brazil ™ - Uiniversity of llinois at Chicago, Department
of Medicine, Chicago, United States ®

Objective

Inflammatory bowel disease affect millions worldwide. Probiotics are
known to improve inflammatory conditions by modulating gut microbiota,
however, the exact mechanisms involved are not well-understood.
Meanwhile, vitamin 0 receptor (VOR), besides mediation of vitamin D
functions, is involved in cell differentiation, growth, anti-inflammatory
actions, and a key factor for shaping gut microbiome. This work aimed to
evaluate the impact of probiotic fermented milk (F\) on the inflammatory
responses and expression of VOR i wive

Methods

Probiotic FM was produced with the co-culture Straptococcus termaphilus
TH-4and Lactobacillus paracasaisubsp. paracaseiF19. Animal experiments
were performed with wild-type (WT) and VDR knockout (VORKO) C57BL7
mice in a dextran sulfate sodium (DSS) colitis model (5% in drinking water
24h after first gavage). PES or FM were gavaged (100 microliter) daily for
7 days.

Results

Probiotic FM showed an anti-inflammatory effect only for WT mice,
worsening the inflammation in YVORKD mice. After DSS treatment, IL-6
level was significantly lower in the WT-Fh+DS5 group when compared
with WT-PES+D0S5 [p<0.0%). In contrast, for VDRKD mice, the IL6 levels
were dramatically high in VORKQ-FM+DSS group when compared with
VDRKOD-PES+DSS (p<0.0%). Moreover, at mANA level, FM increased the
VDA relative expression in colon cells when compared with control groups.

Connclusions

The probiotic FM produced with the co-culture Streptococcus thermaphilus
TH-4 and lactobacillus paracasei subsp. paracaser F19 presented a
promising anti-inflammatory potential against DSS induced colitis in mice,
but VDR expression is needed. Therefore, enhancing VDR levels may
contnbute to potential health benefits driven by probiotic consumption.
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a valiosa contribuigdio que seus conhecimentos e experiéncia trouxeram aos
alunos da disciplina LANO415 - Alimentos Funcionais ao proferir a palestra

"Probidtices, Prebidticos ¢ Fibras”

no dia 28 de Maic de 2020, das 19h00 as 22h20.
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Profa. Dra. Aline Silva Mello Cesar

Responsdvel pela disciplina

FOOD RESEARCH CENTER

CERTIFICADO

Certificamos que CAROLINA BATTISTINI

Ministrou palestra na Fundagdo Salvador Arena com o titulo
“Microorganismos probiéticos: conceitos e aplicagdes”, Sdo Paulo - SP, em
05 de novembro de 2019.

Séao Paulo, 06 de maio de 2020.
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Dra. Bernadette D.G.M.Franco
Diretora FORC




