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ABSTRACT 

In this thesis, we embark on a comprehensive exploration of the 

multifaceted interactions between microbiota and SLE. Through a meticulous 

examination of existing literature, coupled with original research endeavors, we aim 

to delineate the mechanistic underpinnings that govern this intricate relationship. By 

elucidating the key players and pathways involved, we seek to pave the way for 

novel therapeutic approaches that harness the potential of gut microbiota and its 

metabolites in the management of SLE and its consequent cardiovascular 

complications. Therefore, the general objective of this thesis was to analyse the 

role of gut microbiota and its bacterial by-products (TMAO, SCFA) in the 

development of cardiovascular complications in SLE. To achieve this aim we 

performed several experiments: 

I) Role of gut microbiota in the development of hypertension in a TLR-7-

dependent lupus mouse model 

Female BALB/cJRj mice were randomly assigned to four experimental 

groups: an untreated control (CTR), a group treated with the TLR-7 agonist 

imiquimod (IMQ), IMQ-treated with vancomycin, and IMQ-treated with a cocktail of 

broad-spectrum antibiotics. We carried out faecal microbiota transplant (FMT) from 

donor CTR or IMQ mice to recipient IMQ or CTR animals, respectively. Vancomycin 

inhibited the increase in blood pressure, improved kidney injury, endothelial function 

and oxidative stress, and reduced T helper (Th)17 infiltration in aortas from IMQ-

treated mice. The rise in blood pressure and vascular complications present in IMQ 

mice were also observed in the CTR mice recipients of IMQ microbiota. Reduced 

relative populations of Sutterella and Anaerovibrio were associated to high blood 

pressure in our animals, which were increased after stool transplantation of healthy 

microbiota to IMQ mice. The reduced endothelium-dependent vasodilator 

responses to acetylcholine induced by IMQ microbiota were normalized after 

interleukin-17 neutralization. In conclusion, gut microbiota plays a role in the TLR7-

driven increase in Th17 cell, endothelial dysfunction, vascular inflammation and 

hypertension. The vascular changes induced by IMQ microbiota were initiated by 

Th17 infiltrating the vasculature. 
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II) Role of TMAO in SLE development and cardiovascular complications 

in a lupus mouse model induced by TLR-7 activation 

 

Female BALB/c mice were randomly divided into 4 groups: untreated control 

mice, control mice treated with the trimethylamine lyase inhibitor 3,3-dimethyl-1-

butanol (DMB), IMQ mice, and IMQ mice treated with DMB. The DMB-treated 

groups were administered in their drinking water for 8 weeks. Treatment with DMB 

reduced plasma levels of TMAO in mice with IMQ-induced lupus. DMB prevents the 

development of hypertension, reduces disease progression (plasma levels of anti-

dsDNA autoantibodies, splenomegaly and proteinuria), polarization of T 

lymphocytes towards Th17/Th1 in secondary lymph organs and improves 

endothelial function in mice with IMQ-induced lupus. The deleterious vascular 

effects caused by TMAO appear to be associated with an increase in vascular 

oxidative stress generated by increased NADPH oxidase activity, derived in part 

from the vascular infiltration of Th17/Th1 lymphocytes, and reduced NRF-2-driven 

antioxidant defense. In conclusion, our findings identify the bacterial-derived TMAO 

as a regulator of immune system allowing the development of autoimmunity and 

endothelial dysfunction in SLE mice. 

 

III)  Effects of SCFA on cardiovascular complications in TLR-7-induced 

lupus mouse model 

 

SCFA and dietary fibers rich in resistant starch (RS) or inulin-type fructans 

(ITF) effectively prevented the development of hypertension and cardiac 

hypertrophy. Additionally, these treatments improved aortic relaxation and mitigated 

vascular oxidative stress. Both SCFA treatments also contributed to the 

maintenance of colonic integrity, reduced endotoxemia, and decreased the 

proportion of Th-17 cells in MLN, blood, and aorta in TLR7-induced SLE mice. The 

observed changes in MLNs were correlated with increased levels of GPR43 mRNA 

in mice treated with acetate and increased GPR41 levels along with decreased 

histone deacetylase (HDAC)-3 levels in mice treated with butyrate. Notably, the 

effects attributed to acetate, but not butyrate, were nullified when co-administered 

with the GPR43 antagonist GLPG-0974. T cell priming and differentiation into Th17 

cells in MLNs, as well as increased Th17 cell infiltration, were linked to aortic 

endothelial dysfunction and hypertension subsequent to the transfer of faecal 

microbiota from IMQ-treated mice to germ-free (GF) mice. These effects were 

counteracted in GF mice through treatment with either acetate or butyrate. To 

conclude, these findings underscore the potential of SCFA consumption in averting 

hypertension by restoring balance to the interplay between the gut, immune system, 

and vascular wall in TLR-7-driven SLE. 
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IV) Role of dietary fiber intake in the raise of BP in NZBWF1 mice 

 

Female NZBWF1 (SLE) mice were treated with dietary fibers rich in 

resistant-starch (RS) or inulin-type frutans (ITF). In addition, inoculation of faecal 

microbiota from these experimental groups to recipient normotensive female 

C57Bl/6J germ-free (GF) mice was performed. Both fiber treatments, especially RS, 

prevented the development of hypertension, renal injury, improved the aortic 

relaxation induced by acetylcholine, and the vascular oxidative stress. RS and ITF 

treatments increased the proportion of acetate-, and butyrate-producing bacteria, 

respectively, improved colonic inflammation and integrity, endotoxemia, and 

decreased Th17 proportion in MLN, blood, and aorta in SLE mice. However, 

disease activity (splenomegaly and anti-ds-DNA) was unaffected by both fibers. T 

cell priming and Th17 differentiation in MLNs and increased Th17 infiltration was 

linked to aortic endothelial dysfunction and hypertension after inoculation of faecal 

microbiota from SLE mice to GF mice, without changes in proteinuria and 

autoimmunity. All these effects were lower in GF mice after faecal inoculation from 

fiber treated SLE mice. In conclusion, these findings support that fiber consumption 

prevented the development of hypertension by rebalancing of dysfunctional gut-

immune system-vascular wall axis in SLE. 

 

  All of these findings suggest that gut microbiota modulation based on 

dietary interventions could be a novel alternative for the prevention of SLE-linked 

cardiovascular complications. 
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INTRODUCTION 

1. Systemic lupus erythematosus 

1.1. Definition 

Systemic lupus erythematosus (SLE) is a heterogeneous chronic 

inflammatory autoimmune disorder, characterized by aberrant humoral and cellular 

immune responses (Islam et al. 2020). Abnormal B cells produce a high number of 

antinuclear antibodies, especially against double stranded-DNA (ds-DNA), forming 

immunocomplexes and causing damage to several tissues and organs such as the 

kidneys, the skin or the vascular system (Tsokos 2011). As a result, this pathology 

is associated with several complications, including cardiovascular diseases (CVD). 

In general, individuals with SLE face a significantly increased risk of stroke and 

myocardial infarction, ranging from two to three times higher compared to the 

general population. 

Among premenopausal women, the risk of myocardial infarction is 

particularly notable, surpassing traditional risk estimates. One study even reported 

a 52-fold increase in the incidence of myocardial infarction among women with SLE 

aged 35 to 44 years (Manzi et al. 1997). While traditional CVD risk factors, such as 

hypertension and dyslipidaemia (Frostegård 2023), are likely contributors to CVD 

development in individuals with SLE, they cannot completely account for the 

elevated CVD risk observed in SLE patients. Several SLE-specific factors may also 

contribute to the onset and progression of CVD in these patients, including the use 

of corticosteroids and immune dysregulation, both innate and adaptive that are 

specific to lupus, as well as metabolic dysfunction (Oliveira and Kaplan 2022). 

SLE is a relatively rare condition, with a prevalence of approximately 20 to 

150 cases per 100,000 individuals, depending on the population studied (Uramoto 

et al. 1999). The prevalence of this pathology is 9 times higher in women compared 

to men, especially during childbearing years (Krasselt and Baerwald 2019; 

Tedeschi, Bermas, and Costenbader 2013), and it displays a broad set of 

characteristics, which vary from patient to patient. This makes the development of 

SLE very difficult to predict (La Paglia et al. 2017).  

The aetiology of this disease remains unknown but it seems to be a 

combination of genetic, epigenetic, metabolic, environmental and hormonal factors 

(Edwards and Costenbader 2014; Li and Mohan 2007) leading to changes in blood 
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pressure (BP) (Wolf and Ryan 2019).  Nonetheless, the pathophysiological 

mechanisms behind SLE-associated hypertension (SAH) are yet to be discovered. 

1.2. General features 

Lupus patients cannot be considered as a common set of characteristics 

because they exhibit a broad range of symptoms (Kiriakidou and Ching 2020). The 

preliminary presentation of lupus usually mimics a viral syndrome. Constitutional 

symptoms, such as weight loss, fatigue, and low-grade fever, are frequent and can 

be accompanied by arthritis (Seibold, Wechsler, and Cammarata 1980). 

1.2.1. Clinical manifestations 

Common clinical features include arthritis, skin rashes (such as malar rash 

or discoid lesions), oral ulcers, photosensitivity, and alopecia. Organ involvement 

can occur in the kidneys, resulting in lupus nephritis (LN); heart, leading to 

pericarditis or myocarditis; lungs, causing pleuritis; and central nervous system, 

resulting in neuropsychiatric lupus. Hematologic abnormalities, such as anemia, 

leukopenia, and thrombocytopenia, are frequently observed (D’Cruz, Khamashta, 

and Hughes 2007; Gladman, Ibañez, and Urowitz 2002). 

Up to 75%–80% of patients may experience cutaneous symptoms, which 

can be classified in acute, subacute, chronic, and bullous lupus (Vera-Recabarren 

et al. 2010). Although the typical early symptoms are fever, rash, and arthritis, 

sudden start with target-organ involvement is very frequent, especially in Hispanics 

(61%) and African Americans (45%), as opposed to whites (41%) (Alarcón et al. 

1999). 

In addition to the symptoms abovementioned, an assortment of 

cardiovascular signs can be observed in SLE patients. A higher incidence of 

atherosclerosis risk factors has been described as well as the presence of 

atherosclerotic plaque, which may form as a result of autoimmune vascular damage 

(Frostegård 2008; Hak et al. 2009). 

 These patients may also experience accelerated ischemic coronary artery 

disease and myocarditis at the heart level (Kaul et al. 2016; Liu and Kaplan 2018). 

CVD are not only prevalent in SLE, but also responsible for the most of fatalities 

among patients. Additionally, the main traditional risk factor for the development of 

renal and cardiovascular disorders is hypertension. Patients with SLE have been 

found to have a 3 times higher risk of fatal myocardial infarction than age- and 

gender-matched control subjects (Al-Herz et al. 2003). 
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Although a large number of studies show an enhanced prevalence of 

hypertension in SLE patients, mechanistic investigations for SAH are uncommon 

(Ryan 2009) and must be investigated in depth. 

1.2.2. Diagnosis 

SLE assessment must be performed whether any of these  hematologic 

alterations is found, such as thrombocytopenia, leukopenia, lymphopenia, or 

anemia; respiratory symptoms, such as cough, dyspnea, hemoptysis, or pleuritic 

pain; renal findings, such as hematuria, proteinuria, cellular casts, or elevated 

serum creatinine level; or central nervous system signs, such as headache, 

photophobia, or focal neurologic deficits (Kiriakidou and Ching 2020). 

Although diagnostic criteria may vary among countries, the American 

College of Rheumatology guideline has been widely accepted (Hochberg 1997). 

According to this, patients with 4 of the 11 criteria, the diagnosis of SLE can be 

made with 95% specificity and 85% sensitivity (Tunnicliffe et al. 2015). 

Recently, these criteria were updated and published as a result of a 

collaboration between European and American rheumatology specialists (Aringer et 

al. 2019). Despite its broad applicability, its accuracy in juvenile SLE is not yet the 

best diagnostic tool (Chang et al. 2022). This diagnostic compilation emphasizes 

immunological abnormalities and LN, focusing on anti-dsDNA antibodies as an 

outcome predictor in SLE. It also highlights the complement as a possible 

biomarker in clinical practice since the frequency of hypocomplementemia (low C3 

or C4) at diagnosis of SLE is 50%–89%. As a result, new diagnostic strategies 

based on measuring complement fragments and derivatives are becoming relevant 

(Ayano and Horiuchi 2023; Troldborg et al. 2018). To understand the relevance of 

these immune mediators as biomarkers in SLE detection we will tackle their role in 

the pathogenesis of the disease. 

1.3. Pathogenesis 

The onset and progression of SLE are influenced by genetic, environmental, 

and stochastic factors (Nandakumar and Nündel 2022). Genome-wide association 

studies have shown more than 40 susceptibility loci associated with this disease, 

mainly related with Toll-like receptor (TLR) signalling, processing of immune 

complexes and production of type I interferon (IFN-I) (Cui, Sheng, and Zhang 

2013). Furthermore, SLE is classified as an autoimmune disorder wherein the 

participation of the immune system holds pivotal significance in the genesis of the 

pathology. 
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According to this, the investigation into the pathogenesis of SLE has 

identified two critical classes of mediators as fundamental contributors to the 

progression of the disease: IFN-I and autoantibodies directed against nucleic acids 

and nucleic acid-binding proteins (ANA) (Crow 2023).  

On the one hand, IFN-I is mainly produced by plasmacytoid dendritic cells 

(pDC) and functions as an immunological adjuvant that fosters the activation of the 

entire immune system, and it especially aids in the differentiation of B cells and the 

synthesis of inflammatory chemokines (Eloranta and Rönnblom 2016). It might 

increase the threshold for B cell receptor signaling in B-cell progenitors, affecting 

the effectiveness of tolerance mechanisms that rely on the elimination of self-

reactive cells and promoting ultimately ANA production (Sindhava et al. 2017). 

On the other hand, the apparent induction of remission by anti-CD19 CAR 

T-cell therapy in several patients with severe SLE (Mackensen et al. 2022) 

suggests that autoantibodies, especially those complexed with nucleic acids in the 

form of immune complexes, are crucial mediators of tissue inflammation and 

damage in patients with SLE. ANA are mainly produced by a specific subset of B 

cells known as age-associated B cells (ABC) and, within its immunomodulatory 

functions, autoantibodies induce inflammatory mediators such as IFN-I (Savarese 

et al. 2006). 

SLE organ damage is thus a consequence of this feedback loop where IFN-I 

and ANA are involved. In compliance with this idea, investigations have delineated 

three principal immune pathways implicated in the onset and progression of the 

disease (Figure 1): 

I) The faulty clearance of cellular remnants and immune complexes 

(efferocytosis) is a notable phenomenon in lupus patients (Geng et al. 2022). 

Macrophages and monocytes from individuals with lupus exhibit a marked reduction 

in their phagocytic capacities. This leads to the accumulation of undigested cellular 

debris, which can serve as a reservoir of auto-antigens, consequently fostering the 

production of auto-antibodies. The removal of apoptotic cells by macrophages is 

imperative in averting autoimmune disorders. While the components involved in the 

processes of recognition and phagocytosis of apoptotic cells have been identified, 

the transcriptional framework governing the identification and elimination of these 

cells remains to be elucidated (Liu and Davidson 2012). 
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Figure 1. Principal immune pathways implicated in SLE. 

Abbreviations: ANA, anti-nuclear antibody; ABC, Age-associated B cell; ER, endoplasmic reticulum; 

IFN-I, type I interferon; pDC, plasmacytoid dendritic cells; ssRNA, single stranded RNA; TCR, T cell 

receptor; TLR, Toll-like receptor; TNF, tumor necrosis factor.  

II) The heightened activation of the innate immune system via TLR and IFN-

α/IFN-β is noteworthy (Caielli et al. 2016; Khoryati et al. 2016). Specifically, the 

endosomal variants of these receptors, through the initiation of the myeloid 

differentiation primary response 88 (Myd88) protein signaling pathway, have been 

demonstrated to play a role in the overall development of SLE, as well as its 

associated LN (Christensen and Shlomchik 2007). This includes the notable shift in 

antibody isotype to IgG, a phenomenon commonly observed in SLE. 

III) The anomalous activation of T and B lymphocytes, coupled with 

alterations observed in T, B, Natural Killer, and dendritic cells (DC) has also been 

recently documented (De Groof et al. 2017). Typically, aberrant B lymphocytes may 

display autoantibodies adhered to autoantigens on their surface. These complexes 

can be recognized by T cell receptors (TCR), leading to the subsequent maturation 

of naïve T cells. In addition, defective TCR signaling due to genetic and/or 

transcriptional abnormalities is known to contribute to SLE development via altered 
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thymic selection of self-reactive T cells, aberrant T helper (Th) cell activation, and 

dysfunction of T regulatory (Treg) cells (Tsokos 2020). 

Despite the diverse pathways involved, all the aforementioned processes 

converge toward a common outcome: the production of autoantibodies, their 

subsequent accumulation, and deposition within target organs. As elucidated 

earlier, this results in several complications such as LN and hypertension (Liu and 

Kaplan 2018; Taylor and Ryan 2017). 

1.3.1. SLE and cardiovascular complications 

Hypertension is widely acknowledged as the foremost risk factor for cardiac 

events within lupus populations (Bartels et al. 2014). Indeed, prevalence rates 

ranging from 33% to 74% of SAH have been reported (Giannelou and Mavragani 

2017). Despite the widespread occurrence of hypertension, the current guidelines 

for its management do not specifically address individuals with autoimmune 

disorders like SLE. This results in practitioners having to rely on existing 

recommendations designed for the general population (Tselios et al. 2014). 

Consequently, there is a deficiency of data derived from large-scale clinical trials in 

this specific context. 

The challenge in regulating BP among patients with autoimmune disorders 

may stem from an incomplete understanding of the pathophysiological 

mechanisms. Research conducted using female New Zealand Black/White (NZBW) 

F1 mice, a spontaneous SLE model that mimics human disease progression and 

encompasses the development of SAH, has revealed a multifaceted interplay of 

factors contributing to the genesis of hypertension (Mathis et al. 2012). These 

include the inflammatory cytokine tumor necrosis factor (TNF)-α and oxidative 

stress. These mediators, which play a role in local inflammation and subsequent 

renal and vascular dysfunction, are likely downstream on the initial immune system 

dysregulation (Small et al. 2018; Wu et al. 2016).  

The presence of hypertension in autoimmune disorders is associated with 

immune cell infiltration into the adventitia and periadventitial fat, along with the 

activation of T cells releasing proinflammatory cytokines such as interleukin (IL)-

17a, IFN-γ, and TNF-α (Guzik et al. 2007; Madhur et al. 2010). In female NZBWF1 

mice, hypertension is associated with low plasma renin levels and exhibits 

insensitivity to salt. In this SLE mouse model, treatment with anti-CD20 antibody, 

which reduces B cell percentages in the spleen and anti-dsDNA antibody levels in 

plasma, effectively prevents SAH development (Mathis et al. 2014). However, the 

precise roles of aberrant T and B lymphocytes in hypertension pathogenesis remain 
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unclear. Several studies suggest a self-perpetuating cycle linking immune cells, 

oxidative stress, and inflammation, significantly contributing to renal and vascular 

damage associated with SAH (Wu et al. 2016). T cell activation occurs both in 

secondary lymphoid organs and locally within target organs, particularly kidneys 

and blood vessels. Oxidative stress enhances neoantigen presentation in antigen-

presenting cells through isoketal production, intensifying inflammatory responses 

(Mathis et al. 2012). Cytokine-triggered effector mechanisms encompass fibrosis, 

vasoconstriction, and Na+/H+ imbalance (Ryan 2013). 

In both individuals with SLE and murine models, there is a significant 

presence of isolevuglandins, which are γ-ketoaldehydes formed through the 

reactive oxygen species (ROS) oxidation of fatty acids and phospholipids. These 

isolevuglandins are found in high levels as adducts on proteins, referred to as 

isolevuglandin adducts, specifically within monocytes and DC. Moreover, the 

binding of isolevuglandins to the transcription factor PU.1 at a crucial DNA binding 

site significantly inhibits the transcription of all C1q subunits. When SLE-prone mice 

were treated with the specific isolevuglandin scavenger 2-hydroxybenzylamine, 

there were noticeable improvements in various autoimmune parameters, including 

the reduction of plasma cell expansion, circulating IgG levels, and anti-dsDNA 

antibody titers. Additionally, the scavenger was able to lower BP, mitigate renal 

injury, and reduce the expression of inflammatory genes, particularly in DC that 

express C1q. Therefore, it can be concluded that ROS and isolevuglandin adducts 

play a pivotal role in the initiation and maintenance of systemic autoimmunity and 

hypertension in SLE (Patrick et al. 2022). 

SAH is usually present together with endothelial dysfunction. This 

dysfunction manifests itself as the inability of endothelial cells to induce vasodilation 

through the activation of the endothelial nitric oxide synthase enzyme (eNOS) and 

the release of its product, nitric oxide (NO) (Deanfield et al. 2005). 

 High levels of IFN-I have been linked to endothelial dysfunction in patients 

with SLE (Somers et al. 2012). In particular, IFN- may suppress insulin-stimulated 

NO generation by blocking eNOS mRNA and protein expression (Buie et al. 2017). 

Additionally, it has been demonstrated that TNF- acts as a signal to reduce all 

eNOS activity. Furthermore, the administration of this cytokine impairs endothelial 

function in both human and rodent models (Chia et al. 2003; Wang, Ba, and 

Chaudry 1994) 

Superoxide anion and other ROS are highly reactive and reduce NO 

bioavailability by forming peroxynitrites. These compounds have a number of 

detrimental effects on the structure and function of the vascular wall and are a 

major contributor to the development of endothelial dysfunction (Szabó, 
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Ischiropoulos, and Radi 2007). ROS are mainly produced by nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase in the vascular wall, whose activity can 

be increased by inflammatory cytokines such as TNF-α, IFN-γ or IL-17a (Nosalski 

and Guzik 2017). Treatments with either hydroxychloroquine or an antioxidant 

cocktail were able to inhibit superoxide anion production from the NADPH oxidase 

(NOX) and reduce hypertension and endothelial dysfunction in NZBWF1 mice, 

showing the key role of ROS in the development of endothelial dysfunction in SLE 

(Gómez-Guzmán et al. 2014). 

In individuals with SLE there is a notable elevation in arterial stiffness when 

compared to control subjects (Sacre et al. 2014). This increased arterial stiffness, 

along with the properties of reflected pulse waves within the artery, can contribute 

to elevated systolic blood pressure (SBP) and pulse pressure. The primary 

mechanisms responsible for arterial stiffness involve endothelial dysfunction and 

the accumulation of collagen deposits in the extracellular matrix. 

In summary, immunological cells and mediators are involved in the establishment 

and progression of SAH and endothelial dysfunction (Figure 2). Since CVD 

contribute to the morbidity and mortality of SLE, the control of BP in lupus patients 

is essential. 
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 Figure 2. Immunological mediators involved in SAH and endothelial dysfunction.  

Abbreviations: CVD, cardiovascular diseases; eNOS, endothelial NO synthase; IFN-I, type I interferon; 

IL-17a, interleukin 17a; NADPH, nicotinamide adenine dinucleotide phosphate; SAH, SLE-associated 

hypertension; TNF, tumor necrosis factor.  
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1.4. Treatments 

Currently, the treatment and management of SLE primarily rely on non-

steroidal anti-inflammatory drugs, glucocorticoids, hydroxychloroquine, and 

immunosuppressive agents (Durcan, O’Dwyer, and Petri 2019). Nevertheless, SLE 

management remains challenging due to the adverse effects associated with 

conventional therapies and the occurrence of refractory disease. Corticosteroid and 

azathioprine therapies, in particular, have been linked to an elevated incidence of 

CVD in lupus patients, worsening the SAH. Although antihypertensive medications 

are frequently warranted for patients with autoimmune diseases, not all of them 

receive the appropriate therapeutic interventions (Ikdahl et al. 2019). 

 Thus, there is an urgent need for new treatment approaches that can 

address renal and cardiovascular disorders in lupus patients without compromising 

their overall health. In this sense, cellular modulation of the autoimmune response 

is an area of great interest in lupus research (Chan et al. 2013), and one of the 

most promising perspectives for its study is the recently found link between the gut 

microbiome and the immune system (Santisteban et al. 2016).   

Several studies have demonstrated that gut microbiome goes under a shift 

in composition in many diseases such as diabetes, inflammatory bowel disease and 

obesity (Gomes, Hoffmann, and Mota 2018; Iatcu, Steen, and Covasa 2021; Martel 

et al. 2022). These changes in the microbiota are known as dysbiosis.  

Notwithstanding the rising relevance of microbiome-immune system interactions, 

limited knowledge exists regarding the role of gut microbiota in SLE (Katz-Agranov 

and Zandman-Goddard 2017; Rosser and Mauri 2016).  
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2. SLE and microbiota 

A unique set of microorganisms (viruses, archaea, bacteria and fungi) that 

find their niches in and on the body together with the interactions among them and 

the host compose the mammalian microbiome (Shanahan, Ghosh, and O’Toole 

2021). One of those niches is located in the gut, and it is particularly dominated by 

Firmicutes and Bacteroidetes, and in lower quantities by Actinobacteria, 

Proteobacteria, Synergistetes, Verrucomicrobia and Fusobacteria (McCallum and 

Tropini 2023). Nonetheless, the prevalence of these bacteria can be altered due to 

changes in environmental factors such as hormones, diet, exercise and diseases of 

the host (Gentile and Weir 2018). Microbiota has emerged as a pivotal player due 

to its impact on host health, influencing not only gastrointestinal functions but also 

systemic immune responses (Belkaid and Harrison 2017). Dysregulation of 

microbiota parameters such as abundance, localisation or function can induce a 

loss of tolerance which leads to autoimmune diseases (Ruff, Greiling, and Kriegel 

2020). Within this context, SLE stands as a compelling area of study. 

2.1. Dysbiosis 

Since gut microbiome is highly variable interindividually, it is very 

challenging to identify and define a standard pattern (McCallum and Tropini 2023). 

Due to their inverse correlation with the presence of chronic diseases, certain 

ecological parameters of microbial stability, such as diversity or richness, are 

frequently used as biomarkers for gut health rather than examining individual 

populations (Cotillard et al. 2013). However, the study of certain specific 

populations of bacteria can also be fundamental to determine the key mechanisms 

of dysbiosis and its link to pathological states. 

 

2.1.1. Gut dysbiosis in humans 

Initially, the first correlation between dysbiosis and SLE in human was 

described a few years ago (Hevia et al. 2014). The main difference observed in 

lupus patients in contrast with healthy subjects was the reduction of the ratio 

Firmicutes/Bacteroidetes (van der Meulen et al. 2019). Furthermore, Firmicutes are 

inversely correlated with the SLE disease activity index (SLEDAI score), which 

means this phyla may delay SLE progression (He et al. 2020). Nevertheless, this 

proportion is contradictory among countries and many factors such as sex, race, 

treatments and disease duration may affect it (Zhang et al. 2021). 
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Going deeper, at family level it is still possible to find similarities. Spanish 

and Chinese SLE patients display an expansion of  Prevotellaceae (He et al. 2016; 

Hevia et al. 2014). At genera level, Roseburia, Faecalobacterium, Mollicutes, 

Bifidobacterium, Dialister, Pseudobutyrivibrio, Lactobacillus, Cryptophyta and RF39 

are depleted in SLE patients, while Blautia, Eubacterium, Klebsiella, Rhodococcus, 

Eggerthella, Prevotella and Flavonifractor are increased (Luo et al. 2018).  

Finally, at species level, Streptococcus anginosus and Lactobacillus 

mucosae appeared increased in SLE (Yao Li et al. 2019). In line with this, 

Ruminococcus (blautia) gnavus (RG) has a greater representation in SLE patients 

and anti-RG antibodies correlated directly with SLEDAI score and ANA levels 

(Azzouz et al. 2019). Furthermore, RG blooms in SLE patients are concordant with 

disease flare episodes (Azzouz et al. 2023). 

2.1.2. Gut dysbiosis in mouse models 

When focusing on animal models of SLE, it is remarkable to note the 

variations between human and mouse microbiota as well as the differences across 

other models. Looking into genetic models such as NZBWF1, Murphy Roths Large 

lymphoproliferative model (LPR) or TLR-7.1, all of them show an increased diversity 

(Zhang et al. 2014). Similar to humans, these models usually develop a reduction of 

the ratio Firmicutes/Bacteroidetes (de la Visitación et al. 2019). However, no 

changes in this proportion has also been described (de la Visitación et al. 2021). 

Several studies describe that the microbiota from the LPR model 

experiences a decrease in Lactobacillaceae and an expansion of Rikenellaceae, 

Desulfovibrionaceae, Ruminococcaceae, Lachnospiraceae, or Streptococcaceae 

(Mu et al. 2017; Zhang et al. 2021). Focusing on genera level, Mollicutes, 

Roseburia, Butyrivibrio, and Tenericutes are all reported to be on the rise while 

Bifidobacterium and Lactobacillus were discovered to be decreased (Zhang et al. 

2014). Additionally, it has been observed that the genus Anaerostipes was 

decreased in SLE mice, which is highly significant given its ability to synthesize 

butyrate (Kim et al. 2019).  

The NZBWF1 model replicates the changes seen in LPR and humans at the 

phylum, family, and genus levels. Nonetheless, there is a rise in Lactobacillus, 

which has been associated with severe clinical symptoms such as systemic 

autoimmunity, renal function impairment, and others (Pan et al. 2021).  

By comparison, the TLR-7.1 model shows an expansion in Rikenellaceae 

and Coriobacteriaceae families while Clostridaceae is decreased (Zegarra-Ruiz et 
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al. 2019). Regarding genera level, Bifidobacterium, Anaerostipes, Coprobacillus 

and Turicibacter are reduced whereas Prevotella and Desulfovibrio are augmented. 

Finally, one of the most employed mouse models is the TLR-7-dependent 

one, induced by topical application of Imiquimod (IMQ). In this case, IMQ-treated 

mice show a tendence to reduce the Firmicutes/Bacteroidetes ratio and a significant 

lower -diversity, measured by numbers of species (de la Visitación et al. 2021).  

Recently, Enterococcus gallinarum in NZBWF1 mice (Manfredo Vieira et al. 

2018) and Lactobacillus reuteri in TLR-7.1 (Zegarra-Ruiz et al. 2019) have been 

found in higher proportion and described as pathobionts, which means they can act 

as pathogenic bacterium under certain conditions and translocate to different 

organs from the gut (Pan et al. 2021). This translocation ability is partially mediated 

by gut epithelium, whose integrity might be compromised in autoimmune diseases 

(Kinashi and Hase 2021). 

2.2. Microbiota as a key part 

The intestinal epithelium constitutes the largest mucosal surface within the 

human body whose primary role is to regulate the influx of exogenous antigens and 

prevent the leakage of endogenous substances through the formation of tight 

junctions (TJ) (Peterson and Artis 2014). The mucosal barrier also includes 

antimicrobial peptides, mucin (MUC) and dimeric (or more polymeric) IgA secreted 

by several cell types (Johansson and Hansson 2016). 

Conversely, the breakdown of mucosal barriers results in heightened 

intestinal permeability, a pathological condition recognized as leaky gut syndrome. 

The impairment of the intestinal barrier consists in a loss of TJ proteins such as 

occludin, claudin and zonula occludens (ZO)-1 (Ahmad et al. 2017). Barrier 

dysfunction, stemming from dysbiosis of the intestinal microbiota, leads to local or 

systemic disease (Mouries et al. 2019). This phenomenon is evident in various 

diseases, including autoimmune conditions (Christovich and Luo 2022). The 

mechanisms involved in this process are bacteria translocation and access of 

metabolites and structural components into the bloodstream, access of metabolites 

into the bloodstream, from where they can reach other organs (Choi et al. 2020).  

Several microorganisms can pass through the intestinal barrier once leaky 

gut syndrome is established. As mentioned before, E. gallinarum has been reported 

as a pathobiont that is able to translocate to liver in NZBWF1 mice and induce 

multiple autoimmune-promoting factors such as IFN-I (Manfredo Vieira et al. 2018). 

Similarly, L. reuteri can migrate to mesenteric lymph nodes (MLN), liver and spleen 

in TLR-7.1 mice where it promotes pDC accumulation, IFN-I release and 
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splenomegaly (Zegarra-Ruiz et al. 2019). Eventually, RG, which is an obligate 

anaerobe commensal whose expansion is related with LN, has the potential to 

relocate to MLN and foster gut permeability and autoimmunity (Silverman, Deng, 

and Azzouz 2022).  

Moreover, not only migratory pathobionts but also the whole microbiome 

might be critical for the progression of the disease (Choi et al. 2020). Faecal 

microbiota from SLE prone mice caused a considerable rise in anti-dsDNA 

antibodies and stimulation of the immune response in recipient germfree (GF) mice 

(Ma et al. 2019). These findings were evidenced after performing a similar 

experiment using human faeces. In this case, faecal microbiota transplantation 

(FMT) from SLE patients led to the development of lupus-like phenotypic features in 

GF mice, including an increase in serum autoimmune antibodies, an imbalance in 

cytokines, changes in the distribution of immune cells in mucosal and peripheral 

immune responses, and an upregulation of SLE-related genes (Ma et al. 2021). 

Overall, dysbiotic microbiota can enhance SLE pathogenesis through its interaction 

with the immune system. 

Additionally, gut microbiota plays a role in SLE complications, such as LN 

and CVD, through immunological mediators. Segmented filamentous bacteria 

(SFB) expansion drives Th-17 cell differentiation and defective TCR signalling 

(Shirakashi et al. 2022), and SFB colonization in mice is related to worsening of 

glomerulonephritis, glomerular and tubular immune complex deposition and 

interstitial inflammation, causing LN (Valiente et al. 2022). In a similar fashion, 

transplantation of gut microbiota from hypertensive NZBWF1 mice transferred SAH 

and impaired endothelial function (de la Visitación et al. 2021). Interestingly, the 

mechanism implicated seems to be an increased proportion of Th-17 in MLN 

followed by a higher infiltration in aorta and ROS production (Toral et al. 2019). 

Nevertheless, bacterial components and metabolites are able to generate 

the aforementioned effects on the host once they cross the gut barrier. TLR-4 is 

connected to glomerulonephritis and autoantibody synthesis in SLE (Li et al. 2013). 

Among its ligands, lipopolysaccharide (LPS) from Gram-negative bacteria wall 

might be the predominant. Once LPS binds TLR-4, Myd88 activation occurs and the 

subsequent downstream signaling pathway ends in pro-inflammatory cytokine 

production (IL-6, IFN-I and TNF-α), typically found elevated both in human patients 

and murine models (Lee et al. 2010). 

Besides local inflammation, activation of TLR-4 in the vasculature results in 

increased NOX activity and ROS synthesis, facilitating endothelial dysfunction 

(Liang et al. 2013). 
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Similarly, TLR-7 selectively detects a subset of RNA sequences and 

promotes IFN release. Recently, a TLR-7 gain-of-function variant has been 

discovered in humans and it is responsible for enhancing TLR-7 activation and  

causing childhood-onset SLE (Brown et al. 2022). Moreover, latest investigations 

outlined a link between TLR-7 activation and a higher risk of rupture, myocarditis, 

left ventricular remodeling, and total heart block (Shafeghat et al. 2022). Hence, 

therapeutic manipulation of TLR is a promising target in SLE (Hennessy, Parker, 

and O’Neill 2010). 

Finally, some bacteria have the ability to produce metabolites such as 

trimethylamine (TMA), which is then transformed into TMA N-oxide (TMAO) (Zhu et 

al. 2016),  and  short chain fatty acids (SCFA), which can either have harmful or 

positive effects on SLE when they reach the bloodstream (Arpaia et al. 2013; Luu 

and Visekruna 2019). In recent years, increasing evidence has shown that both 

TMA/TMAO and SCFA are key modulators of immune response in SLE, postulating 

a new field of research (Lu et al. 2022) (Figure 3).  
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Figure 3. Microbiota pathways and metabolites implicated in SLE.  

Abbreviations: GPR, G-protein coupled receptor; LPS, lipopolysaccharide; SCFA, short chain fatty 

acids; TLR, toll-like receptor; TMA, trimethylamine; TMAO, trimethylamine N-oxide. 
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2.3. TMA/TMAO 

Foods high in choline, phosphatidylcholine, and carnitine, such as liver, 

eggs, peanuts, and dairy products, are partially metabolized by the microbiota into 

TMA, which is then changed into  TMAO by the host hepatic flavin 

monooxygenases (Tang et al. 2013). Previous studies have described higher levels 

of plasma TMAO in SLE patients compared to healthy subjects, which is associated 

with the emergence of CVD (Yuhua Li et al. 2019; Wang et al. 2011; Zhu et al. 

2017). 

Plasmatic TMAO is able to exert an effect on the vascular wall by forming 

and activating nod-like receptor family pyrin domain containing 3 (NLRP3) 

inflammasomes in endothelial cells, causing vascular inflammation and endothelial 

dysfunction (Brunt et al. 2020; M.-L. Chen et al. 2017). Additionally, in allogenic 

graft-versus-host disease mice, TMAO increased alloreactive T-cell proliferation 

and differentiation into Th-1 and Th-17 (Wu et al. 2020), which are a crucial part in 

the vascular alterations (de la Visitación et al. 2021).  

2.4. SCFA 

Soluble fiber and resistant starches (RS) pass directly to the large intestine 

without being digested in the upper gastrointestinal tract, being called prebiotics. 

Once they reach the location of commensal bacteria, fibers are fermented, 

producing different metabolites like SCFA (Luu and Visekruna 2019).  SCFA have 

an aliphatic tail  whose length is lower than six carbon atoms, and the most studied 

ones are acetate (ACE), butyrate (BUT) and propionate (PROP). These substances 

acts as fuel for the colonic epithelium  and are studied by their role in the 

maintenance of the intestinal barrier function and the control over BP (Asarat et al. 

2016; Macia et al. 2015). 

Growing evidence suggest that lack of prebiotic fiber is related to higher 

prevalence of elevated BP (Kaye et al. 2020; Reynolds et al. 2019). Moreover, 

strategies like high-fiber diets have demonstrated beneficial effects by preventing 

the raise in BP in hypertensive mice (Marques et al. 2017). Among fibers, RS is 

known to enhance SCFA-producing bacteria and restrict pathobionts translocation 

in SLE mice, improving autoimmunity (Zegarra-Ruiz et al. 2019). Similarly, inulin-

type fructans (ITF) have the potential to prevent endothelial dysfunction in mice 

through microbiota modulation (Catry et al. 2018).  

SCFA act as signalling molecules and they can bind to specific receptors 

like G-protein coupled receptor (GPR), specifically GPR41 (also known as free fatty 

acid receptor 3, FFAR3) and GPR43 (or FFAR2) (Tan et al. 2017). 
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GPR41 is predominantly expressed in endothelial cells, while GPR43 is 

more prevalent in immune cells (Brown et al. 2003), and both are involved in 

lowering the BP (Pluznick 2013). BUT exhibits stronger activity on GPR41, PROP 

acts as the most potent agonist for both GPR41 and GPR43, and ACE displays 

greater selectivity for GPR43 (Hong et al. 2005). BUT can also bind GPR109a, 

which induces Treg differentiation in MLN, colon and spleen (Singh et al. 2014) 

(Table 1).  

Table 1. SCFA and receptor selectivity. 

Receptor Acetate Propionate Butyrate 

GPR41 

(FFAR3) 

Low 

(Milligan, Stoddart, and Smith 
2009) 

High 

(Stoddart, Smith, and 
Milligan 2008) 

High 
(Brown et al. 2003) 

GPR43 

(FFAR2) 

High 

(Smith et al. 2013) 

High 

(Stoddart et al. 2008) 

Moderate 

(Maslowski et al. 2009) 

GPR-109a 

 

Low 
(Docampo et al. 2022) 

Low 
(Singh et al. 2014) 

High 
(Docampo et al. 2022) 

 

Interestingly, SCFA supplementation also has an influence on the host, 

especially when cardiovascular features are present. For instance, chronic BUT 

treatment improves impaired endothelial dysfunction and attenuates hypertension 

induced by angiotensin II infusion in mice (Kim et al. 2018). PROP protects from 

vascular and cardiac damage in angiotensin II-infused apolipoprotein E knockout 

mice (Bartolomaeus et al. 2019) and ACE prevents the elevation of BP in 

hypertensive mice (Marques et al. 2017). In addition, all of them show protective 

effects on endothelial dysfunction in aorta from rats incubated with angiotensin II 

(Robles-Vera et al. 2020) and SCFA derivatives are promising treatments in 

hypertensive patients (Jama et al. 2023).  
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3. Murine models of SLE 

As described before, in the study of lupus, a variety of murine models has 

been employed (Halkom, Wu, and Lu 2020). Most of them share the production of 

autoantibodies and the subsequent development of glomerulonephritis, although 

the degree of similarity to real human SLE varies depending on the model used and 

the affected organs examined (Du et al. 2015). Each model has unique 

characteristics that may help to explain reported variations in the composition and 

evolution of the gut microbiota during the pathology development. Additionally, 

humanized models obtained by transferring human leucocytes to immunodeficient 

mice  are gaining relevance due to their potential for translational medicine (Chen et 

al. 2021). In general, SLE murine models can be divided into two groups, 

spontaneous and induced. 

3.1. Spontaneous models 

The NZBWF1 mouse is one of the most extensive models on the market, 

developing autoantibodies (primarily anti-dsDNA), splenomegaly, 

glomerulonephritis, hypertension, and occasionally vasculitis, making it possible to 

interpret a model of chronic lupus illness (Taylor and Ryan 2017). This model is 

exemplary and has been used in studies on the genetics of SLE, preclinical testing 

of numerous treatments used in clinical trials for lupus, and modeling CVD related 

to lupus (Virdis et al. 2015).  

The LPR model was developed in 1976 and it is the result of the cross 

between LG, B6, AKR and C3H mice (Edwin D Murphy and Roths 1978). Due to 

the proliferation of CD4-CD8- and B220+ T-cells, hypergammaglobulinemia and 

high titers of ANA, these animals present a marked lymphadenopathy, which is 

particularly pertinent since double negative T cells are increased in SLE patients 

(Crispín et al. 2008). 

Focusing on TLR-7 involvement, the BXSB is an inbred model characterised 

by secondary lymphoid node hyperplasia, hypergammaglobulinemia, monocytosis 

and antinuclear and anti-erythrocytic auto-antibodies (E D Murphy and Roths 1978). 

The unique feature of this model is the higher manifestation of the disease in male 

rather than female mice, due to the existence of the Y chromosome linked 

autoimmune accelerator (Eisenberg and Dixon 1980).  
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Finally, TLR-7.1 model exhibits an increase in TLR-7 expression and 

spontaneously develop systemic signs of SLE (Deane et al. 2007). Moreover, these 

mice present splenomegaly, hepatomegaly, elevated IFN-I production and gut 

dysbiosis, which make them a reliable preclinical subject to study SLE (Zegarra-

Ruiz et al. 2019). 

3.2. Induced models 

One of the most popular methods to induce SLE is by injecting mineral oil 

pristane intraperitoneally into mice. This causes a proinflammatory response that, 

over several months, results in the production of ANA, arthritis, and 

glomerulonephritis, reason why it is the model of choice to study the mechanism of 

human SLE (Satoh and Reeves 1994). 

Regarding TLR-7 activation, several agonists like resiquimod or IMQ have 

proven to enable SLE symptoms through IFN-I production after epicutaneous 

application (Yokogawa et al. 2014). Among its features are elevated plasma levels 

of anti-dsDNA autoantibodies, splenomegaly, hepatomegaly, T cell imbalance, 

endothelial dysfunction and SAH (Robles-Vera et al. 2020).  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

JUSTIFICATION AND OBJECTIVES 

 

 



 

 

 

 

  



 

- 25 - 
  

JUSTIFICATION AND OBJECTIVES 
 

In accordance with all of the above, it is reasonable to investigate the leaky 

gut, the dysbiotic microbiota and its metabolites as a potential target for the 

modulation of SLE and its consequent SAH and CVD. On the one hand, multiple 

studies have focused on the restoration of gut dysbiosis in order to attenuate the 

progression of SLE (Pan et al., 2021; Rodriguez-Carrio et al., 2017). In fact, 

probiotic consumption has shown beneficial effects on SAH in a TLR-7-dependent 

mouse model (de la Visitación et al., 2021). On the other hand, there is a 

knowledge gap regarding microbiota-host interactions in SLE and its associated 

cardiovascular complications to be further explored. It is essential to understand the 

implication of gut microbiota and its metabolites in SLE, as the consumption of 

SCFA or the pharmacological inhibition of bacterial enzymes involved in the 

production of TMAO could exert a cardiovascular protective effect. Therefore, the 

general objective of this thesis was: 

To analyse the role of gut microbiota and its bacterial by-products 

(TMAO, SCFA) in the development of cardiovascular complications in SLE 

Recently, we demonstrated that TLR-7 activation causes hypertension and 

vascular damage in BALB/cJRj mice, and emphasizes the elevated vascular 

inflammation and oxidative stress, mediated in part by IL-17a, as crucial factors for 

cardiovascular complications (Robles-Vera et al. 2020).  

New studies are showing that gut microbiota composition is linked to the 

pathogenesis of SLE. Intestinal microbiota may trigger symptoms and exacerbate 

this pathology in both murine models of SLE and patients (Hevia et al. 2014; Li et 

al. 2017; Luo et al. 2018; Ma et al. 2019; Mu et al. 2017). We recently demonstrated 

in female NZBWF1 mice that gut microbiota changes are linked to hypertension (de 

la Visitación et al. 2021). Interestingly, gut dysbiosis was found in TLR-7-dependent 

mouse models of SLE, and bacterial translocation of L. reuteri to secondary 

lymphoid tissue and liver can drive autoimmunity, which was improved with dietary 

RS by suppressing the pathological levels of L. reuteri and its translocation, through 

SCFA (Zegarra-Ruiz et al. 2019).  

We recently demonstrated that probiotics consumption reduced BP under 

TLR-7 activation conditions (de la Visitación et al. 2021). In spite of all the data 

associating intestinal dysbiosis and autoimmunity in TLR-7-dependent lupus mice 

(gut microbiota depletion ameliorates the IFN pathway and autoimmunity), no 

information is available on the involvement of the microbiota in the pathogenesis of 

hypertension and vascular alterations in these animals. Previous studies on GF 
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mouse models demonstrated the contributory role of gut microbiota in vascular 

inflammation, vascular dysfunction, and BP regulation (Ascher and Reinhardt 2018; 

Edwards et al. 2020; Karbach et al. 2016). This was the basis for setting the first 

objective: 

I) To study whether gut microbiota is able to enhance the predisposition 

to SLE onset and T cell maturation in intestinal secondary lymphoid tissues, 

triggering a loss of endothelial function and hypertension in a lupus model 

induced by epicutaneous application of the TLR-7 agonist IMQ. 

Diet has been proven the most important element for gut microbiota 

composition. Choline-, phosphatidylcholine-, and carnitine-rich foods like liver, 

eggs, peanuts, dairy products, etc, are partially metabolized into TMA by the 

microbiota and subsequently transformed by the host hepatic flavin 

monooxygenases into TMAO (Zhu et al. 2016). TMAO, as a circulating intestinal 

microbial metabolite, can trigger vascular inflammation and endothelial dysfunction 

by formation and activation of NLRP3 inflammasomes in endothelial cells (Brunt et 

al. 2020; M.-L. Chen et al. 2017). In addition, TMAO-induced alloreactive T-cell 

proliferation and differentiation into Th subtypes in allogenic graft-versus-host 

disease mice (Wu et al. 2020). Interestingly, plasma levels of TMAO were elevated 

approximately 2.7 times in lupus patients in comparation to healthy individuals 

(Yuhua Li et al. 2019). Moreover, we have found that TMA-producing bacteria, such 

as Desulfovibrio, is increased in feces from IMQ-treated mice compared to controls, 

and that its reduction by vancomycin (VANCO) administration improves endothelial 

function and the raise in BP (de la Visitación et al. 2021). Nonetheless, whether 

TMAO modulates the pathophysiological process of TLR-7-driven lupus 

autoimmunity and its cardiovascular complications is still mostly unknown. To 

explore the role of this microbial metabolite, we used a structural analog of choline, 

3,3-dimethyl-1-butanol (DMB), which nonlethally inhibits TMA formation and 

reduces the TMAO concentration in mice. This led us to our second objective: 

II) To test if TMAO can boost the tendency to SLE development and T cell 

activation and proliferation in secondary lymph organs, causing endothelial 

dysfunction and hypertension in a lupus model induced by epicutaneous 

application of the TLR-7 agonist IMQ. 

The gut microbiota and their metabolites play a critical role in regulating the 

host immune system. Intestinal bacteria produce LPS and SCFA, which have 

opposing effects on T cell polarization and inflammation, increasing, and reducing 

them, respectively (Chang et al. 2014). Numerous commensal gut bacteria can 

produce SCFA, including ACE by some bacteria, BUT by Clostridium species, and 

PROP by Akkermansia. However, there have been no significant findings indicating 
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alterations in SCFA-producing bacteria in TLR-7-induced lupus mice, suggesting 

that reduced levels of SCFA may not contribute to vascular dysfunction in SLE (de 

la Visitación et al. 2021; Zegarra-Ruiz et al. 2019). Conversely, SCFA have been 

shown to enhance vascular function and reduce BP in non-lupus-prone rodents (Jin 

et al. 2022; Kaye et al. 2020; Robles-Vera et al., 2020), as well as in humans 

characterized by SCFA depletion in the gut (Jama et al. 2023). Moreover, SCFA 

supplementation reduced plasma anti-ds-DNA in TLR7.1 Tg C57Bl/6 mice 

(Zegarra-Ruiz et al. 2019), which can attenuate SLE hypertension (Taylor et al. 

2018). In fact, our recent study demonstrated that consuming fiber improved 

vascular function in a polygenetic lupus model, potentially by increasing SCFA 

production (Moleón et al. 2023). SCFA exert their regulatory effects on immune and 

endothelial function through the inhibition of histone deacetylases (HDACs) and/or 

the activation of GPRs, specifically GPR41 and GPR43 (Robles-Vera et al. 2020; 

Vinolo et al. 2011). However, the expression of GPR41 and GPR43 varies across 

different cell types. GPR41 is predominantly expressed in endothelial cells, while 

GPR43 is more prevalent in immune cells (Brown et al. 2003). BUT exhibits 

stronger activity on GPR41, PROP acts as the most potent agonist for both GPR41 

and GPR43, and ACE displays greater selectivity for GPR43 (Hong et al. 2005). 

Furthermore, BUT and PROP, but not ACE, can function as HDACs inhibitors 

(Zheng et al. 2015). However, the expression levels of GPRs and HDACs in the 

gut, secondary lymph nodes, and vascular wall of TLR-7-induced lupus mice have 

yet to be investigated, as this may determine the response to SCFA. Thus, our third 

objective was: 

 

III) To examine whether SCFA, specifically ACE and BUT, can prevent 

vascular dysfunction and elevated BP in TLR-7-induced lupus mice and 

assess the potential involvement of HDACs and/or GPRs as underlying 

mechanisms. 

 

Western diet is linked to autoimmune and metabolic diseases and it is 

characterized by low dietary fiber intake. Some dietary fibers can be considered 

prebiotic if they are not digested in the upper gastrointestinal tract, passing intact to 

the large intestine, where they can be used by commensal bacteria in catabolic 

processes. Fermenting these prebiotics releases metabolites such as SCFA. Two 

fermentable dietary-fibers of particular interest in this respect are RS and inulin. RS 

is an insoluble type of cereal fiber while inulin is a soluble fiber that can be found in 

many types of plant foods. The patients with SLE reported a lower fiber intake than 

healthy humans (Elkan et al. 2012; Schäfer et al. 2021). Moreover, an inverse 

association between dietary fiber intake and the risk of active SLE has been 
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described (Minami et al. 2011). In agreement with this association, Zegarra-Ruiz et 

al. (Zegarra-Ruiz et al. 2019), using TLR-7-dependent mouse models of SLE, found 

that a diet high in RS leads to greater SCFA production to restrict growth of 

Lactobacillus reuteri, reducing the translocation from the gut to distal organs, and 

rescues lupus-prone mice from autoimmunity. Interestingly, gut bacteria thriving in 

the absence of prebiotic fiber is prohypertensinogenic (Kaye et al. 2020),  and 

supplementation of RS or SCFA in diet prevented the rise of BP in rodents without 

genetic background of SLE (Bartolomaeus et al. 2019; Kim et al. 2018; Marques et 

al. 2017). However, there is no information about the role of dietary fiber in 

cardiovascular complications in mice with genetic susceptibility to SLE. This 

possibility was tackled in our last objective: 

 

IV) To investigate the role of dietary fiber intake in the raise of BP in 

NZBWF1 mice and to explore the possible underlying mechanisms.  
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MATERIALS AND METHODS 

1.  Animals and experimental groups 

We adhered to the animal protocols outlined in the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals, and we obtained 

approval from the Ethics Committee of Laboratory Animals at the University of 

Granada, Spain (Reference: 12/11/2017/164). Additionally, our procedure followed 

the guidelines outlined in the Transparency on Gut Microbiome Studies in Essential 

and Experimental Hypertension (Marques et al. 2019), as well as the ARRIVE 

guidelines (Percie du Sert et al. 2020).  

All animals were housed in specific pathogen-free (SPF) facilities at 

University of Granada Biological Services Unit under standard laboratory conditions 

(12 hours light/dark cycle, temperature 21-22ºC, 50-70% humidity) in separate 

Makrolom cages (Ehret, Emmerdingen, Germany) to avoid horizontal transmission 

of bacteria, with dust-free laboratory bedding and enrichment. The study designs 

ensured equal group sizes and sufficient statistical power. Random allocation of 

animals into experimental groups was conducted, and the researchers remained 

blinded to treatments until completion of data analysis. 

 We employed both spontaneous (NZBWF1) and induced (TLR-7 activation 

with IMQ) models. We specifically opted to use female mice due to their heightened 

susceptibility to TLR-7-driven functional responses and autoimmunity (Souyris et al. 

2019). Additionally, oestrogens are relevant elements in both SLE disease and SAH 

in human and murine models, further supporting our choice (Taylor and Ryan 

2017). 

1.1. Role of gut microbiota in the development of hypertension in a 
TLR-7-dependent lupus mouse model 
 

1.1.1. Experiment 1 

Seven- to nine-weeks-old female BALB/cJRj mice, were purchased from 

Janvier (Le Genest, France). To assess the role of gut microbiota, we reduced 

bacterial mass using antibiotic treatments. Mice were randomly sorted into six 

experimental groups of 6-8 animals each: 

 

I. Untreated control (CTR) (n=7) 

II. Control treated with vancomycin (2 g/L) (CTR-VANCO) (n=8) 
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III. Control treated with a broad-spectrum cocktail of antibiotics (CTR-MIX) (n=8) 

IV. Imiquimod (IMQ) (n=6) 

V. Imiquimod treated with vancomycin (2 g/L) (IMQ-VANCO) (n=8) 

VI. Imiquimod treated with a broad-spectrum cocktail of antibiotics (IMQ-MIX) 

(n=7) 

VANCO is a molecule that cannot be absorbed in the intestines and 

eliminates mainly gram-positive bacteria. In order to examine the role of VANCO-

resistant bacteria in BP control we prepared a cocktail of un-absorbable antibiotics 

(MIX) containing VANCO (0.5 g/L; Pfizer, New York, USA), metronidazole (1 g/L; 

Sigma, Missouri, USA), neomycin (1 g/L; Fisher Scientific, New Hampshire, USA) 

and ampicillin (1 g/L; Sigma, Missouri, USA) in drinking water (Manfredo Vieira et 

al. 2018). In addition to the antibiotics, a sweetener (Equal, 4 g/L) was used to 

overcome the metallic taste of metronidazole, for control purposes, it was also 

added to the rest of experimental groups.  

IMQ-treated mice were subjected to a total of 1.25 mg of IMQ (Zyclara® 

3.75% cream) from Laboratories Meda Pharma S.A.U. (Madrid, Spain) applied to 

their right ears three times per week on alternate days over 8 weeks. This topical 

IMQ application to the skin effectively triggers the development of systemic 

autoimmune disease (Yokogawa et al. 2014), justifying its application to induce a 

murine model resembling SLE. 

1.1.2. Experiment 2 

For investigating whether microbiota in the IMQ model is linked to BP 

regulation, an FMT was carried out, following previously used protocols (Toral et al. 

2019). For this reason, stool samples were freshly obtained from individual IMQ and 

CTR mice at 8 weeks. The samples were pooled and suspended in a 1:20 (w/v) 

solution in sterile phosphate-buffered saline (PBS) and superfluous faecal material 

was sedimented and discarded at 800 rpm for 5 min. The suspension was collected 

in aliquots and kept at -80ºC until used. IMQ-treated for 8 weeks and aged-matched 

CTR female mice were used as recipient mice. IMQ-recipient mice were also 

treated with IMQ cream, as described above. 

These mice were administered with ceftriaxone sodium (400 mg/Kg, 

Normon, Madrid, Spain) daily for 5 consecutive days by oral gavage. The purpose 

of this antibiotic treatment was to reduce the pre-existing bacteria populations to 

boost the proliferation in the host of intestinal microorganisms from donor animals 

post-FMT. After two days from the end of the treatment with ceftriaxone, recipient 

mice received already prepared faecal suspensions (0.1 mL) for 3 consecutive days 
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through oral gavage, and later once every 3 days for a total period of 2 weeks 

(Figure 4). Animals were randomly assigned to four different groups: 

I. Control with control microbiota (CTR-CTR) (n=8) 

II. Control with IMQ microbiota (CTR-IMQ) (n=8) 

III. IMQ with IMQ microbiota (IMQ-IMQ) (n=8) 

IV. IMQ with control microbiota (IMQ-CTR) (n=8) 

 

Figure 4. Experimental design of objective 1. 

Abbreviations: CTR, control; FMT, faecal microbiota transplant; IMQ, imiquimod, MIX, 

antibiotic cocktail; VANCO, vancomycin. 
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1.2. Role of TMAO in SLE development and cardiovascular 

complications in a lupus mouse model induced by TLR-7 

activation 

 

1.2.1. Experiment 1 

Seven- to nine-weeks-old female BALB/cJRj mice from Janvier (Le Genest, 

France), which were randomly divided into four equally-sized experimental groups 

(Figure 5):  

I. Untreated control (CTR) (n=10) 

II. Control treated with DMB (CTR-DMB) (n=10) 

III. Imiquimod (IMQ) (n=10) 

IV. Imiquimod treated with DMB (IMQ-DMB) (n=10) 

All mice were fed a standard chow diet (SAFE A04, Augy, France) and 

randomized to receive ad libitum access to either normal drinking water (CTR and 

IMQ groups) or drinking water supplemented with 1% (v/v, DMB; Sigma, Missouri, 

USA). Every day fresh water bottles were provided. Water and food intake was 

studied and controlled daily for all groups. IMQ-treated mice were subjected to a 

total of 1.25 mg of IMQ (Zyclara® 3.75% cream) from Laboratories Meda Pharma 

S.A.U. (Madrid, Spain) applied to their right ears three times per week on alternate 

days over 8 weeks. Administration of IMQ to the skin effectively triggers the onset 

of systemic autoimmune disease (Yokogawa et al. 2014), which justifies the topical 

use of IMQ to induce an SLE-like autoimmune murine model. Because of their 

higher predisposition to TLR-7-driven functional responses and autoimmunity 

(Souyris et al. 2019), female experimental subjects were utilized for these 

experiments.  
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Figure 5. Experimental design of objective 2. 

Abbreviations: CTR, control; DMB, 3,3-dimethyl-1-butanol; IMQ, imiquimod, 

1.3. Effects of SCFA on cardiovascular complications in TLR-7-
induced lupus mice 
 

1.3.1. Experiment 1 

We selected female BALB/cJRj mice aged seven to nine weeks, procured 

from Janvier (Le Genest, France). Mice were divided into six experimental groups 

(n = 8): 

I. Untreated control (CTR) (n = 8) 

II. Imiquimod (IMQ) (n = 8) 

III. Imiquimod supplemented with magnesium acetate in drinking water (68 mM, 

IMQ-ACE) (n = 8) 

IV. Imiquimod supplemented with sodium butyrate in drinking water (40 mM, 

IMQ-BUT) (n = 8) 
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V. Imiquimod treated with SF11-025 diet (IMQ-RS) (n = 8) 

VI. Imiquimod treated with ORAFTI P95 (IMQ-ITF) (n = 8) 

All mice were provided a standard chow diet (SAFE A04, Augy, France) and 

were randomly assigned to receive either regular drinking water (CTR and IMQ 

groups) or drinking water enriched with SCFA (Sigma, Missouri, USA). Considering 

the bitterness of butyrate, a sweetener (Equal, 4 g/l) was added to the water of all 

experimental groups. Freshwater bottles were replenished daily, and we monitored 

and controlled water and food consumption for all groups on a daily basis. IMQ-

treated mice were subjected to a total of 1.25 mg of IMQ (Zyclara® 3.75% cream) 

from Laboratories Meda Pharma S.A.U. (Madrid, Spain) applied to their right ears 

three times per week on alternate days over 8 weeks. This topical IMQ application 

to the skin effectively triggers the development of systemic autoimmune disease 

(Yokogawa et al. 2014), justifying its application to induce a murine model 

resembling SLE. 

Certain types of fiber undergo fermentation by gut microbiota, leading to the 

production of SCFA as byproducts. Prior studies utilizing experimental models have 

reported the beneficial effects of dietary fiber in reducing BP, largely attributed to 

SCFA (Marques et al. 2017). In our investigation of the role of dietary SCFA, we 

introduced two distinct fiber sources: ITF and RS, both known to yield SCFA.  

Alongside the control groups, we included two sets of IMQ-treated mice: 

IMQ-RS (IMQ mice treated with SF11-025 diet: 72.7% insoluble fiber, sourced from 

Specialty Feeds, Perth, Australia) (Marques et al. 2017), and IMQ-ITF (IMQ mice 

treated with ORAFTI P95, a soluble fiber from Beneo, Tener, Belgium) (Catry et al. 

2018). Insoluble fiber was provided as standard pellets, while soluble fiber was 

diluted in drinking water at a final dose of 250 mg/mouse/day. 

1.3.2. Experiment 2 

To investigate the role of GPR43 in the protective effects of SCFA in IMQ-

induced lupus, we introduced two additional groups of IMQ mice co-treated with 

SCFA and the GPR43 antagonists GLPG-0974 (Tocris Bioscience, Bristol, UK) 

(GLPG) (Namour et al. 2016): 

I. Imiquimod gavaged with vehicle (IMQ) 

II. Imiquimod treated with magnesium acetate and GLPG (GLPG-IMQ-ACE) (n 

= 8) 

III. Imiquimod treated with sodium butyrate and GLPG (GLPG-IMQ-BUT) (n = 

8) 
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A stock solution of GLPG was prepared by dissolving it in 0.1% dimethyl 

sulfoxide (DMSO). GLPG (1 mg/kg body weight) was then diluted in saline and daily 

administered at a volume of 100 L via oral gavage (Yang et al. 2020). The 

untreated IMQ group received the vehicle. 

1.3.3. Experiment 3 

To investigate the potential impact of the microbiota on BP regulation, we 

conducted a faecal inoculation study using GF female C57Bl/6J mice aged ten 

weeks, procured from the University of Granada, Spain (de la Visitación et al. 

2021). In this process, fresh stool samples were collected individually from mice 

belonging to the CTR and IMQ groups in Experiment 1. These samples were 

combined to create a bacterial suspension by vigorous vortexing at a 1:20 ratio in 

sterile PBS. The suspension was then subjected to centrifugation at 800 rpm for 5 

min to eliminate any debris. The resulting suspension was divided into aliquots and 

stored at -80ºC. Subsequently, the mice were randomly divided into four groups:  

I. GF with CTR microbiota (GF-CTR) (n = 8) 

II. GF with IMQ microbiota (GF-IMQ) (n = 8) 

III. GF with IMQ microbiota and magnesium acetate (68 mM, GF-IMQ-ACT)    

(n = 8) 

IV. GF with IMQ microbiota and sodium butyrate (40 mM, GF-IMQ-BUT) (n = 8) 

The inoculation was carried out twice consecutively during the first week, 

followed by a monitoring period of 3 weeks. SCFA were supplied in drinking water. 

Throughout the study, all GF mice were housed under sterile conditions within a 

gnotobiotic facility and were provided ad libitum access to a standard laboratory 

diet. Microbiota inoculation was performed under sterile conditions in gnotobiotic 

facilities. After 3 weeks, stool samples were collected from all experimental groups 

and fully homogenized in PBS. 100L of the resultant material were cultured in 

chocolate agar plates for 24h at 37°C 5% CO2 (Lavin et al. 2018).  Presence of any 

colony forming units (CFU) was considered as a positive transplant control. (Figure 

6). 

  



 

- 38 - 
  

Figure 6. Experimental design of objective 3. 

Abbreviations: ACE/ACT, acetate; BUT, butyrate; CTR, control; GF, germfree; GLPG, GLPG-0974; 

IMQ, imiquimod, ITF, inulin-type fructans; RS, resistant starch. 
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1.4. Role of dietary fiber intake in the raise of BP in NZBWF1 mice 
 

1.4.1. Experiment 1 

NZW/LacJ female mice and NZBWF1 25 weeks old, provided by Jackson 

Laboratories (Maine, USA), were used in this experiment:  

I. NZW/LacJ as control group (CTR) (n=10) 

II. NZBWF1 untreated (SLE) (n=10) 

III. NZBWF1 treated with SF11-025 diet (RS) (n=10) 

IV. NZBWF1 treated with ORAFTI P95 (ITF) (n=10) 

SF11-025 diet contained 72.7% insoluble fiber (Specialty Feeds, Perth, 

Australia) (Marques et al. 2017) and ORAFTI P95 is a soluble fiber (Tener, 

Belgium) (Catry et al. 2018). The insoluble fiber was administered in the form of 

conventional pellets. The soluble fiber was diluted in the drinking water at a final 

dose of 250 mg/mouse/day. CTR, SLE and ITF mice were provided with standard 

laboratory diet (SAFE A04, Augy, France) ad libitum. Water was changed every 

day, and both water and food intakes were analyzed daily. When the first stages of 

kidney dysfunction were observed by high proteinuria (at 25-week-old) without high 

BP, treatment with the fiber was initiated and continued then for 8 weeks. 

1.4.2. Experiment 2 

To explore the involvement of microbiota in BP regulation, faecal inoculation 

to normotensive ten-week-old female C57Bl/6J GF mice (University of Granada, 

Granada, Spain) was performed (de la Visitación et al. 2021). For this, we collected 

and pooled fresh stool samples from individual mice from all groups in experiment 

1. The samples were used to generate a bacterial suspension by vigorous vortexing 

1:20 in sterile PBS and centrifuged at 60 g for 5 min to eliminate the detritus. The 

suspension was aliquoted and stored at -80ºC. Animals were randomly distributed 

among four different groups:  

I. GF with CTR microbiota (GF-CTR) (n=8) 

II. GF with SLE microbiota (GF-SLE) (n = 10) 

III. GF with RS microbiota (GF-RS) (n = 10) 

IV. GF with ITF microbiota (GF-ITF) (n = 10) 
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Inoculation was carried out consecutively twice in the first week. Then, mice 

were kept for 3 weeks. All GF mice were kept under sterile conditions at a 

gnotobiotic facility and were provided with standard laboratory diet ad libitum 

(Figure 7). 

Figure 7. Experimental design of objective 4. 

Abbreviations: CTR, control; GF, germfree; ITF, inulin-type fructans; RS, resistant starch; SLE, 

systemic lupus erythematosus. 
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2. Blood pressure measurements 

SBP measurements were acquired from conscious mice that were pre-

warmed at 35ºC for 10-15 min and gently restrained for tail-cuff plethysmography 

(Digital Pressure Meter, LE 5001; Letica S.A., Barcelona, Spain). Mice underwent a 

familiarization process, and the replication count was consistent with prior reports 

(de la Visitación et al. 2021). 

3. Physical characteristics and organ weight indices 

Body weight (in grams) was determined for all mice. After every 

experimental endpoint, mice were euthanized under inhalation anesthesia with 2% 

isoflurane. The heart, kidneys, liver, spleen and colon were excised, cleaned and 

weighed. The atria and the right ventricle of the heart were then discarded to obtain 

the weight of the left ventricle. Organ weight indices were calculated by dividing 

their weights by the tibia length. All samples were snap-frozen in liquid nitrogen and 

kept at -80ºC until used. 

4. Renal injury 

For histological studies, decapsulated kidneys from all groups were 

buffered, 10% formaldehyde-fixed, paraffin-embedded, and transversal sections in 

horizontal plane were stained with hematoxylin-eosin, Masson trichrome and 

periodic acid-Schiff stain. Histochemical stainings were interpreted and scored 

simultaneously by two independent investigators. The histological analysis was 

performed in blinded fashion on 4-micrometer sections with light microscopy, using 

the most appropriate stain for each lesion. 

Pathological changes in the kidney were assessed by evaluating glomerular 

activity (glomerular, endocapillary and extracapillary proliferation, 

karyorrhexis/fibrinoid necrosis, hialyne thrombi, cellular crescents, floccular 

synechia, wire loops, hyaline deposits, and fucsinophils deposits), tubulointerstitial 

activity (tertiary lymphoid structures, interstitial inflammation, tubular cell necrosis, 

tubular casts, and flattening and tubular distension), and the chronicity of the 

lesions (fibrous crescents, glomerular sclerosis, tubular atrophy, and interstitial 

fibrosis), as previously reported (Hill et al. 2005).  
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Sections were scored using a 0-3 scale for glomerular activity, as follows: 0 

= no lesions, 1 = lesions in, 25% of glomeruli, 2 = lesions in 25-50% of glomeruli, 

and 3 = lesions in >50% of glomeruli. Tubulointerstitial activity and lesion chronicity 

indices were scored using a 0–4 scale, as follows: 0 = no lesions, 1 = lesions in 1-

10%, 2 = 11-25%, 3 = >25-50% and 4 = >50-100%. In the evaluation of mesangial 

sclerosis, <50% affected glomeruli were considered focal; diffuse> or equal to 50%; 

Segmental part of the glomerulus, and global> 50% of the glomerulus. Finally, was 

assessed the number of nuclei per glomerular cross-section (50 glomeruli without 

sclerosis per mouse). The mean scores for individual pathological features were 

summed to obtain the three main scores: the glomerular activity score, the 

tubulointerstitial activity score, and the chronic lesion score. 

5. Plasma, urine, and faecal parameters 

5.1. Plasma determinations 

Blood samples were extracted from the left ventricle, cooled on ice and 

centrifuged for 10 min at 3,500 rpm at 4 ºC. Next, plasma samples were kept at -80 

°C. Anti-ds-DNA antibody levels were measured in the aliquots as reported 

previously using an Alpha Diagnostic ELISA Kit (Alpha Diagnostic International, 

Texas, USA) according to the instructions of the manufacturer, as previously 

described (Toral et al. 2019). Additionally, we also analysed LPS contents in 

plasma with the PierceTM chromogenic endotoxin quant kit (Thermo Fisher 

Scientific, Massachusetts, USA), following the provided instructions.  

TMAO and TMA levels determination in plasma was carried out by stable 

isotope dilution high-performance liquid chromatography with online electrospray 

ionization tandem mass spectrometry on an AB SCIEX 5000 triple quadrupole 

mass spectrometer (SCIEX, Toronto, Canada) interfaced with a Shimadzu high-

performance liquid chromatography system using a silica column (4.69250 mm, 5 

lm Luna Silica; Regis) at a flow rate of 0.8 mL/min. The separation was carried out, 

as described previously (Wang et al. 2014). 

Analysis of SCFA in mouse plasma was performed by liquid 

chromatography-triple quadrupole-mass spectrometry (LC-QqQ-MS) with stable-

isotope internal standard calibration after chemical derivatization with 

dansylhydrazine (Sigma, Missouri, USA) following an optimized and validated 

method (Zhao and Li 2018). Analysis was carried out at CEMBIO, (Centre for 

Metabolomics and Bioanalysis, Madrid, Spain), with the LC Instrument 1260 Infinity 

series (Agilent Technologies, Madrid, Spain), coupled to a Triple Quadrupole 
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analyser (G6470A, Agilent Technologies, Madrid, Spain) with an electrospray 

ionization source in positive mode. Data was collected in dynamic multiple reaction 

monitoring. 

5.2. Urine determinations 

Combur Test strips (Roche Diagnostics, Mannheim, Germany) were utilized 

to determine proteinuria, depositing a drop of instant urine on top of the reactive 

strip and observing color changes and comparing them with the color guide 

provided by the manufacturer. 

5.3. Faecal determinations 

Concentrations of SCFA in faecal samples were measured through gas 

chromatography, employing a previously reported methodology (Robles-Vera et al. 

2020). Stool samples were diluted in sterile PBS (1:5 w/v) and vortexed until 

complete homogenisation. After centrifugation 1 min 2000 rpm, supernatant was 

transferred to new tubes. H2SO4 was added for acidification and 2-methyl-valeric 

acid was used as internal standard (25mM, Sigma, Missouri, USA). Chloroform was 

added for phase separation followed by centrifugation 5 min 14000 rpm. Organic 

phase containing SCFA was collected for gas chromatography. 

6. Vascular reactivity studies 

Descending thoracic aortic samples were mounted in a wire myograph 

(model 610M, Danish Myo Technology, Aarhus, Denmark) containing Krebs 

solution (composition in mM: 118 NaCl, 4.75 KCl, 25 NaHCO3, 1.2 MgSO4, 2 CaCl2, 

1.2 KH2PO4 and 11 glucose).  They were kept at 37ºC, gassed with 95% O2 and 5% 

CO2 (pH = 7.4) and subjected to standard conditions for isometric tension 

measurement, as detailed in prior publications from our research group (Toral et al. 

2018). Length-tension parameters were assessed with Myodaq 2.01 software and 

the tissue segments were pre-tensed to a tension of 5 mN. Pre-contraction was 

induced using thromboxane A2 analog U46619 (3 nM, Sigma, Missouri, USA). 

Serial relaxation curves were generated over 30 min, alternating between washes 

in the absence and presence of the specific pan-NOX inhibitor VAS2870 (10 µM, 

Sigma, Missouri, USA) or the Rho kinase inhibitor Y27632 (0.5 µM, Sigma, 

Missouri, USA). To assess the role of IL-17a, aortic rings were exposed to anti-IL-

17a antibody (10 µg/mL, Invivogen, California, USA) for 6 hours prior to 
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constructing a relaxation-response curve with acetylcholine (Ach). Results were 

expressed as relaxation levels relative to pre-contraction tone. 

7. NADPH oxidase activity 

NOX activity was determined in vascular tissue with a lucigenin-enhanced 

chemiluminescence assay in intact aortic segments as previously described 

(Romero et al. 2017). Aortic segments from all groups were incubated for 30 min at 

37 ºC in 4-(2-hydroxyethyl)-1- piperazineethanesulfonic acid (HEPES)-based 

solution, adding NADPH (100 μM, Sigma, Missouri, USA) to stimulate enzymatic 

activity. Measurements were recorded with a scintillation chamber (Lumat LB 9507, 

Berthold, Germany) in the presence of lucigenin (5 μM). NOX activity was 

expressed as relative luminescence units (RLU)/min/mg dry aortic tissue. 

8. Ex vivo vascular ROS 

Aortic segments were included in optimum cutting temperature (OCT) and 

stored at -80ºC. Cross-sections (5 μm) were incubated 15 min with Dihydroethidium 

(DHE, 10 M, Life Technologies S.A., Madrid, Spain), a red fluorescent dye, which 

served as ROS sensor, as previously explained (Romero et al. 2017). Then, 

samples were washed with HEPES buffer (Sigma, Missouri, USA) and incubated 5 

min with 4′,6-diamidino-2-phenylindole (DAPI, 500 nM, Thermo Fisher Scientific, 

Massachusetts, USA) for nuclear staining. Images were acquired using a Leica DMI 

3000B microscope (Leica Microsystems GmbH; Wetzlar, Germany) and were 

processed for presentation with Photoshop (Adobe) and analyzed with ImageJ 

software (version 1.52a, NIH, http://rsb.info.nih/ij/). 

9. RT-PCR analysis 

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) was 

performed  in colon, MLN, and aorta following previous protocols (Robles-Vera et 

al. 2020). Tissues were homogenized in 0.5 mL of PRImeZOL Reagent (Canvax 

Biotech, S.L., Córdoba, Spain) and RNA samples were extracted using 1-bromo-3-

chloropropane (Sigma, Missouri, USA) and 2-propanol (Sigma, Missouri, USA). 
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Quantification with NanoDropTM (Sigma, Missouri, USA) followed by cDNA 

retrotranscription using standard RT-PCR methods were carried out. PCRs were 

executed using a PCRMax Eco 48 thermal cycler (PCRMax, Stone, Staffordshire, 

UK). For mRNA expression analysis, quantitative real-time RT-PCR technique was 

employed. Forward and reverse primers used in PCR reactions are detailed in 

Table 2. RT-PCRs were conducted as per our established protocol, with ribosomal 

protein L13a (RPL13a) as the reference gene. Data analysis was carried out using 

the ∆∆Ct method (Robles-Vera et al. 2020).  
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Table 2. Oligonucleotides for real-time RT-PCR. 

mRNA 
targets 

Descriptions Sense Antisense 

MCT-1 Monocarboxylate 
Transporter-1 

GTGCAGCAGCCAAGGAGCCC CCATGGCCAGTCCGTTGGC
C 

MCT-4 Monocarboxylate 
Transporter-4 

CAGCTTTGCCATGTTCTTCA AGCCATGAGCACCTCAAACT 

Hif-1a Hypoxia Inducible 
Factor-1  Alpha 

ACCTTCATCGGAAACTCCAAA

G 

CTGTTAGGCTGGGAAAAGTT

AGG 

TLR-4 Toll-Like Receptor-4 GCCTTTCAGGGAATTAAGCTC
C 

AGATCAACCGATGGACGTGT

AA 

GPR41 G-protein-coupled 
Receptor-41 

CTTCTTTCTTGGCAATTACTG
GC 

CCGAAATGGTCAGGTTTAGC
AA 

GPR43 G-protein-coupled 
Receptor-43 

CGTTGGGGCTCAGAGGCGAC TGCTCGGGAAGATCCGGGG
G 

HDAC-3 Histone 
Deacetylase-3 

GCCAAGACCGTGGCGTATT GTCCAGCTCCATAGTGGAA
GT 

Occludin Occludin ACGGACCCTGACCACTATGA TCAGCAGCAGCCATGTACTC 

ZO-1 Zonula Occludens-1 GGGGCCTACACTGATCAAGA TGGAGATGAGGCTTCTGCTT 

MUC-2 Mucin-2 GATAGGTGGCAGACAGGAGA GCTGACGAGTGGTTGGTGA
ATG 

MUC-3 Mucin-3 CGTGGTCAACTGCGAGAATG
G 

CGGCTCTATCTCTACGCTCT
CC 

IL-1β Interleukin-1 Beta  GCTACCTGTGTCTTTCCCGT CATCTCGGAGCCTGTAGTG
C 

TNF-α Tumor Necrosis 
Factor-Alpha 

CTACTCCCAGGTTCTCTTCAA GCAGAGAGGAGGTTGACTT
TC 

CX3CR1 CX3C Chemokine 
Receptor-1 

GAGTATGACGATTCTGCTGA
GG 

CAGACCGAACGTGAAGACG
AG 

CD80 CD80 TTCCCAGCAATGACAGACAG CCATGTCCAAGGCTCATTCT 

CD86 CD86 TCAATGGGACTGCATATCTGC
C 

GCCAAAATACTACCAGCTCA
CT 

Itga4 Integrin Alpha-4 TGTGCAAATGTACACTCTCTT
CCA 

CTCCCTCAAGATGATAAGTT
GTTCAA 

Itgb7 Integrin Beta-7 AAACGGTGCTGCCCTTTGTAA CTCTCTCTCGAAGGCTTGAG
C 

IL-6 Interleukin-6 CTCTGGGAAATCGTGGAAAT TGTACTCCAGGTAGCTATGG 
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HO-1 Hemo-oxigenase-1 CCTCACTGGCAGGAAATCAT
C 

CCTCGTGGAGACGCTTTACA
TA 

NQO-1 NAD(P)H Quinone 
Dehydrogenase-1 

TTCTCTGGCCGATTCAGAGT GGCTGCTTGGAGCAAAATA
G 

IL-1β Interleukin-1 Beta GCTACCTGTGTCTTTCCCGT CATCTCGGAGCCTGTAGTG

C 

eNOS Endothelial Nitric 
Oxide Synthase 

ATGGATGAGCCAACTCAAGG TGTCGTGTAATCGGTCTTGC 

NOX4 NOX4 Subunit of 
NOX 

GGATCACAGAAGGTCCCTAG
C 
 

TTGCTGCATTCAGTTCAAGG 
 

P47phox P47phox Subunit of 
NOX 

TCTTCAAAGTGCGGCCTGAT 
 

TGCCACGGTCATCTCTGTTC 
 

NRF-2 Nuclear Factor-
erythroid 2-related 
Factor-2 

CTGAACTCCTGGACGGGACT
A 
 

CGGTGGGTCTCCGTAAATG
G 
 

KEAP-1 Kelch-like ECH-
Associated Protein-
1 

CCCATGAGGCATCACCGTAG CATAGCCTCCGAGGACGTA
G 

NLRP3 NLR Family Pyrin 
Domain Containing-
3 

CCTGACCCAAACCCACCA
GT 
 

TTCTTTCGGATGAGGCTGCT
TA 
 

ICAM-1 Intracellular 
Adhesion Molecule-
1 

GGTTCTCTGCTCCTCCACA
T 
 

CCTTCCAGGCTTTCTCTTTG 
 

IL-6R Interleukin-6 
Receptor 

GCCACCGTTACCCTGATTTG TCCTGTGGTAGTCCATTCTC

TG 

RPL13a Ribosomal protein 
L13a 

CCTGCTGCTCTCAAGGTTGTT TGGTTGTCACTGCCTGGTAC

TT 
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10. Western blot analysis 

We examined the content of ZO-1 and occludin in colonic homogenates by 

western blot analysis (González-Correa et al. 2023). These samples were 

homogenated 1:10 (w/v) in radio-immuno-precipitation assay (RIPA, Sigma, 

Missouri, USA) buffer and protein quantification was performed following 

bicinchoninic acid method (Walker 1994). Samples were run on a sodium dodecyl 

sulphate-polyacrilamide electrophoresis (20 μg of protein per lane). Next, the 

transference of proteins was performed to polyvinylidene difluoride membranes 

(Bio-Rad, California, USA). The membranes were blocked with bovine serum 

albumin (Sigma, Missouri, USA) and then incubated with the respective primary 

antibodies: rabbit polyclonal anti-occludin (Abcam, Cambridge, UK) and rabbit 

polyclonal anti-TJ protein ZO-1 (Novus biological, Cambridge, UK). All were 

incubated at 1/1000 dilution overnight at 4ºC. The membranes were then incubated 

2h with secondary peroxidase-conjugated goat anti-rabbit (1/10000; Santa Cruz 

Biotechnology, Texas, USA). Antibody binding was detected by an ECL system 

(Amersham Pharmacia Biotech, Amersham, UK) and densiometric analysis was 

done by ImageJ software (version 1.52a, NIH, http://rsb.info.nih/ij/). Samples were 

re-probed for -actin. 

11. Flow cytometry 

MLN, spleens, and aorta were dissected, homogenized, and filtered to 

eliminate tissue debris. Blood was also collected. Erythrocytes were lysed using 

Gey solution (BioLegend, California, USA).  A protein transport inhibitor (BD 

GolgiPlugTM, BD Biosciences, New Jersey, USA) was used according to the 

manufacturer instruction for an optimum detection of intracellular cytokines by flow 

cytometry, together with 50 ng/mL phorbol 12-myristate 13-acetate (Sigma, 

Missouri, USA) and 1 μg/mL ionomycin (Sigma, Missouri, USA). Then, cells were 

blocked with anti-Fc-γ receptor antibodies to avoid masking by nonspecific binding 

(Miltenyi Biotec, Bergisch Gladbach, Germany) and incubated with a live/dead 

viability stain (LIVE/DEAD® Fixable Aqua Dead Cell Stain, Thermo Fisher, 

Massachusetts, USA), for 30 min at 4°C in PBS. 

Subsequently, we proceeded to surface staining for 20 min at 4°C in the 

dark diluting the antibodies in flow cytometry staining buffer (PBS, 1% bovine serum 

albumin, Sigma, Missouri, USA). Cells were then fixed and permeabilized with the 

buffers A and B sequentially (Fisher Scientific, New Hampshire, USA), and 
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intracellular staining was carried out for 30 min at 4°C in the dark. Last, cells were 

resuspended in test tubes with PBS for acquisition. The cells were stained for B 

cells (CD45+, B220+), Th17 (CD45+, CD3+ CD4+, IL-17a+), Th1 (CD45+, CD3+ 

CD4+, IFN-γ+), and Treg (CD45+, CD3+, CD4+, CD25+). Key antibodies for flow 

cytometry are included in Table 3. Flow cytometric analysis was conducted on a BD 

FACSymphony™ A5 Cell Analyzer (BD Biosciences, New Jersey, USA), following 

established methods (Toral et al. 2018), with the gating strategy outlined (Figure 8). 

 

Table 3. Antibodies for flow cytometry. 

Antibodies Source 

anti-CD45 (RRID:AB_2727597, FITC, clone 30-F11) Miltenyi 

anti-B220 (RRID:AB_398531, APC, clone RA3-6B2) BD Bios. 

anti-CD3 (RRID:AB_2801803, PE, clone REA641) Miltenyi 

anti-CD4 (RRID:AB_1107001, PerCP-Cy5.5, clone RM4-5) Invitrogen 

anti-CD25 (RRID:AB_2784091, PE-VIO770, clone 7D4) Miltenyi 

anti-IL-17a (RRID:AB_1073235, PE-Cy7, clone eBio17B7) eBioscience 

anti-IFN-γ (RRID:AB_2738165, PE-VIO770, clone XMG1.2) eBioscience 

viability dye (LIVE/DEAD® Fixable Aqua Dead Cell Stain) Thermo F. 
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Figure 8. Gating strategy for flow cytometry. 

12. Immunofluorescence 

After the sacrifice, mouse colon tissues were isolated, fixed in 10% formalin 

overnight at 4 °C, and paraffin embedded. Paraffin cross-sections (5 μm) from fixed 

colons were prepared for immunofluorescence. Deparaffinized sections were 

rehydrated, boiled 3 min to retrieve antigens in 10 mM citrate buffer containing 

0.05% Tween-20 (Sigma, Missouri, USA), pH=6, and blocked for 1 h with 10% goat 

serum (Thermo Fisher Scientific, Massachusetts, USA), 10% horse serum (Thermo 

Fisher Scientific, Massachusetts, USA), plus 4% bovine serum albumin (Sigma, 

Missouri, USA)  in PBS. Samples were incubated with the following antibodies for 

immunofluorescence: rabbit monoclonal anti-FoxP3 (Cell Signaling, Massachusetts, 

USA), and rat monoclonal anti-ROR gamma (eBioscience, California, USA). 

Secondary antibodies were polyclonal Alexa-Fluor-647-conjugated goat anti-rabbit 

or polyclonal Alexa-Fluor-568-conjugated goat anti-rat (Molecular Probes, 

California, USA).  
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Sections were mounted with DAPI (Thermo Fisher Scientific, 

Massachusetts, USA) in Citifluor AF4 mounting medium (Aname, Madrid, Spain). 

The whole colonic cross-section was screened before taking representative pictures 

(minimum of three). Images were acquired at 512 × 512 pixels, 8 bits, using a 

Confocal TCS Leica SP5 microscope (Leica Microsystems GmbH; Wetzlar, 

Germany) fitted with a 40x oil-immersion objective. All images were processed for 

presentation with Photoshop (Adobe) and analyzed with ImageJ software (version 

1.52a, NIH, http://rsb.info.nih/ij/). 

13. DNA Extraction, 16S rRNA Gene Amplification, Bioinformatics 

Stools from all groups were stored at -80ºC. Microbial DNA was obtained 

with G-spin columns (INTRON Biotechnology, Gyeonggi, South Korea) from 30 mg 

of faecal content in suspension with PBS, digested using proteinase K and 

RNAses, assessing resulting DNA concentrations with Quant-IT PicoGreen 

(Thermo Fischer Scientific, Massachusetts, USA) as previously documented (Dole 

et al. 2013).  

Amplification was carried out on these samples for the V3-V4 region of the 

16S rRNA gene (Caporaso et al. 2011). PCR products (approximately 450 bp) 

included extension tails, which allowed sample barcoding and the addition of 

specific Illumina sequences in a second low-cycle number PCR. Individual amplicon 

libraries were analyzed with a Bioanalyzer 2100 (Agilent Technologies, Madrid, 

Spain) and a pool of samples was made in equimolar amounts. The pool was 

further cleaned, quantified and the exact concentration estimated through real time 

PCR (Kapa Biosystems, Massachusetts, USA). Finally, the samples were 

sequenced on an Illumina MiSeq instrument (Illumina, California, USA) with 2 x 300 

paired end read sequencing at the Unidad de Genómica (Parque Científico de 

Madrid, Madrid, Spain).  

To process raw sequences, the barcoded Illumina paired-end sequencing 

(BIPES) pipeline was performed using the BIPES protocols (Zhou et al. 2011). First, 

the barcode primers were discarded when containing ambiguous bases or 

mismatches in the primer regions following BIPES protocols. Second, we eliminated 

all sequences found with more than one mismatch within the 40–70 bp region at 

each end. Third, we utilized 30 Ns to concentrate the two single-ended sequences 

for the downstream sequence analysis. We utilized UCHIME (implemented in 

USEARCH, version 6.1) to screen out and remove chimeras in the de novo mode 

(using-minchunk 20-xn 7-noskipgaps 2) (Edgar and Flyvbjerg 2015). 
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Between 90,000 and 220,000 sequences were identified in each sample. 

Further analyses were carried out with 16S Metagenomics (Version: 1.0.1.0) from 

Illumina. The sequences were subsequently clustered to an operational taxonomic 

unit (OTU) with USEARCH default parameters (USERACH61). The threshold 

distance was set to 0.03. Consequently, when similarities between 16S rRNA 

sequences were 97%, the sequences were classified as the same OTU. QIIME2-

based alignments of representative sequences were carried out with PyNAST, and 

the SILVA database was used as the template file. The Ribosome Database Project 

(RDP) algorithm was used to classify the representative sequences into specific 

taxa with the default database (Zeng et al. 2019). The Taxonomy Database 

(National Center for Biotechnology Information) was used for classification and 

nomenclature. Bacteria were classified based on SCFA end-product, as previously 

described (Xia et al. 2021). Briefly, genera were classified into more than one group 

if they were defined as producers of different metabolites. Predicted metagenomes 

were mapped to the Kyoto Encyclopedia of Genes and Genomes pathways 

(KEGG) using the phylogenetic investigation of communities by reconstruction of 

unobserved states (PICRUSt) method. KEGG module abundance was determined 

by aggregating the abundance of genes annotated to the same feature. Pathway 

results were presented as the relative abundance of predicted functions. 

14. Statistical analysis 

Shannon diversity, Chao richness and Pielou evenness and observed 

species indexes were calculated with the PAST4.02 Palaeontological Statistics 

(PAST 4x). Reads in each OTU were normalized to total reads in each sample. 

Only taxa with a percentage of reads > 0.001% were used for the analysis. Partial 

least square discriminant analysis (PLS-DA) was also used on these data to 

determine significant taxonomic differences in two experimental groups, and 

variable importance in projection (VIP) scores were displayed to rank the ability of 

different taxa to discriminate between different groups. Principal components 

analysis (PCA) analyses were also performed with these data to identify significant 

differences between groups, using PAST 4.02. Linear discriminant analysis (LDA) 

scores above 3.5 were displayed, and Kruskal-Walllis test among classes and 

Wilcoxon test between subclasses with threshold 0.05. 
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Taxonomy was uploaded to the Galaxy platform (Segata et al. 2011) to 

generate Linear discriminant analysis effect size (LEfSe)/cladogram enrichment 

plots considering significant enrichment at a P<0.05. A volcano plot was generated 

by plotting −log10 of the P-value against the log2 fold change of genus with the R 

package, ggplot2 (Ito and Murphy 2013). A quasi-likelihood F-test transformed P-

value threshold (P<0.05) was utilized to highlight significantly differentiating data 

points.  All data were analysed with GraphPad Prism 8. Results are expressed as 

means ± standard error of the mean (SEM) of measurements. The evolution of tail 

SBP and the concentration-response curves to Ach were analysed by two-way 

repeated-measures analysis of variance (ANOVA) with the Bonferroni post hoc test. 

The remaining variables were tested on normal distribution using Shapiro-Wilk 

normality test and compared using one-way ANOVA and Tukey post hoc test in 

case of normal distribution, or Mann-Whitney test or Kruskal-Wallis with Dunn 

multiple comparison test in case of abnormal distribution. P < 0.05 was considered 

statistically significant. 
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RESULTS 
 

1. Role of gut microbiota in the development of hypertension in a 

TLR-7-dependent lupus mouse model 

1.1. Antibiotic treatment prevented the raise of BP, renal injury, and 
disease activity in TLR-7-dependent SLE 

Topical IMQ, a TLR-7 agonist, was used to induce lupus-like disease in mice 

not genetically prone to excessive TLR-7 signaling. It was administered topically 

three times a week in alternate days to wild-type BALB/cJRj mice (Yokogawa et al. 

2014). IMQ exposition showed a high incidence of mortality (Barrat et al. 2007; 

Celhar and Fairhurst 2017; Crow 2014; Robles-Vera et al. 2020). The mouse 

mortality rate in each group treated with IMQ was the following: IMQ group, 25%, 2 

dead mice out of 8; IMQ-VANCO group, 0%; and IMQ-MIX group, 12.5%, 1 dead 

mouse out of 8. As expected, IMQ-treated mice showed a progressive raise in SBP 

(Figure 9A), being approximately 35 mmHg higher in IMQ-treated animals than in 

CTR animals, at the experimental endpoint. No significant changes in heart rate 

were detected in the IMQ group (530.3 ± 23.9 bpm vs 540.7± 20.3 bpm, CTR and 

IMQ groups, respectively).  

The IMQ-induced lupus model is characterized by kidney injury linked to 

autoimmunity (Robles-Vera et al. 2020; Yokogawa et al. 2014; Zegarra-Ruiz et al. 

2019). We determined the renal function by measuring proteinuria and kidney 

histopathology.  
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Figure 9. Effects of microbiota modification through population depletion with antibiotics on 
blood pressure, proteinuria, morphology, and disease activity in the imiquimod (IMQ) group. 

(A) Systolic blood pressure (SBP) assessed with tail-cuff plethysmography, (B) proteinuria, (C) organ 
hypertrophy levels, (D) circulating double-stranded DNA (anti-ds-DNA) and anti-cardiolipin 

autoantibodies, and interferon (IFN)α levels in control (CTR), IMQ and IMQ-groups treated with 
Vancomycin (VANCO) or a cocktail of antibiotics (MIX). The data is represented as means ± SEM. 
The evolution of tail SBP was analysed by two-way ANOVA with the Tukey’s multiple comparison test. 
The rest of the variables were tested with one-way ANOVA and Tukey post hoc test (morphological 
variables, and plasma anti-ds-DNA), or Kruskal–Wallis with Dunn’s multiple comparison (proteinuria, 
anti-cardiolipin, plasma IFNα). * p < 0.05, † p < 0.01, ‡ p < 0.001 in comparison with CTR; * p < 0.05, 
† p < 0.01, ‡ p < 0.001 in comparison with IMQ. 
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We found significant higher protein concentration in urine (Figure 9B), 

moderate chronic perivascular and tubule-interstitial inflammatory infiltrate, mild 

hyaline casts in renal tubules, mild glomerular injury with extra-capillar crescent and 

scan immunocomplex deposits in glomerular tuft in kidney from IMQ group (Figure 

10), showing impaired renal function. In addition, increased renal hypertrophy, 

hepatomegaly, and splenomegaly (Figure 9C) and plasma levels of anti-dsDNA 

and anti-cardiolipin autoantibodies, and IFNα (Figure 9D) were found in IMQ mice. 

To assess the role of the gut microbiota, we reduced the bacterial mass using 

VANCO and MIX. VANCO and MIX showed a reduction in total DNA levels in the 

colonic content by ≈ 73% and ≈ 89%, respectively (Figure 11A). As described 

previously [22], MIX treatment improved renal physiology by decreasing proteinuria 

(Figure 9B) and the inflammatory infiltrate and the glomerular injury in the kidney 

(Figure 10), it decreased splenomegaly, hepatomegaly, and renal hypertrophy 

(Figure 9C), and plasma levels of anti-dsDNA, anti-cardiolipin, and IFNα (Figure 

9D), but did not inhibit the development of hypertension in IMQ-treated mice 

(Figure 9A). However, VANCO treatment prevented autoimmunity (reduced plasma 

levels of anti-dsDNA, anti-cardiolipin, and IFNα) (Figure 9D), proteinuria (Figure 

9B) and renal injury histological features (Table 4), but also reduced the 

progressive increase in SBP induced by IMQ, by approximately -15 mmHg (Figure 

9A). The effects of VANCO in SBP were independent of water consumption since 

mean water intake during treatments was similar among all experimental groups 

(mL mouse-1 day-1: CTR, 4.1 ± 0.2; IMQ, 4.3 ± 0.1; VANCO 4.2 ± 0.2; MIX 3.8 ± 

0.3). Interestingly, when control mice were treated chronically with VANCO or MIX, 

without IMQ, no significant changes in SBP (Figure 11B), proteinuria (Figure 11C), 

vascular relaxation (Figure 11D) and NOX activity (Figure 11E) were observed as 

compared to untreated control group, showing specificity under conditions of TLR-7 

activation. It also interesting to note the heterogeneity of some individual responses 

specific to the IMQ group observed in one or two animals. The reasons for this are 

unknown, but could be related to the variability in the topical administration of this 

drug.   
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Figure 10. Effects of antibiotic treatments in renal injury in imiquimod (IMQ) mice. 

Representative microphotographs of injury of mice renal cortex. Control group (CTR) with absence of 
tubulointerstitial lesions, preservation of the tubular brush border and normal glomerular size (a and e). 
IMQ group with glomerular size increase and presence of crescents (asterisk) and moderate 
perivascular chronic inflammatory infiltrate and mild fibrosis (arrow) (b and f). VANCO group with 
presence of mild perivascular chronic inflammatory infiltrate (arrow) (c and g). MIX group without 
tubulointerstitial or glomerular injury (d and h). (a to d, Periodic acid–Schiff stain; f to I, Masson 
trichrome stain). Bar scale: 100 micrometers. 
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Table 4. Quantification of renal lesions. 

Values are expressed as means ± SEM of percentage of affected glomeruli (n=50/mouse). The 
percentage of mice with lesion is expressed in brackets [mice %]. *P<0.05, †P<0.01 compared to the 
CTR group; *P<0.05, †P<0.01 compared to the untreated IMQ group. 

 

These data point to the gut microbiota being needed for TLR-7-dependent 

systemic autoimmunity, but only VANCO-sensitive gut microbiota was involved in 

the hypertensive effect induced by TLR-7 activation. We proceeded to study the gut 

microbial community composition derived from both antibiotic treatments, to assess 

potential pathobionts regulating TLR-7-dependent hypertension.  
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Figure 11. Effects of antibiotic treatments in DNA content of colonic microbiota in imiquimod 
(IMQ) mice and blood pressure, proteinuria, and endothelial function in control (CTR) mice. 

(A) DNA content in the gut microbiota in control (CTR), IMQ and IMQ-groups treated with Vancomycin 

(VANCO) or a broad-spectrum antibiotic mixture (MIX). (B) Systolic blood pressure (SBP) measured 

by tail-cuff plethysmography, (C) proteinuria,  (D) vascular relaxation responses induced by 

acetylcholine (Ach) in endothelium-intact aortas pre-contracted by U46619 (10 nM), and (E) aortic 

NADPH oxidase activity measured by lucigenin-enhanced chemiluminescence, in all experimental 

groups. Groups: control (CTR), and CTR-groups treated with Vancomycin (VANCO) or a broad-

spectrum antibiotic mixture (MIX). Values are expressed as means ± SEM (n = 8). The concentration-

response curves to Ach were analyzed by two-way ANOVA with the Tukey’s multiple comparison test. 

The rest of the variables were tested with one-way ANOVA and Tukey post hoc test. ‡P<0.001 

compared to the untreated IMQ group. 
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1.2. Antibiotic treatment changed colonic microbiota composition 

We collected colonic content samples from mice, isolated bacterial DNA, 

and performed high-throughput 16S ribosomal DNA sequencing. The bacterial taxa 

(class, order, family, and genus) that experienced changes in IMQ mice, as 

indicated in our LDA, exposed that the relative abundance of 3 taxa was increased 

(green) and 1 taxa was decreased (red) as compared to CTR group (Figure 12A). 

No significant differences in the ecological parameters (Chao richness, Shannon 

diversity, Pielou evenness and numbers of species) were found between both 

groups (Figure 12B). However, increased bacteria belonging to Actinobacteria 

phylum was detected in IMQ group (Figure 12C). Antibiotic treatments induced 

profound changes in taxa as compared to IMQ group, according to the LDA (Figure 

13). VANCO is a drug that mainly eradicates gram-positive microorganisms and 

cannot be absorbed in the intestines. Similar to that described in VANCO-treated 

female lupus prone LPR mice (Mu et al. 2020), VANCO treatment of IMQ mice 

reduced Shanon diversity (the combined parameter of richness and evenness) and 

numbers of species, while MIX showed a reduction in richness (an estimate of a 

total number of OTUs present in the given community), and numbers of species, 

but increased evenness (that shows how uniformly individuals in the community are 

distributed over different OTUs) (Figure 12B).   
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Figure 12. Effects of treatment with antibiotics on ecological indices and microbial phyla of in 
the gut from imiquimod (IMQ) mice.  

(A) LEfSe significant differences (red bars Control enriched, green bars IMQ enriched). (B) Ecological 
parameters, (C) Proportion of bacterial phyla, and (D) Proportion of SCFAs-producing-bacteria in the 

microbiota from control (CTR), IMQ and IMQ-groups treated with Vancomycin (VANCO) or our cocktail 
of antibiotics (MIX). Data is represented as means ± SEM. Two-way ANOVA with the Tukey’s multiple 
comparison test (SCFA-producing bacteria proportion). * p < 0.05 compared to CTR group; * p < 0.05, 
† p < 0.01, ‡ p < 0.001 compared to the untreated IMQ group. 
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Very significant shifts in phyla proportions were detected, especially in MIX 

(Figure 12C). The ratio between Bacteroidetes and Firmicutes was decreased 

whereas Verrucomicrobia and Proteobacteria were higher in VANCO as compared 

to IMQ, similar to that previously described with VANCO treatment in high fat diet-

fed mice (Fujisaka et al. 2016) and in LPR mice (Mu et al. 2020). In agreement with 

previous report using the same mixture of broad-spectrum antibiotics in young and 

old mice (Brunt et al. 2019), Proteobacteria was the most abundant phylum in the 

microbiota from MIX group (≈ 99 %), with a profound depletion of Bacteroidetes and 

Firmicutes. Within the phylum Firmicutes, VANCO induced the decline of class 

Clostridia, without significant changes in Erysipelotrichia and Bacilli (not shown). 

Within the class Clostridia, every major family decreased, including Clostridales and 

Lachnospiraceae (not shown). This was accompanied by a significant increase of 

Gram negative Proteobacteria family Enterobacteriaceae (not shown). At genus 

level, the proportion of Barnesiella (Bacteroidetes, Porphyromonadaceae) and 

Clostridium XIVa (Clostriales) was reduced and Escherichia/Shigella 

(Enterobacteriaceae) was increased by both antibiotic treatments (Figure 13). By 

contrast, the proportion of Gram negative bacteria Akkermansia (Verrucomicrobia) 

and Parasutterella (Proteobacteria) was increased by VANCO but not by MIX 

treatment (Figure 13). As previously described, 16S rDNA sequencing of faecal 

samples from TLR-7-dependent mouse models of SLE and from SLE patients 

compared with healthy controls, showed Gram positive bacteria Lactobacillus ssp. 

(Bacilli) enrichement and translocation to internal organs (Zegarra-Ruiz et al. 2019). 

However, in our experimental conditions, the relative populations of Lactobacillus 

were not significatively different between CTR and IMQ group, which were 

unaffected by VANCO (consistent with the known resistance of several species of 

lactobacilli to VANCO) and reduced by MIX.  
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Figure 13. Effects of antibiotic treatments in the main genera proportion of gut microbiota in 

imiquimod (IMQ) mice.  

The genera content was expressed as percentage of total reads in faeces from control (CTR), IMQ 
and IMQ-groups treated with Vancomycin (VANCO) or a broad-spectrum antibiotic mixture (MIX). 
Values are expressed as means ± SEM. One-way ANOVA and Tukey post hoc test. *P<0.05, 
†P<0.01, ‡P<0.001 compared to the untreated IMQ group. 

SCFA are metabolites resulting from the fermentation of undigested 

carbohydrates in gut microbiota with known beneficial effects (Robles-Vera et al. 

2020). However, no significant changes in the proportion of SCFA-producing 

bacteria were found between CTR and IMQ groups (Figure 12D). Interestingly, 

VANCO treatment increased ACE- and PROP-producing bacteria (Figure 12D). 

SCFA could exert certain actions on intestinal cells and on at local immune system 

level. We next investigated whether antibiotic treatments induced changes in 

immune cells in secondary lymph organs. 
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1.3. Antibiotic treatments attenuated T cells imbalance 

An elevated production of autoantibodies and the progression of the lupus-

like autoimmune pathology can be associated with an imbalance of T cells (Talaat 

et al. 2015) and B cell proliferation (Dar et al. 1988; Robles-Vera et al. 2020). We 

assessed B and T cell levels in MLN and spleens from all experimental groups. 

B cell relative populations (CD3-B220+) were higher in spleen from IMQ 

mice than in the CTR group, but not in MLN (Figure 14A, 14B). VANCO and MIX 

treatments reduced splenic B cell populations (Figure 14B). The proportion of Th 

cells (CD3+CD4+) presented no significant differences among all experimental 

groups in both MLN and spleen. Treg (CD4+CD25+) and Th17 (CD4+IL-17a+) cell 

relative populations increased in spleen from IMQ mice (Figure 14B), whereas only 

Th17 cells where higher in lupus disease in the MLN (Figure 14A). VANCO 

treatment prevented the raise in Th17 cell content as seen in IMQ in both 

secondary lymph organs, being without effect in the proportion of Treg cells.  By 

contrast, MIX treatment did not change Th17 cell population but reduced Treg 

content in the spleen (Figure 14A, 14B). 

Circulating Th17 lymphocytes were increased in IMQ group compared to 

control mice (Figure 14C). In line with changes brought by treatment with the 

antibiotics in MLN, VANCO decreased circulating Th17 cell populations, being 

without effects MIX. Plasma levels of IL-17a were higher in IMQ than in CTR 

(Figure 14C), which were reduced by VANCO treatment. Taken account that IL-

17a is a key factor contributing to endothelial dysfunction in this TLR-7-driven lupus 

autoimmunity model (Robles-Vera et al. 2020), we next examined the changes 

brought by the antibiotics on the observed SLE-linked endothelial dysfunction. 
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Figure 14. Effects of treatment with antibiotics on lymphocyte activation and proliferation in 
imiquimod (IMQ) animals.  

(A) Total B lymphocytes, Th, Treg and Th17 cells as detected with flow cytometry in mesenteric lymph 
nodes, (B) in spleen, and (C) blood from control CTR, IMQ, VANCO and MIX. Data is represented as 

means ± SEM. The variables were tested with one-way ANOVA and Tukey post hoc test. * p < 0.05, † 
p < 0.01, ‡ p < 0.001 compared to the CTR group; * p < 0.05, † p < 0.01 compared to the untreated 
IMQ group. 
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1.4. The antibiotics prevented endothelial dysfunction, vascular 
oxidative stress and Th17 vascular infiltration 

IMQ-treated animals presented strongly reduced endothelium-dependent 

vasorelation to Ach in comparison CTR animals (Emax= 39.7 ± 6.2 % and 64.1 ± 

3.6 %, respectively, P<0.01) (Figure 15A). VANCO was able to improve this 

impairment, being without effect MIX. The Ach-induced response was also 

improved in aorta segments from IMQ-treated animals post-Y27632 incubation (a 

Rho kinase inhibitor) (Figure 15A), suggesting that the decreased relaxation with 

Ach is mediated, at least partially, by Rho kinase activation. The activation of 

RhoA/Rho kinase by ROS has already been previously described (MacKay et al. 

2017). NOX is the main source of ROS in the vascular wall; thus, we tested the 

relaxation to Ach in the presence of the selective NOX inhibitor VAS2870, and the 

NOX activity in all experimental groups (Figure 15B). In the presence of VAS2870, 

improvement of endothelium-dependent relaxation to Ach was observed in aortic 

rings from IMQ group, being similar to that found in CTR group, which suggest the 

involvement of NOX activity in the endothelial dysfunction found in aortic rings from 

IMQ mice. In fact, the NOX activity was approximately 2-fold more elevated in 

segments of IMQ mice than in aortic segments of CTR animals. In agreement with 

this, MIX treatment, which was unable to improve the relaxation to Ach, showed a 

NOX activity similar IMQ rings, whereas rings from VANCO group showed lower 

NOX activity than IMQ group. To further explore the role of IL-17a in endothelial 

dysfunction induced by IMQ, we incubated for 6 hours with anti-IL-17a antibody 

(nIL-17). The neutralization on IL-17a improved the relaxation to Ach in rings from 

IMQ group, but not in control rings (Figure 15C). Considering that Th17 cells 

boosted vascular ROS synthesis, we determined aortic infiltration levels of Th17 

lymphocytes. Th17 infiltration was higher in aorta from IMQ than in CTR, which was 

reduced by VANCO but not by MIX treatment (Figure 15C). Interestingly, when 

control mice were treated with VANCO or MIX no significant changes were 

observed in the relaxation to Ach (Figure 11D) or in the NOX activity (Figure 11E), 

as compared to untreated control mice.  

Hierarchical cluster analysis (according distance measure using Pearson 

test correlation and clustering algorithm using ward.D) represented as heat map of 

the fifty most abundant bacterial genera detected among groups, showed clear 

separation of groups to cluster by BP and Th17 population in MLN (Figure 16). We 

subsequently examined whether the enriched gut bacterial communities partake in 

Th17 polarization in MLN and high BP-associated with TLR-7 activation. 
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Figure 15. Effects of treatment with antibiotics on SLE-linked endothelial dysfunction, NADPH 
oxidase activity and immune cell aorta infiltration in imiquimod (IMQ) mice. 

(A) Ach-induced relaxation responses in aortas pre-contracted by U46619 (10 nM), with or without the 
Rho kinase inhibitor Y27632 (1 µM); (B) Aortic responses induced by Ach in the absence or in the 

presence of the specific pan-NOX inhibitor VAS2870 (1 µM) and aortic NADPH oxidase activity 
determined using a lucigenin-enhanced chemiluminescence. (C) Aortic responses induced by Ach in 

the absence or in the presence of anti-IL-17a antibody (10 µg/mL) and aortic infiltration of Th17 
assessed with flow cytometry. Data is represented as means ± SEM. The concentration-response 
curves to Ach were analysed by two-way ANOVA with the Tukey’s multiple comparison test. The rest 
of the variables were tested with one-way ANOVA and Tukey post hoc test. † p < 0.01, ‡ p < 0.001 in 
comparison with CTR; * p < 0.05, † p < 0.01, ‡ p < 0.001 in comparison with IMQ. 
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Figure 16. Effects of antibiotic treatments in the main genera proportion of gut microbiota in 
imiquimod (IMQ) mice associated with systolic blood pressure (SBP) and Th17 proportion in 
mesenteric lymph nodes (MLN).  

Significantly enriched genera displayed within a heat map. The top dendrogram, and top row colored 
blue in control (CTR), red (IMQ), violet (IMQ-group treated with Vancomycin, VANCO), and orange 
(IMQ-group treated with a broad-spectrum antibiotic mixture, MIX), shows that the subjects tend to 
cluster by SBP and Th17 in MLN (Pearson test); abundances of the genera also cluster, dendrogram 
on the left. Rows are genus, columns individual mouse, and abundance is shown in individual cells on 
a sliding color scale. 
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1.5. Bacteria from IMQ-mice were transferable and induced high BP 
and endothelial dysfunction in control animals 

To address the question whether microbiota from lupus mice induced by 

TLR-7 activation might affect BP and endothelial function regulation, we 

transplanted microbiota for 2 weeks from hypertensive IMQ or from normotensive 

CTR animals to recipient BALB/cJRj female mice or 8 weeks IMQ-treated mice 

(Figure 17). FMT from donor IMQ microbiota to recipient control mice increased 

SBP to a maximum of ≈ 22 mmHg, being without effect FMT from donor control 

microbiota to recipient control mice (Figure 18A). However, no significant change 

either in proteinuria (Figure 18B), plasma levels of anti-dsDNA and IFNα (Figure 

18C), or B cells and Treg population in MLN (Figure 18D) were detected between 

CTR-CTR and CTR-IMQ, displaying no changes in lupus activity induced by 

transplant from IMQ mice. Interestingly, this microbiota increased plasma IL17 

levels (Figure 18C), and the Th17 proportion in MLN (Figure 18D). 

Additionally, Ach-induced endothelium-dependent relaxation in U46619-

contracted segments of aorta from CTR-IMQ were decreased when compared to 

CTR-CTR group (Emax: 41.5 ± 4.9% vs. 63.7 ± 4.8%, P<0.01, respectively) (Figure 

19A).  
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Figure 17. Phyla proportion after faecal microbiota transplantation (FMT) experiment. 

(A) Evolution of phyla proportion of faecal microbiota from donor control (CTR) or imiquimod (IMQ) 
microbiota in recipients CTR or IMQ-treated mice. (B) Final gut microbiota composition, at phyla 

levels, after FMT. Values are expressed as means ± SEM. unpaired t-test was used to compare two 
groups. *P<0.05, †P<0.01, ‡P<0.001 compared to the donor CTR group; *P<0.05, †P<0.01, ‡P<0.001 
compared to the donor IMQ group. CTR-CTR, Control mice transplanted with faeces from control 
mice; CTR-IMQ, Control mice transplanted with faeces from IMQ-treated mice; IMQ-IMQ, IMQ-treated 
mice transplanted with faeces from IMQ mice; and IMQCTR, IMQ-treated mice transplanted with 
faeces from control mice. 
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Figure 18. Effects of faecal microbiota transplants (FMT) on the progression of systolic blood 
pressure (SBP), proteinuria, disease activity, plasma cytokine levels, and lymphocyte 
proliferation in mesenteric lymph nodes. 

(A) SBP determined via tail-cuff plethysmography. (B) Proteinuria, (C) Plasma double-stranded DNA 
(anti-ds-DNA) autoantibodies, interferon (IFN)α, and interleukin (IL)17a levels. (D) Populations of 

relevant lymphocytes in mesenteric lymph nodes: Total B lymphocytes, Th17, and Regulatory T cells 
(Treg), obtained with flow cytometry. Data is represented as means ± SEM. The evolution of tail SBP 
was analysed by two-way ANOVA with the Tukey’s multiple comparison test. The rest of variables by 
unpaired t-test. * p < 0.05, † p < 0.01, ‡ p < 0.001 compared to the CTR-CTR group; * p < 0.05, † p < 
0.01, ‡ p < 0.001 compared to IMQ-IMQ group. CTR-CTR, Control mice (CTR) transplanted with 
microbiota from CTR; CTR-IMQ, CTR mice transplanted with microbiota from imiquimod (IMQ)-treated 
mice; IMQ-IMQ, IMQ transplanted with microbiota from IMQ; and IMQ-CTR, IMQ transplanted with 
microbiota from CTR. 
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Incubation for 30 min with the pan-NOX inhibitor VAS2870 or with the Rho 

kinase inhibitor Y27632 depleted the differences between groups in relaxation to 

Ach, suggesting a role for NOX and Rho kinase, respectively, in this impaired 

relaxant response induced by IMQ microbiota. Furthermore, the transplant from 

IMQ raised NOX activity in aorta (Figure 19C), as compared to CTR-CTR. 

Remarkably, nIL-17 incubation increased relaxation to Ach in rings from CTR-IMQ 

group (Figure 19A), showing the role of IL17 in the impaired endothelium-

dependent relaxation induced by stool transplantation with IMQ microbiota. In fact, 

Th17 infiltration in aorta was also higher in CTR-IMQ than in CTR-CTR (Figure 

19D). By contrast, FMT from control mice to recipient IMQ-treated mice reduced 

SBP (≈ -20 mmHg) (Figure 18A), Th17 proportion in MLN (Figure 18C), plasma IL-

17a levels (Figure 18B), aortic NOX activity (Figure 18C), aortic Th17 cells 

infiltration (Figure 19D), and the impaired Ach-induced relaxation as compared to 

IMQ-IMQ group (Figure 19A), confirming the key role of IL-17a in the vascular 

alteration induced by IMQ. In fact, neutralization of IL-17a improved endothelium-

dependent relaxation in IMQ-IMQ group (Figure 19B) similarly to stool 

transplantation from control mice. However, no significant changes in proteinuria 

(Figure 18B), and plasma anti-dsDNA and IFNα (Figure 18C) were found between 

IMQ-IMQ and IMQ-CTR groups, showing a dissociation between the control of 

autoimmunity and SBP induced by the gut microbiota. 
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Figure 19. Effects of the microbiota transplants on endothelial function, NADPH oxidase 
activity and infiltration of T lymphocytes in aorta. 

(A) Acetylcholine (Ach)-induced relaxation curves in aortas pre-contracted with U46619 (10 nM) with 

or without the specific pan-NOX inhibitor VAS2870 (1 µM), or the Rho kinase inhibitor Y27632 (1 µM). 
(B) Ach-induced relaxation curves with or without nIL-17a (10 µg·L) in segments from control (CTR) 
and Imiquimod-treated (IMQ) recipient mice, transplanted with microbiota from IMQ animals. (C) NOX 
activity determined via lucigenin-enhanced chemiluminescence. (D) Aortic infiltration of Th17 through 

flow cytometry. Values are represented as means ± SEM. The concentration-response curves to Ach 
were analysed by two-way ANOVA with the Tukey’s multiple comparison test. The rest of the variables 
were tested with unpaired t-test. * p < 0.05, † p < 0.01, ‡ p < 0.001 compared to the CTR-CTR group; 
* p < 0.05, † p < 0.01, ‡ p < 0.001 compared to IMQ-IMQ group CTR-CTR, Control mice (CTR) 
transplanted with microbiota from CTR; CTR-IMQ, CTR transplanted with microbiota from imiquimod 
(IMQ)-treated mice; IMQ-IMQ, IMQ transplanted with microbiota from IMQ; and IMQ-CTR, IMQ 
transplanted with microbiota from CTR. 
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Next, tested the microbial composition 2 weeks post-transplant. Microbiota 

from donor CTR and IMQ mice changes after FMT in recipient mice (Figure 17A), 

but with minor changes depending if recipient mice were CTR or IMQ mice. At the 

end of FMT donor microbiota from control mice showed increased bacteria 

belonging to Bacterioidetes (75.18 ± 3.43% vs 55.06 ± 8.55%, P<0.05) and reduced 

Actinobacteria (0.09 ± 0.01% vs 0.15 ± 0.03%, P<0.05) in recipient IMQ mice in 

comparison with recipient CTR mice, respectively. Similarly, donor microbiota from 

IMQ mice showed only reduced bacteria belonging to Tenericutes (0.08 ± 0.02% vs 

0.25 ± 0.04%, P<0.01) in recipient IMQ mice as compared to recipient CTR mice. 

We found no significant changes in phyla composition between CTR-CTR and 

CTR-IMQ groups (Figure 17B). Volcano plot showed genera clustering in CTR-

CTR mice as compared to CTR-IMQ group (Figure 20A). There was more than 

3.5-fold reduction in the genera Sutterella and Anaerovibrio (potentially protective 

bacteria) in mice receiving IMQ microbiota in comparison with CTR-CTR mice 

(Figure 20B).   
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Figure 20. Effects of stool transplantation from imiquimod (IMQ)-treated mice to control mice at 

the genera proportion in gut microbiota. 

(A) Volcano plot displaying significantly enriched genera in CTR-CTR group or CTR-IMQ group. The 

x-axis is log2 fold change and the y-axis is transformed p-value. Genera not different between cohorts 
are shown in black. Features selected by volcano plot with fold change threshold 3.5 and t-test with 
threshold 0.05. Genera more abundant in CTR-CTR are shown in the upper right, blue-shaded 
quadrant (B) Proportion of key bacterial genera expressed as percentage of total reads. Data is 

represented as means ± SEM. Unpaired t-test. * p < 0.05 compared to the CTR-CTR group. CTR-
CTR, Control mice (CTR) transplanted with microbiota from CTR; CTR-IMQ, CTR transplanted with 
microbiota from imiquimod (IMQ)-treated mice. 



 

- 79 - 
  

By contrast, FMT of donor control faeces to IMQ-treated mice induced 

changes in the microbiota composition as compared to the transplantation with IMQ 

microbiota. The LDA score suggests that the relative abundance of 4 taxa (green) 

was decreased and 15 taxa (red) was increased in IMQ-CTR group when 

compared with IMQ-IMQ mice (Figure 21). The most altered genera abundances of 

the volcano plot showed increased proportion of Sutterella, Anaerovibrio, 

Heliorestis, Sharpea, Anaerobranca, and Halanaerobium, and reduced abundance 

of Pseudovutyrivibrio, Moryella, and Streptococcus in IMQ-treated mice 

transplanted with microbiota from control mice, as compared to IMQ-IMQ group 

(Figure 22A, 22B). 

 
Figure 21. Effects in taxa proportion of gut microbiota after donor control (CTR) microbiota 
transplantation to imiquimod (IMQ)-treated mice.  

Linear discriminant analysis effect size (LEfSe) identified significantly different bacterial taxa enriched 
in each cohort at LDA Score > 3.5, and Kruskal-Walllis test among classes and Wilcoxon test between 
subclases with threshold 0.05 (red bars IMQ-CTR enriched, green bars IMQ-IMQ enriched). IMQ-IMQ, 
IMQ-treated mice transplanted with faeces from IMQ mice; and IMQ-CTR, IMQ-treated mice 
transplanted with faeces from control mice. 
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Figure 22. Effects of stool transplantation from control mice to imiquimod (IMQ)-treated mice at 
the genera proportion in gut microbiota.  

(A) Volcano plot displaying significantly enriched genera in IMQ-IMQ group or IMQ-CTR group. The x-

axis is log2 fold change and the y-axis is transformed P-value. Genera not different between cohorts 
are shown in black. Features selected by volcano plot with fold change threshold 3.5 and t-test with 
threshold 0.05. Genera more abundant in IMQ-IMQ are shown in the upper right, blueshaded quadrant 
and genera more abundant in IMQ-CTR mice in the upper left, red-shaded quadrant (B) Proportion of 

key bacterial genera expressed as percentage of total reads. Values are expressed as means ± SEM. 
Unpaired t-test. *P<0.05, †P<0.01 compared to IMQ-IMQ group. IMQ-IMQ, IMQ-treated mice 
transplanted with faeces from IMQ mice; and IMQ-CTR, IMQ-treated mice transplanted with faeces 
from control mice. 
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2. Role of TMAO in SLE development and cardiovascular 

complications in a lupus mouse model induced by TLR-7 

activation 

2.1. DMB prevented high BP, target organs damage, and proteinuria 
in TLR-7-dependent SLE 

Topical administration three times per week in alternate days to wild-type 

BALB/cJRj mice of IMQ, a TLR-7 agonist, successfully induced a lupus-like 

pathology in our animals not genetically prone to excessive TLR-7 signaling 

(Yokogawa et al. 2014). As expected, IMQ-treated mice showed a gradual raise in 

SBP, being roughly 37 mmHg higher in IMQ than in CTR animals, at the end of the 

experiment. DMB prevented the development of hypertension induced by IMQ (≈ 

70%), but did not affect CTR group (Figure 23A). We could not detect any 

significant differences in heart rate (537.7 ± 13.4 bpm vs 576.0± 27.9 bpm, CTR 

and IMQ groups, respectively), which was unchanged by DMB (Figure 23A). 

Sustained high BP is one of the most powerful determinants of the development of 

cardiac and renal hypertrophy. We found that both left ventricular weight/tibia length 

and kidney weight/tibia length were higher (≈ 12% and 73%, respectively) in IMQ-

treated mice than in control mice. DMB prevented significantly left ventricular 

hypertrophy, but not renal hyperthophy (Figure 23B). This inducible model is 

known to present autoimmunity-linked kidney injury (López et al. 2016; Robles-Vera 

et al. 2020; Yokogawa et al. 2014). We found significantly higher protein levels in 

urine after 4 weeks of IMQ treatment, which was reduced by DMB treatment 

(Figure 23C), showing prevention of impaired renal function by DMB in IMQ group.  
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Figure 23. Effects of 3,3-dimethyl-1-butanol (DMB) treatment on blood pressure, organ 
morphology, and proteinuria in control (CTR) and imiquimod (IMQ) mice. 

(A) Systolic blood pressure (SBP) as determined by tail-cuff plethysmography; (B) morphology data as 
organ weigh/tibia length ratios; and (C) proteinuria in CTR, CTR-group treated with DMB (CTR-DMB), 

IMQ, and IMQ-group treated with DMB (IMQ-DMB). The data are expressed in a means ± SEM 
format. Tail SBP and proteinuria were tested by two-way ANOVA with the Tukey’s multiple comparison 
test. The morphological variables were tested with one-way ANOVA and Tukey’s post hoc test, or 
Kruskal–Wallis test with Dunn’s multiple comparisons. ** p < 0.01 in comparison with CTR; ## p < 0.01 
in comparison with IMQ.  
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2.2. DMB prevented disease activity progression in TLR-7-
dependent SLE 

The IMQ model presents increased plasma levels of autoantibodies, 

splenomegaly, hepatomegaly, and higher type-1 IFN expression in lymph organs 

(Robles-Vera et al. 2020; Yokogawa et al. 2014). In the present study increased 

plasma levels of anti-dsDNA (Figure 24A), spleen weight/tibia length (Figure 24B), 

liver weight/tibia length (Figure 24C), and IFNα mRNA levels in MLN (Figure 24D), 

were found in IMQ mice. Interestingly, DMB treatment partially prevented the 

increased plasma anti-dsDNA autoantibodies (≈ 35%), splenomegaly (≈ 15%), 

hepatomegaly (≈ 23%), and IFNα mRNA levels (≈ 70%) in IMQ mice. We evaluated 

the immunomodulatory actions of TLR-7 activation by measuring the levels of B 

cells in spleens and blood from all experimental groups. IMQ treatment led to an 

increase in the percentages of both splenic and circulating B cells compared with 

the control group, which were prevented by DMB (Figure 24E). In addition, 

unchanged total T cells population and lower Th cells proportion were found in IMQ 

group as compared to CTR in spleen and blood, which were not affected by DMB 

treatment (Figure 24E).     
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Figure 24. Effects of 3,3-dimethyl-1-butanol (DMB) treatment on disease activity signs in the 
imiquimod (IMQ) group. 

(A) Circulating double-stranded DNA (anti-ds-DNA); (B) splenomegaly; (C) hepatomegaly; (D) IFNα 
mRNA levels in MLNs; and (E) percentage of B, T, and Th cells in spleen and blood in CTR, CTR-

group treated with DMB (CTR-DMB), IMQ, and IMQ-group treated with DMB (IMQ-DMB). The data are 
expressed in a means ± SEM format. Comparisons between variables were performed with one-way 
ANOVA and Tukey’s post hoc test, or Kruskal–Wallis test with Dunn’s multiple comparisons. * p < 0.05 
and ** p < 0.01 in comparison with CTR; # p < 0.05 and ##p < 0.01 in comparison with IMQ. 
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2.3. Plasma TMAO is increased in TLR-7-dependent SLE and is 
associated with SBP and disease activity 

Fasting plasma concentrations of TMA and TMAO were measured by liquid 

chromatography-tandem mass spectrometry in all experimental groups. Circulating 

(plasma) TMA and TMAO concentrations were higher (≈ 5 and 8-fold, respectively) 

in IMQ group versus CTR mice (Figure 25A). To investigate whether increases in 

plasma TMAO concentrations contribute to autoimmunity and high BP in TLR-7-

dependent systemic autoimmunity mice were fed a normal chow diet for 8 weeks 

with their drinking water either supplemented with DMB or not supplemented. DMB 

reduced plasma TMA (≈ 43%) and TMAO (≈ 41%) in IMQ mice, but had no effect 

on plasma levels in CTR animals (Figure 25A). We used regression analysis to 

determine if SBP or autoimmunity was related to circulating TMAO concentrations. 

Plasma TMAO level correlates positively with SBP (strong correlation, Pearson r = 

0.7324) and with plasma anti-dsDNA levels (strong correlation, Pearson r = 0.6903) 

(Figure 25B). 

This points to the gut microbiota-produced metabolite TMAO being required 

for TLR-7-dependent systemic autoimmunity, TMAO has a role in the hypertensive 

effect induced by TLR-7 activation. We then studied the mechanisms involved in 

TMAO induced TLR-7-dependent hypertension. Taken into account that Th17 

infiltration in the vasculature plays a key role in the gut microbiota mediated 

changes in BP in TLR 7-driven lupus autoimmunity (de la Visitación et al. 2021), 

then our group investigated whether TMAO was able to induce a shift in immune 

cells in secondary lymph organs.  
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Figure 25. Plasma TMAO was correlated to systolic blood pressure and SLE disease activity. 

(A) Plasma TMA and TMAO levels in control (CTR), CTR-group treated with 3,3-dimethyl-1-butanol 

(DMB) (CTR-DMB), IMQ, and IMQ-group treated with DMB (IMQ-DMB). The data are represented as 
means ±SEM. One-way ANOVA and Tukey’s multiple comparison test were performed. ** p < 0.01 
when compared to CTR; # p < 0.05 when compared to IMQ. (B) Pearson correlation between plasma 

TMAO and SBP or anti-ds-DNA activity using data from all experimental groups. 
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2.4. DMB treatments attenuated T cells imbalance 

High autoantibody levels and the development of the lupus-like pathology 

can be linked to a T cell imbalance (de la Visitación et al. 2021; Robles-Vera et al. 

2020; Talaat et al. 2015). We assessed T cell populations in MLN, spleens and 

blood from our mice. Th cell populations (CD3+CD4+) did not present any 

significant differences among groups in both MLN and spleen (data not shown). 

Th17 (CD4+IL-17a+) and Th1 (CD4+IFNγ+) cell relative populations increased in 

both secondary lymph nodes and in circulation from IMQ mice (Figure 26A, 26B, 

26C), whereas Treg (CD4+CD25+) where elevated in pathological animals in the 

spleen and blood (Figure 26B, 26C). DMB prevented the increase in Th17 and Th1 

seen in IMQ in both secondary lymph organs, reducing circulating levels of both 

type of lymphocytes, but did not seem to affect the proportion of Treg cells. Overall, 

this suggests that TMAO regulated T cells polarization, increasing Th17 cell 

population. 

Considering that IL-17a is a crucial component in the mechanisms 

responsible for endothelial dysfunction in this TLR-7-driven lupus autoimmunity 

model (Robles-Vera et al. 2020), then our group focused on the possible changes 

induced by DMB on the SLE-linked endothelial dysfunction.  
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Figure 26. TMAO facilitated lymphocyte activation and proliferation in imiquimod (IMQ) 
animals. 

(A) Regulatory T (Treg), Th17, and Th1 cells as analyzed through flow cytometry in mesenteric lymph 
nodes, (B) in spleen, and (C) blood in CTR, CTR-group treated with DMB (CTR-DMB), IMQ, and IMQ-

group treated with DMB (IMQ-DMB). Data are represented as means ± SEM. One-way ANOVA and 
Tukey’s post hoc test or Kruskal–Wallis test with Dunn’s multiple comparisons were performed. ** p < 
0.01 compared to CTR; # p < 0.05 and ## p < 0.01 compared to IMQ. 
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2.5. DMB prevented endothelial dysfunction, vascular oxidative 
stress and Th17 vascular infiltration 

Aortas from IMQ group displayed markedly decreased endothelium-

dependent vasorelaxation to Ach in comparison with CTR (Emax= 59.8 ± 2.7 % and 

81.7 ± 2.6 %, respectively, P<0.01) (Figure 27A). DMB treatment restored this 

relaxant response (Emax= 79.1 ± 4.2 %), being without effect in CTR mice (Emax= 

78.2 ± 3.3 %). Enhanced aortic ROS content is involved on endothelial dysfunction 

in SLE (Romero et al. 2017). We found a higher (≈ 62 %) red DHE signal in aortic 

ring from SLE mice, which it was abolished by DMB treatment (Figure 27B). When 

incubated with the NOX inhibitor VAS2870, improvement of endothelium-dependent 

relaxation to Ach was shown in IMQ aortic segments (Figure 27A), which suggest 

the partial involvement of NOX activity in the endothelial dysfunction found in aortic 

rings from IMQ mice. Furthermore, the NOX activity was roughly 1.8-fold higher in 

IMQ aortic rings than in CTR tissue samples (Figure 27C). Accordingly, mRNA 

levels of catalytic NOX-4 and regulatory p47phox subunits of NOX were also higher 

in rings from IMQ group in comparison with CTR (Figure 27C). DMB treatment 

reduced both NOX activity and NOX-4 transcript levels, suggesting that TMAO 

regulated NADPH-driven ROS production to induce endothelial dysfunction. The 

eNOS inhibitor L-NAME abolished the relaxant response induced by Ach aortic 

rings from CTR and IMQ groups, involving NO in this relaxation (Robles-Vera et al. 

2020). Reduced NO production was detected in aortas from TMAO-supplemented 

mice, which led to high plasma levels of TMAO (31.5 μM) (Brunt et al. 2020), and 

by in vitro TMAO incubation (>50 μM). However, we did not find significant changes 

in eNOS mRNA levels among groups (Figure 27D), suggesting that NO destruction 

by ROS and reduced NO bioavailability is more relevant to induce endothelial 

dysfunction than reduced NO production.  

Nuclear factor erythroid 2-related factor 2 (NRF-2) is a basic leucine zipper 

transcription factor and is essential for protecting cells against oxidative stress. 

NRF-2 acts through the antioxidant response element (ARE)/electrophile response 

element (EpRE) to regulate the expression of antioxidative enzymes, such as 

NADPH quinone oxidoreductase-1 (NQO-1) and heme oxygenase-1 (HO-1), and 

coordinate a wide range of responses to oxidative damage. A GWAS analysis 

defined the NRF-2 locus as a region associated with susceptibility to SLE (Xing et 

al. 2007). In addition, NRF-2 activation suppressed LN through inhibition of 

oxidative injury (Jiang et al. 2014). In aorta from IMQ mice we found reduced NRF-

2 mRNA levels, associated to reduced levels of NQO-1 and HO-1 (Figure 27E).  
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By contrast, the transcript levels of NRF-2 inhibitor keap1 was unchanged. 

Interestingly, DMB treatment restored NRF-2 levels and down-stream antioxidant 

enzymes (Figure 27E), suggesting NRF-2 downregulation linked to plasma TMAO 

levels, which could be partially involved in the endothelial dysfunction induced by 

IMQ. 

Previous studies have shown that TMAO induces vascular inflammation by 

activating the NLRP3 inflammasome and production of ROS (M.-L. Chen et al. 

2017; Zhang et al. 2020). Activation of NLRP3 inflammasome with TMAO is critical 

for the secretion of IL-1β and ICAM1 gene expression (Zhang et al. 2020). We 

found increased mRNA levels of NLRP3 and down-stream IL-1β and ICAM1 

(Figure 28A) in aorta from IMQ mice as compared to CTR group. Nonetheless, 

DMB did not affect the expression of the NLRP3 pathway, suggesting that plasma 

levels of TMAO in IMQ mice were insufficient to activate directly the NLRP3 

pathway.       
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Figure 27. Effects of 3,3-dimethyl-1-butanol (DMB) treatment on SLE-linked endothelial 
dysfunction, NADPH oxidase activity, and NRF-2 pathway in imiquimod (IMQ) mice. 

(A) Acetylcholine (Ach)-induced relaxation responses in aortas pre-contracted by U46619 (10 nM), 
with or without the specific pan-NOX inhibitor VAS2870 (10 µM). (B) ROS content measured by the 
ratio between red DHE and blue DAPI fluorescence. (C) Aortic NADPH oxidase activity determined 

using a lucigenin-enhanced chemiluminescence and aortic mRNA levels of NADPH oxidase subunits 
NOX-4 and p47phox, (D) eNOS, and (E) NRF-2- pathway, measured by RT-PCR. Groups: control 

(CTR), CTR-group treated with DMB (CTR-DMB), IMQ, and IMQ-group treated with DMB (IMQ-DMB). 
The data are shown in a means ±SEM structure. The concentration-response curves to Ach were 
analyzed by two-way ANOVA with the Tukey’s multiple comparison test. One-way ANOVA and 
Tukey’s post hoc test or Kruskal–Wallis test with Dunn’s multiple comparisons were performed. * p < 
0.05 and ** p < 0.01 when compared to CTR; # p < 0.05 and ## p < 0.01 when compared to IMQ. 
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Vascular infiltration of Th17 is an important element to consider when 

looking for subjacent mechanisms responsible for the endothelial dysfunction 

triggered by IMQ microbiota (de la Visitación et al. 2021). We found higher 

macrophage and Th17 accumulation in aorta from IMQ than in CTR mice, which 

were decreased by DMB treatment (Figure 28B), suggesting that TMAO increased 

vascular immune cells infiltration. The proinflammatory cytokine IL-17a causes Rho-

kinase-mediated endothelial dysfunction (de la Visitación et al. 2021; de la 

Visitación et al. 2021), at least in part by NOX activation (Higashi et al. 2003) and 

NRF-2 inhibition (Guan, Liang, and Wang 2018). The Ach-induced response was 

also ameliorated in IMQ-treated animals post-Y27632 incubation (a Rho kinase 

inhibitor) (Figure 28C), pointing to Rho kinase activation as a cause for reduced 

relaxation. 

Overall, our data suggest that endothelial dysfunction induced by TMAO 

under TLR-7 activation is mainly mediated by vascular Th17 infiltration, and the 

subsequent ROS levels increase, linked to increased NOX-driven ROS production 

and reduced NRF-2 antioxidant defense. These vascular changes seem to be 

produced by IL17/Rho kinase pathway activation.  
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Figure 28. Role of NLRP3 pathway and immune cells infiltration in TMAO-induced endothelial 
dysfunction in imiquimod (IMQ) animals. 

(A) Aortic mRNA levels of NLRP3 and downstream IL-1β and ICAM1 measured by RT-PCR. (B) Th17 
and Th1 cells as detected with flow cytometry in aorta. (C) Acetylcholine (Ach)-induced relaxation 

responses in aortas pre-contracted by U46619 (10 nM), with or without the specific Rho kinase 
inhibitor Y27632 (500 nM). Groups: control (CTR), CTR-group treated with 3,3-dimethyl-1-butanol 
(DMB) (CTR-DMB), IMQ, and IMQ-group treated with DMB (IMQ-DMB). The data are represented as 
means ± SEM. The concentration–response curves to Ach were analyzed by two-way ANOVA with the 
Tukey’s multiple comparison test. One-way ANOVA and Tukey’s multiple comparison test were 
performed. * p < 0.05 and ** p < 0.01 when compared to CTR; # p < 0.05 and ## p < 0.01 when 
compared to IMQ.  
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3. Effects of SCFA on cardiovascular complications in TLR-7-

induced lupus mice 

3.1. SCFA prevented the increase in BP and target organ 
hypertrophy, but not disease activity in lupus-prone mice 

We examined whether the administration of SCFA induced alterations in gut 

microbiota composition. Our findings revealed that IMQ treatment reduced various 

microecological parameters of alpha-diversity (Abundance-based coverage 

estimator, Shannon, and Simpson) (Figure 29A) and led to changes in beta-

diversity (Figure 29B). However, neither ACE nor BUT administration modified 

these parameters or the relative abundance of bacteria belonging to different phyla 

(Figure 29C). SCFA induced minor changes in certain genera (both ACE and BUT 

reduced Alkaliphilus, Akkermansia, and Faecalibacterium; ACE increased Bacillus, 

and BUT increased Selenomonas) (Figure 29D) and bacterial metabolic pathways 

(BUT increased ribokinase and decreased penicillin-binding protein compared to 

the IMQ group; no significant changes were induced by ACE) (Figure 29E), 

suggesting that SCFA exert direct effects on host target organs rather than 

mediated by changes in gut microbiota.  

As expected, TLR-7 activation with IMQ resulted in a gradual increase in 

SBP, with the IMQ group showing approximately 25 mmHg higher than control 

animals at the end of the experiment. Both ACE and BUT inhibited the development 

of high BP induced by IMQ by approximately 78.9% and 79.3%, respectively 

(Figure 30A). However, no significant differences in heart rate were found between 

the CTR and IMQ groups, and both SCFA treatments did not alter heart rate 

(Figure 30B). Sustained high BP is a crucial factor in the development of cardiac 

and renal hypertrophy (Frohlich et al. 1992). We observed that IMQ-treated mice 

exhibited higher left ventricular weight/tibia length and right kidney weight/tibia 

length (approximately 10% and 34%, respectively) than control mice, indicating that 

IMQ induced cardiac and renal hypertrophy. Both SCFA prevented left ventricular 

hypertrophy, but not renal hypertrophy (Figure 30C), suggesting that factors other 

than BP might be contributing to kidney hypertrophy in this lupus model, which 

appeared to be unaffected by SCFA.  
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Figure 29. Effects of fiber treatments gut microbiota composition in mice with lupus induced by 
TLR-7 activation with imiquimod (IMQ). 

(A) Ecological parameters of alpha diversity (Chao richness, Abundance-based coverage estimator 
(ACE), Shannon diversity and Simpson index). (B) Principal Coordinate Analysis (PCoA) in the gut 
microbiota, (C) proportion of bacterial phyla, (D) linear discriminant analysis (LDA) score at p < 0.05 
was used to rank the ability of different genera to discriminate among groups, (E) LDA score of > 2 to 

separate KEGG genes by Picrust between IMQ and IMQ-treated with butyrate. Groups: control (CTR), 
IMQ and IMQ-groups treated with acetate (ACE) or butyrate (BUT). Values are expressed as means ± 
SEM (n = 8). The variables were tested with one-way ANOVA and Tukey post hoc test, or Kruskal-
Wallis with Dunn’s multiple comparisons. *P<0.05 compared to the CTR group.  

 

 

 

 

 

 



 

- 96 - 
  

 
Figure 30. Effects of SCFA treatments on blood pressure and target organ hypertrophy in TLR-
7-induced lupus mice. 

(A) Time-course and final systolic blood pressure (SBP), and (B) heart rate (HR) measured through 
tail-cuff plethysmography. (C) Morphological parameters: left ventricle weight (LVW) and right kidney 

weight (RKW) normalized by tibia length (TL) in control (CTR), imiquimod (IMQ), and IMQ-treated 
mice with acetate (ACE) or butyrate (BUT). Data presented as means ± SEM (n = 8). Two-way 
ANOVA with Sidak's multiple comparisons test for SBP and HR. One-way ANOVA and Tukey's post 
hoc or Kruskal-Wallis with Dunn's multiple comparisons for final SBP and morphological variables. 
**P<0.01 vs. CTR; #P<0.05 and ##P<0.01 vs. untreated IMQ. 

In this TLR-7-mediated autoimmunity model, increased plasma levels of 

autoantibodies, splenomegaly, hepatomegaly, and higher type-1 IFN expression in 

lymph organs were observed (Crow 2014; Yokogawa et al. 2014). In fact, we found 

elevated plasma levels of anti-dsDNA (Figure 31A), spleen weight/tibia length 

(Figure 31B), liver weight/tibia length (Figure 31C), and IFNα mRNA levels in MLN 

(Figure 31D) in IMQ mice compared to the CTR group. However, both SCFA were 

unable to reduce these signs of autoimmunity in IMQ mice. Additionally, we 

evaluated the immunomodulatory effects of SCFA by measuring the levels of B 

cells in MLN and spleens after TLR-7 activation. IMQ treatment increased the 

percentage of B cells in the spleen but not in MLN, and both SCFA treatments had 

no effect on B cell content (Figure 31E).  
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Figure 31. SCFA treatments did not change disease activity sings in mice with lupus induced 
by TLR-7 activation with imiquimod (IMQ). 

(A) Circulating double-stranded DNA (anti-ds-DNA), (B) splenomegaly, (C) hepatomegaly, (D) IFNα 
mRNA levels in mesenteric lymph nodes (MLNs), and (E) percentage of B cells in MLNs and spleen. 

Groups: Control (CTR), IMQ and IMQ-groups treated with acetate (ACE) or butyrate (BUT). Values are 
expressed as means ± SEM (n = 8). Data were analyzed with one-way ANOVA and Tukey post hoc 
test, or Kruskal-Wallis with Dunn’s multiple comparisons. **P<0.01 compared to the CTR group. 
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3.2. SCFA treatments prevented endothelial dysfunction, vascular 
oxidative stress and Th17 infiltration in aorta 

Aortas from the IMQ group exhibited significantly reduced endothelium-

dependent vasorelaxant responses to Ach compared to the CTR group (Emax 

reduced by 34%, P<0.01) (Figure 32A). However, treatment with both ACE and 

BUT reversed the impairment of Ach-induced relaxation. The Ach-induced 

response was also improved in the IMQ group after incubation with the pan-NOX 

inhibitor VAS2870, indicating mediation by NOX activation, and by the Rho kinase 

inhibitor Y27632 (Figure 32A), suggesting that the impaired Ach-induced relaxation 

is, at least in part, due to Rho kinase activation. Previous studies have indicated a 

link between ROS-dependent activation of RhoA/Rho kinase (MacKay et al. 2017). 

As the primary source of ROS in the vascular wall, NOX activity was approximately 

4.5-fold higher in the aortic rings from the IMQ group compared to the CTR group, 

and both ACE and BUT reduced this increased activity by around 66% and 73%, 

respectively (Figure 32B). Inflammatory cells have been demonstrated to enhance 

vascular ROS synthesis (Pietrowski et al. 2011). We further investigated T 

lymphocyte extravasation in the aorta and observed that Th17 cells were 

approximately 10-fold higher in the aortas of the IMQ group compared to the CTR 

group; however, this increase was mitigated by both ACE and BUT treatment 

(Figure 32C).  
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Figure 32. Effects of SCFA treatments on endothelial function, NADPH oxidase activity, and 
immune cell infiltration in TLR-7-induced lupus mice.  

(A) Vascular relaxation responses induced by acetylcholine (Ach) in aortic rings pre-contracted by 
U46619, with or without NADPH oxidase inhibitor VAS2870 or Rho kinase inhibitor Y27632. (B) Aortic 
NADPH oxidase activity. (C) Aortic immune cell infiltration measured by flow cytometry. Groups: 

control (CTR), imiquimod (IMQ), and IMQ-treated mice with acetate (ACE) or butyrate (BUT). Data 
presented as means ± SEM (n = 8). Two-way ANOVA with Sidak's multiple comparisons for Ach 
concentration-response curves. One-way ANOVA and Tukey's post hoc or Kruskal-Wallis with Dunn's 
multiple comparisons for other variables. *P<0.05 and **P<0.01 vs. CTR; #P<0.05 and ##P<0.01 vs. 
untreated IMQ. 
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3.3. Fiber treatments increased SCFA production by remodeling the 
gut microbiota and prevented the rise in BP 

The consumption of dietary fiber induced significant and profound changes 

in the composition of the gut microbiota. In IMQ mice, RS led to a reduction in Chao 

richness but a normalization of Shannon and Simpson diversity (Figure 33A). We 

conducted a two-dimensional PCA analysis of the bacterial community, which 

measures microorganism diversity among samples (β-diversity) at various 

taxonomic levels (phylum, class, order, family, genus, and species). The 

Permanova analysis showed a significant clustering of the animals into each group 

(Figure 33B). Specifically, bacteria belonging to Actinobacteria, Firmicutes, and 

Verrucomicrobia were reduced in the IMQ group compared to the CTR group, 

whereas those belonging to Bacteroidetes were increased (Figure 33C, Figure 34). 

RS treatment reduced the relative abundance of Firmicutes and increased 

Bacteroidetes and Verrucomicrobia, while ITF did not significantly change the 

microbiota composition at the phylum level (Figure 33C, Figure 34). Consequently, 

the Firmicutes/Bacteroidetes ratio, an index of gut dysbiosis, was reduced by IMQ 

and increased by RS treatment (Figure 33D). At the family level, we observed 

reduced Bacillaceae and Verrumicrobiaceae and increased Porphyromonadaceae 

relative abundance in the IMQ group compared to the CTR group (Figure 34, 

Figure 35). RS treatment increased Bacillaceae and Verrucomicrobiaceae 

proportions and reduced Porphyromonadaceae and Prevotellaceae, whereas ITF 

consumption increased Bacteroidaceae and reduced Barnesiella and 

Porphyromonas (Figure 34, Figure 35). At the genus level, we found a lower 

relative abundance of Akkermansia and Bacillus and a higher abundance of 

Barnesiella in the IMQ group compared to the CTR group (Figure 34, Figure 36). 

RS treatment increased Akkermansia, Bacillus, and Clostridium, and reduced 

Alkaliphilus, Barnesiella, Porphyromonas, and Prevotella, whereas ITF increased 

Bacteroides and reduced Barnesiella and Porphyromonas (Figure 34, Figure 36).   
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Figure 33. Effects of fiber treatments on gut microbiota composition in TLR-7-induced lupus 
mice.  

(A) Alpha diversity indices, (B) Principal Coordinate Analysis (PCA) of gut microbiota, (C) Proportion 
of bacterial phyla, (D) Firmicutes/Bacteroidetes (F/B) ratio, and (E) Proportion of short-chain fatty acids 
(SCFA)-producing bacteria in feces using 16S rRNA analysis. (F) SCFA concentrations in feces 

measured by gas chromatography. Groups: control (CTR), imiquimod (IMQ), IMQ treated with 
resistant starch (RS) or inulin-type fructans (ITF). Data presented as means ± SEM (n = 8). One-way 
ANOVA and Tukey's post hoc or Kruskal-Wallis with Dunn's multiple comparisons for all variables. 
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Figure 34. Analysis of gut microbiota differences between experimental groups. 

Heat tree showing differences in the community structure, (n = 7-8). Size and color of nodes and 
edges are correlated with the abundance of organisms in each community. Significant taxon names 
are labeled (Wilcoxon Rank Sum test P-value < 0.05). Groups: Control (CTR), IMQ and IMQ-groups 
treated with acetate (ACE) or butyrate (BUT).  
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Figure 35. Family changes in the gut microbiota composition induced by fiber treatments in 
mice with lupus induced by TLR-7 activation with imiquimod (IMQ).  

(A) Heat map of bacterial families. The heatmap colours represent the relative percentage of microbial 
genera assigned within each sample. (B) Relative abundance of bacterial families with a relative 

abundance > 1% in control (CTR), IMQ, and IMQ-groups treated with resistant starch (RS) or inulin-
type fructans (ITF). Values are expressed as means ± SEM (n = 7-8). Data were analyzed with one-
way ANOVA and Tukey post hoc test, or Kruskal-Wallis with Dunn’s multiple comparisons. *P<0.05 
and **P<0.01 compared to the CTR group, #P<0.05 and ##P<0.01 compared to the untreated IMQ 
group. 
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Figure 36. Genera changes in the gut microbiota composition induced by fiber treatments in 
mice with lupus induced by TLR-7 activation with imiquimod (IMQ).  

(A) Linear discriminant analysis (LDA) score at p < 0.05 was used to rank the ability of different genera 
to discriminate among groups, (B) Heat map of bacterial genera. The heatmap colours represent the 
relative percentage of microbial genera assigned within each sample. (C) Relative abundance of 

bacterial genera with a relative abundance > 1% in control (CTR), IMQ, and IMQ-groups treated with 
resistant starch (RS) or inulin-type fructans (ITF). Values are expressed as means ± SEM (n = 7-8). 
Data were analyzed with one-way ANOVA and Tukey post hoc test, or Kruskal-Wallis with Dunn’s 
multiple comparisons. *P<0.05 and **P<0.01 compared to the CTR group, #P<0.05 and ##P<0.01 
compared to the untreated IMQ group. 
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As prebiotic fiber is fermented by gut bacteria, leading to the production of 

SCFA, we investigated the relative abundance of SCFA-producing bacteria. We 

observed no significant changes in ACE- and BUT-producing bacteria, but there 

was a decreased abundance of PROP-producing bacteria in the IMQ group 

compared to the CTR group (Figure 33E). However, the RS diet elevated the 

proportion of bacteria producing ACE, BUT, and PROP, while ITF increased only 

the proportion of ACE-producing bacteria (Figure 33E). Notably, the faecal content 

of PROP and BUT in the IMQ-RS group was lower compared to the IMQ group, 

although ACE content remained unchanged. Furthermore, in ITF-treated mice, the 

faecal ACE content was lower than that in IMQ mice (Figure 33F), indicating 

enhanced SCFA absorption in the fiber-treated groups. 

SCFA possess the capability to enter the cytosol through passive diffusion 

and can also be absorbed by solute transporters, such as the proton-coupled 

monocarboxylate transporters (MCT)-1 and MCT-4, which are upregulated due to 

prolonged ACE or BUT consumption (Ritzhaupt et al. 1998). This elucidates our 

findings, as both fiber treatments increased the presence of SCFA-producing 

bacteria in IMQ mice and resulted in higher colonic mRNA levels of MCT-1 and 

MCT-4 (Figure 37A). Moreover, BUT within intestinal epithelial cells consumes 

local oxygen, stabilizing the hypoxia-inducible factor (HIF), a transcription factor that 

orchestrates barrier protection (Parada Venegas et al. 2019). In alignment with the 

augmented BUT production and absorption in the colon stemming from RS 

consumption, we observed elevated colonic Hif-1 mRNA levels in RS-treated mice 

compared to the IMQ group (Figure 37B). 
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Figure 37. Fiber treatments increase de expression of colonic SCFAs transporters in mice with 
lupus induced by TLR-7 activation with imiquimod (IMQ).  

(A) Colonic mRNA levels of monocarboxylate-transporter (MCT)1 and MCT4, and (B) hypoxia 

inducible factor (HIF)-1α. Groups: Control (CTR), IMQ, and IMQ-groups treated with resistant starch 

(RS) or inulin-type fructans (ITF). Values are expressed as means ± SEM (n = 7-8). Data were 

analyzed with one-way ANOVA and Tukey post hoc test, or Kruskal-Wallis with Dunn’s multiple 

comparisons. #P<0.05 and ##P<0.01 compared to the untreated IMQ group. 

 

Similar to SCFA treatments, both RS and ITF consumption effectively 

prevented the rise in SBP to a similar extent (approximately 69.4% and 66.4%, 

respectively) (Figure 38A). Additionally, both RS and ITF reduced left ventricular 

hypertrophy (Figure 38B), increased endothelium-dependent aortic relaxation in 

response to Ach (Figure 40C) and achieved these effects by reducing NOX activity 

(Figure 38D) and Th17 infiltration (Figure 38E). In contrast to the consumption of 

ACE or BUT alone, RS fiber, which increased the bacterial production of ACE, BUT, 

and PROP, showed greater efficacy in improving the main signs of autoimmunity in 

this model, such as high plasma anti-ds-DNA levels (Figure 39A), splenomegaly 

(Figure 39B), hepatomegaly (Figure 39C), and elevated mRNA levels of IFNα in 

MLN (Figure 39D). However, ITF fiber did not exhibit significant effects in these 

parameters. Moreover, neither RS nor ITF had any impact on B cell content in MLN 

and spleen (Figure 39E).  
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Figure 38. Effects of fiber treatments on blood pressure, organ hypertrophy, endothelial 
function, NADPH oxidase activity, and immune cell infiltration in TLR-7-induced lupus mice. 

(A) Time-course and final systolic blood pressure (SBP), (B) left ventricular weight (LVW) normalized 
by tibia length (TL), (C) acetylcholine (Ach)-induced vascular relaxation, (D) aortic NADPH oxidase 
activity, and (E) aortic immune cell infiltration. Groups: control (CTR), imiquimod (IMQ), IMQ treated 

with resistant starch (RS) or inulin-type fructans (ITF). Data presented as means ± SEM (n = 8). Two-
way ANOVA with Sidak's multiple comparisons for SBP time-course and Ach concentration-response 
curves. One-way ANOVA and Tukey's post hoc or Kruskal-Wallis with Dunn's multiple comparisons for 
other variables. #P<0.05 and ##P<0.01 vs. untreated IMQ. 
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Figure 39. Effects of fiber treatments on disease activity sings in mice with lupus induced by 
TLR-7 activation with imiquimod (IMQ).  

(A) Circulating double-stranded DNA (anti-ds-DNA), (B) splenomegaly, (C) hepatomegaly, (D) IFNα 
mRNA levels in mesenteric lymph nodes (MLNs), and (E) percentage of B cells in MLNs and spleen. 

Groups: IMQ and IMQ-groups treated with resistant starch (RS) or inulin-type fructans (ITF). Values 
are expressed as means ± SEM (n = 7-8). Data were analyzed with one-way ANOVA and Tukey post 
hoc test, or Kruskal-Wallis with Dunn’s multiple comparisons. #P<0.05 and ##P<0.01 compared to the 
untreated IMQ group. 
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3.4. SCFA treatments improved intestinal integrity and 
inflammation 

Recognizing the importance of the translocation of the structural bacterial 

component LPS in relation to autoimmunity and high BP (Liang et al. 2013), we 

proceeded to evaluate the integrity and permeability of the intestinal epithelium. We 

assessed gut barrier integrity by examining colonic mRNA expression of key 

junctional transcripts (Figure 40A), including occludin and ZO-1, along with MUC 

molecules (Figure 40B), such as MUC-2 and MUC-3. We found that mRNA levels 

of occludin were lower (approximately 54%) in the IMQ group compared to the CTR 

group, while no significant changes were observed in the other markers of gut 

integrity. This discrepancy resulted in an increase (approximately 47%) in plasma 

LPS levels (Figure 40C). 

Under our experimental conditions, ACE treatment increased colonic mRNA 

levels of occludin, ZO-1, and MUC-3, leading to a reduction in plasma endotoxin 

levels. However, BUT did not demonstrate improvement in gut integrity or 

permeability. Furthermore, ACE treatment resulted in decreased mRNA levels of 

the proinflammatory cytokine IL-1ß (Figure 40D). In contrast, BUT acted as a 

primary energy source for colonocytes, consuming oxygen and stabilizing HIF-1α 

(Figure 40E). In both epithelial and immune cells, SCFA serve as ligands for GPRs, 

such as GPR43 and GPR41, which are upregulated by SCFA or have inhibitory 

effects on HDAC activity. This mechanism triggers histone acetylation and 

modulates gene regulation involved in cell proliferation, differentiation, and the 

inflammatory response, contributing to intestinal homeostasis (Parada Venegas et 

al. 2019). In line with this, we found elevated GPR41 and GPR43 mRNA levels in 

colonic samples from the IMQ-ACE and IMQ-BUT groups, respectively, compared 

to the IMQ mice (Figure 40F). Additionally, colonic HDAC3 transcript levels were 

downregulated in the IMQ-BUT group compared to the IMQ mice (Figure 40G). In 

summary, our findings indicate enhanced colonic integrity and reduced permeability 

and inflammation resulting from ACE treatment, which is associated with GPR43 

activation. On the other hand, GPR41 activation and HDACs inhibition by BUT 

primarily might contribute to improved colonic metabolism. 
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Figure 40. Effects of SCFA treatments on colonic integrity markers, permeability, and 
inflammation in TLR-7-induced lupus mice.  

(A) Colonic mRNA expression of occludin (Ocln) and zonula occludens-1 (Zo-1), and (B) mucin (Muc)-
2 and Muc-3 mucins. (C) Plasma LPS levels, (D) colonic interleukin (Il)-1ß mRNA expression, and (E) 
colonic hypoxia inducible factor (Hif)-1α mRNA expression. (F) Colonic G-protein-coupled receptor 
(Gpr)41, Gpr43, (G) and histone deacetylase (Hdac)3 mRNA levels. Groups: control (CTR), imiquimod 

(IMQ), and IMQ-treated mice with acetate (ACE) or butyrate (BUT). Data presented as means ± SEM 
(n = 8). One-way ANOVA and Tukey's post hoc or Kruskal-Wallis with Dunn's multiple comparisons for 
all variables. *P<0.05 and **P<0.01 vs. CTR; #P<0.05 and ##P<0.01 vs. untreated IMQ. 
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3.5. SCFA treatments attenuated T cells imbalance in MLN 

Considering the critical role of Th17 polarization in secondary lymph organs 

and Th17 infiltration in the aorta, which contributes to vascular alterations caused 

by TLR-7 activation (de la Visitación et al. 2021; Robles-Vera et al. 2020) we 

investigated whether SCFA could modulate this Th imbalance in MLN, as 

previously described in systemic hypertension (Robles-Vera et al. 2020). In our 

study, we observed that the percentage of Th17 cells (CD4+ IL-17a+) and Th1 cells 

(CD4+ IFN-γ+) increased by approximately 3.2-fold and 2.5-fold, respectively, in 

IMQ mice, while Treg cells (CD4+ CD25+) remained unchanged (Figure 41). Both 

ACE and BUT consumption normalized the proportion of Th17 cells without 

affecting Th1 and Treg cells. To gain further insights into the immunomodulatory 

effects of SCFA in MLN, we investigated the cells and cytokines involved in the 

polarization of Th17 cells. In IMQ mice, the integrity of the colon was compromised, 

enabling bacterial translocation through the intestinal barrier and triggering the 

activation and migration of CX3CR1+ cells, such as DC or macrophages, towards 

the lower intestinal tract lymph nodes (Niess et al. 2005). These cells also present 

antigens to naïve CD4+ T lymphocytes, contributing to T cell priming. In alignment 

with this, we observed higher levels of CX3CR1 mRNA (approximately 3.6-fold 

increase) in MLN from the IMQ group compared to the CTR mice, which were 

brought back to normal levels by ACE consumption, although not by BUT 

consumption (Figure 42A). Additionally, DC, apart from their role as antigen-

presenting cells, release mediators that promote T cell polarization. IL-6 induces the 

proliferation of Th17 cells and suppresses Treg cells (Kimura and Kishimoto 2010). 

Our analysis of transcript levels in MLN revealed that IL-6 levels were 

approximately 5.9-fold higher in the IMQ group than in the CTR group, and ACE 

treatment reduced this elevation by about 45% (Figure 42B). The activation of 

GPRs and inhibition of HDACs by SCFA in immune cells have been previously 

documented (Parada Venegas et al. 2019). We noted that ACE treatment 

upregulated GPR43 mRNA levels, while BUT increased GPR41 expression and 

downregulated HDAC3 (Figure 42C). It has been described that sodium BUT, 

acting as an HDACs inhibitor, regulates the balance between Th17 and Treg cells 

through the NRF-2/HO-1/IL-6 receptor pathway (X. Chen et al. 2017). In line with 

NRF-2 activation, the mRNA levels of the downstream antioxidant enzymes HO-1 

and NQO-1 were increased by BUT, leading to a decreased expression of the IL-6 

receptor (Figure 42D) and resulting in a reduced Th17 polarization. 
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Figure 41. Effects of SCFA treatments on lymphocyte populations in mesenteric lymph nodes 

of TLR-7-induced lupus mice.  

Regulatory T cells (Treg), Th17, and Th1 cells measured by flow cytometry in control (CTR), 
imiquimod (IMQ), and IMQ-treated mice with acetate (ACE) or butyrate (BUT) groups. Data presented 
as % of parent and means ± SEM (n = 8). One-way ANOVA and Tukey's post hoc or Kruskal-Wallis 
with Dunn's multiple comparisons. *P<0.05 and **P<0.01 vs. CTR; #P<0.05 and ##P<0.01 vs. 
untreated IMQ. 
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Figure 42. SCFA treatments prevented T cells activation in mesenteric lymph nodes in mice 
with lupus induced by TLR-7 activation with imiquimod (IMQ).  

(A) mRNA levels of the marker of antigen presenting cells CX3CR1+. (B) mRNA levels of interleukin 
(IL)6. (C) Expression of G protein-coupled receptor (GPR)43, and histone deacetylase (HDAC)3. (D) 

Pathway nuclear factor erythroid 2-related factor 2 (NRF-2)/heme oxygenase 1 (HO-1)/IL-6 receptor 
measured by the mRNA levels of HO-1, NAD(P)H:quinone oxidoreductase 1 (NQO1), and IL-6 
receptor (IL-6R). Groups: control (CTR), IMQ and IMQ-groups treated with acetate (ACE) or butyrate 
(BUT). Values are expressed as means ± SEM, n = 8. Data were analyzed with one-way ANOVA and 
Tukey post hoc test, or Kruskal-Wallis with Dunn’s multiple comparisons. *P<0.05 and **P<0.01 
compared to the CTR group, #P<0.05 compared to the untreated IMQ group. 
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3.6. GPR43 blockade prevented the protective effects induced by 
ACE 

To investigate the potential role of GPR43 in the effects of SCFA, we utilized 

the GPR43 antagonist GLPG-0974. This drug counteracted the antihypertensive 

effects of ACE (Figure 43A) and attenuated its ability to reduce heart hypertrophy 

(Figure 43B), while having no impact on the effects of BUT. Moreover, blocking 

GPR43 abolished the improvement of endothelium-dependent relaxation to Ach 

induced by ACE, but not by BUT treatment (Figure 43C). The impaired relaxant 

response to Ach induced by GLPG-0974 was mitigated in the presence of the NOX 

inhibitor, VAS2870, or the Rho kinase inhibitor, Y27632 (Figure 43C), suggesting 

that ACE reduced NOX and Rho kinase activities through GPR43 activation. 

Indeed, GLPG-0974 increased NOX activity in IMQ mice treated with ACE, bringing 

it to levels comparable to untreated IMQ mice (Figure 43D). When aortic rings were 

incubated with an antibody to neutralize IL-17a, the reduced endothelium-

dependent relaxation to Ach induced by GLPG-0974 in the presence of ACE was 

reversed (Figure 43E), suggesting that ACE improved this relaxant response by 

reducing IL-17a production in the vascular wall. This finding was further supported 

by the increased Th17 infiltration observed in aortic rings from the GLPG-IMQ-ACE 

group (Figure 43F). In contrast, GPR43 blockade had no effect on the protective 

responses induced by BUT in IMQ mice, suggesting the involvement of GPR43-

independent mechanisms. 
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Figure 43. Effects of pharmacological GPR43 blockade on SCFA treatments in TLR-7-induced 
lupus mice.  

(A) Time-course and final systolic blood pressure (SBP), (B) left ventricular weight (LVW) normalized 
by tibia length (TL), (C) acetylcholine (Ach)-induced vascular relaxation, (D) aortic NADPH oxidase 
activity, (E) Ach-induced vascular relaxation after IL-17 neutralization, and (F) aortic immune cell 

infiltration. Groups: IMQ, IMQ treated with GPR43 blockade (GLPG) and acetate (ACE) or butyrate 
(BUT). Data presented as means ± SEM (n = 7-8). Two-way ANOVA with Sidak's multiple 
comparisons for SBP time-course and Ach concentration-response curves. One-way ANOVA and 
Tukey's post hoc or Kruskal-Wallis with Dunn's multiple comparisons for other variables. #P<0.05 and 
##P<0.01 vs. untreated IMQ. 

 

 

 

 

 

 



 

- 116 - 
  

3.7. SCFA abolished the transfer of hypertensive phenotype 
induced by gut microbiota from IMQ mice in GF mice 

As anticipated, transferring the microbiota from donor IMQ group to recipient 

GF mice led to an increase in SBP by approximately 23 mmHg (Figure 44A), 

induced left ventricular and kidney hypertrophy (Figure 44B), impaired 

endothelium-dependent relaxation (Figure 44C) through elevated NOX activity 

(Figure 44D), and increased aortic Th17 infiltration (Figure 44E). This confirmed 

that the hypertensive phenotype can be transferred by the microbiota. In contrast, 

the signs of autoimmunity, such as plasma anti-ds-DNA (Figure 45A), 

splenomegaly (Figure 45B), hepatomegaly (Figure 45C), and blood B cell content 

(Figure 45D) were not transferred by microbiota inoculation for 3 weeks. 

Interestingly, both ACE and BUT treatments abolished the transfer of the 

hypertensive phenotype observed in mice inoculated with IMQ faeces. Furthermore, 

it was interesting to note that the hypertensive phenotype induced in GF mice by 

faecal inoculation from IMQ mice was associated with a higher proportion of Th17 

cells in MLN and blood, with no significant changes in Treg and Th1 cell abundance 

(Figure 46). However, spleen showed no significant changes in the proportion of 

Th17, Treg, and Th1 cells after microbiota inoculation. ACE treatment reduced 

Th17 content in MLN and blood, whereas BUT increased MLN and circulating Treg 

cells while reducing Th17 cells in MLN. Overall, our data demonstrated that SCFA 

treatments restored the Th17/Treg balance in GF mice inoculated with faeces from 

IMQ mice, reducing vascular Th17 infiltration, which led to improved endothelial 

dysfunction and BP normalization. 
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Figure 44. Effects of SCFA treatments on hypertension transfer to germ-free mice from TLR-7-
induced lupus mice.  

(A) Systolic blood pressure (SBP) measured by tail-cuff plethysmography, (B) left ventricular weight 
(LVW) and right kidney weight (RKW) normalized by tibia length (TL), (C) acetylcholine (Ach)-induced 
vascular relaxation, (D) aortic NADPH oxidase activity, and (E) aortic immune cell infiltration. Groups: 

germ-free (GF) mice inoculated with control faeces (GF-CTR), IMQ faeces (GF-IMQ), and IMQ faeces 
treated with acetate (GF-IMQ-ACE) or butyrate (GF-IMQ-BUT). Data presented as means ± SEM (n = 
8). Two-way ANOVA with Sidak's multiple comparisons for SBP time-course and Ach concentration-
response curves. One-way ANOVA and Tukey's post hoc or Kruskal-Wallis with Dunn's multiple 
comparisons for other variables. *P<0.05 and **P<0.01 vs. GF-CTR; #P<0.05 and ##P<0.01 vs. GF-
IMQ. 
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Figure 45. Effects of SCFA treatments on autoimmunity signs in germ-free (GF) mice 
inoculated with faeces from mice with lupus induced by TLR-7 activation with imiquimod (IMQ). 

(A) Circulating double-stranded DNA (anti-ds-DNA), (B) splenomegaly, (C) hepatomegaly, and (D) 

percentage of B cells in blood. Groups: germ-free (GF) inoculated with control faeces (GF-CTR), GF 
inoculated with IMQ faeces (GF-IMQ) and GF inoculated with IMQ faeces and treated with acetate 
(GF-IMQ-ACE) or with butyrate (GF-IMQ-BUT). Values are expressed as means ± SEM, n = 8. Data 
were analyzed with one-way ANOVA and Tukey post hoc test, or Kruskal-Wallis with Dunn’s multiple 
comparisons.  

 

 

 

 

 

 

 



 

- 119 - 
  

 
Figure 46. SCFA treatments prevented the immune imbalance induced by inoculation of faeces 
from mice with lupus induced by TLR-7 activation with imiquimod (IMQ) to germ-free (GF) mice.  

Proportion of different immune cell types (Regulatory T cells (Tregs), Th17, and Th1 cells) measured 
by flow cytometry in mesenteric lymph nodes (MLNs), spleen, and blood. All data are expressed as % 
of parent. Groups: germ-free (GF) inoculated with control faeces (GF-CTR), GF inoculated with IMQ 
faeces (GF-IMQ) and GF inoculated with IMQ faeces and treated with acetate (GF-IMQ-ACE) or with 
butyrate (GF-IMQ-BUT). Values are expressed as means ± SEM, n = 8. Data were analyzed with one-
way ANOVA and Tukey post hoc test, or Kruskal-Wallis with Dunn’s multiple comparisons. *P<0.05 
and **P<0.01 compared to the GF-CTR group, #P<0.05 and ##P<0.01 compared to the GF-IMQ 
group. 
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4. Role of dietary fiber intake in the raise of BP in NZBWF1 mice 

4.1. Fiber treatments prevented the increase in BP, targeting organ 
hypertrophy, renal injury but not disease activity in lupus-
prone mice 

The mouse mortality rate in each group was the following: CTR group, 0%; 

SLE group, 10%, 1 dead mouse out of 10; RS group, 0%; and ITF group, 10%, 1 

dead mouse out of 10. At the end of the experiment, a significant increase in the 

body weight of SLE mice in comparison to body weight of CTR animals was found, 

and neither RS, nor ITF significantly changed body weight in SLE mice (Figure 

47A). In addition, no change in drink, food and energy intake were observed among 

all experimental groups (Figure 47B). At twenty-five weeks of age, SBP values 

were similar for all experimental groups. At thirty-three weeks of age, we detected 

the characteristic rise in SBP in SLE by approximately 29 mmHg from CTR values, 

which was partially prevented by ITF (≈ 43 %, P<0.05) and totally by RS (P<0.01) 

(Figure 48A, 48B). Sustained high BP is one of the most powerful determinants of 

the development of cardiac and renal hypertrophy (Frohlich et al. 1992). Absolute 

heart weight and left ventricle weight were higher in SLE than in CTR group (166.7 

± 9.8 mg vs. 132.5 ± 3.6 mg, P < 0.001; 121.0 ± 7.6 mg vs. 95.5 ± 2.5 mg, P < 0.01, 

respectively), which were unaffected by both fiber treatments. Left ventricle 

weight/tibia length, right and left kidney weight/tibia length indices were increased in 

SLE compared to CTR values (≈ 21 %, ≈ 30%, and ≈ 31%, respectively) (Figure 

48C). RS treatment suppressed the observed cardiac hypertrophy but was unable 

to change the SLE high renal index. ITF did not change these morphological 

parameters (Figure 48C). SLE disease activity was determined at the experimental 

endpoint measuring plasma levels of anti-dsDNA autoantibodies, which revealed 

higher levels in SLE in relation to CTR (Figure 48D), as previously reported 

(Gómez-Guzmán et al. 2014; de la Visitación et al. 2021). Both fiber treatments did 

not significantly change disease activity, compared to SLE group. Likewise, 

splenomegaly has been used as a marker of disease progression, which can be 

associated to the development of a lymphoproliferative disorder (Wofsy et al. 1988). 

We have also detected this phenotypic characteristic in SLE (increase ≈ 2.4 times 

in spleen weight/tibia length compared to CTR group), and neither RS nor ITF 

treatments were able to change splenomegaly compared to SLE mice (Figure 

48E).  
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Figure 47. Effects of fiber treatments on general parameters of systemic lupus erythematosus 
(SLE) mice.  

(A) Time course of body weight (n=9-10, data are shown as means ± SEM, *P<0.05 compared to the 
CTR group, two-way ANOVA, Sidak’s multiple comparisons test) (B) Mean of dairy drink, food, and 

energy intake in all experimental groups: control (CTR), SLE, and SLE-groups treated with resistant 
starch (RS) or inulin-type fructans (ITF). Values are expressed as means ± SEM at different timepoint. 
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Figure 48. Fiber treatments inhibited the increase of blood pressure, target organ hypertrophy 
but not disease activity in systemic lupus erythematosus (SLE) mice.  

(A) Time-course of systolic blood pressure (SBP) (n=9-10, data are shown as means ± SEM, **P<0.01 

compared to the CTR group, #P<0.05 and ##P<0.01 compared to the untreated SLE group, two-way 
ANOVA, Sidak’s multiple comparisons test) and (B) final SBP measured by tail-cuff plethysmography, 
(C) morphological parameters, (D) circulating double-stranded DNA autoantibodies levels, and (E) 

splenomegaly in control (CTR), SLE and SLE-groups treated with resistant starch (RS) or inulin-type 
fructans (ITF). Values are expressed as means ± SEM, n = 9-10, *P<0.05 and **P<0.01 compared to 
the CTR group, #P<0.05 and ##P<0.01 compared to the untreated SLE group, one-way ANOVA. 
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Renal injury is one of the characteristics most frequently associated to 

kidney inflammation in SLE (Gómez-Guzmán et al. 2014) The main evidence for 

differences in renal injuries, their analyses, and representative images to illustrate 

them are shown (Figure 49, Table 5). The kidneys of mice in the CTR group 

showed no remarkable glomerular, vascular, or tubulointerstitial lesions. 

Morphological examination of the glomeruli in SLE mice group revealed variable 

grades of intracapillary proliferation, mesangial sclerosis, wire loops, hyaline 

thrombi as well as very scan extracapillary proliferation (cellular crescent), 

fucsinophils deposits, and fibrous crescent formation. The quantification of 

glomerular cells showed an increased number of cells per glomerulus in SLE mice 

compared with CTR mice, which were reduced by RS supplementation but not ITF 

diet. Diffuse and global mesangial sclerosis, and intracapillary proliferation were 

significantly higher in SLE and ITF mice groups compared with RS mice and CTR 

groups. Glomerular activity scores were increased ≈ 5.8 fold in SLE as compared to 

CTR mice, and were reduced by both types of diet (Figure 49B). In tubulointerstitial 

in renal papilla is evident a moderate intensity of Tertiary Lymphoid Structures 

(TLS) (Figure 49A) and scan tubular casts. Kidney TLS have a similar cell 

composition, structure, and gene signature as lymph nodes and therefore may 

function as a kidney-specific type of lymph node (Dorraji et al. 2020). Lymphatic 

tissue swelling is one of the characteristics of lupus mice and is associated with 

SLE activity (Cohen and Eisenberg 1991). TLS in renal papilla were unchanged by 

both RS and ITF (Figure 49A). Tubulointerstitial scores were ≈ 16-fold higher in 

SLE than in CTR group but were unchanged by both types of diet (Figure 49B). 

The group of SLE mice shows glomerular chronic lesions (Figure 49A), which 

increased the chronic lesion score (Figure 49B). The RS diet significantly reduces 

glomerular lesions, while the use of ITF diet does not modify the lesions. 
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Figure 49. Fiber treatments improved morphological renal cortex features in systemic lupus 
erythematosus (SLE) mice.  

(A) Kidney sections in control (CTR), SLE and SLE-groups treated with resistant starch (RS) or inulin-

type fructans (ITF) were stained with hematoxylin-eosin and representative images are shown. Bar 
scale: 500 μm (left panels). Kidney sections were stained with periodic acid-Schiff and glomerular 
representative images are shown. Bar scale: 50 μm (right panels). Chronic inflammatory infiltrate in 
medullary area of kidney (black arrows), mesangial matrix expansion of glomeruli (white arrows), and 
hialyne tubular casts (asterisk). (B) The mean scores for individual pathological features were 

summed to obtain the three main scores (the glomerular activity score, the tubulointerstitial activity 
score, and the chronic lesion score). Values are expressed as means ± SEM of relative units (R.U.). 
**P<0.01 compared to the CTR group, #P<0.05 and ##P<0.01 compared to the untreated SLE 
group,one-way ANOVA. 
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Table 5. Quantification of renal lesions. 

Values are expressed as means ± SEM of percentage of affected glomeruli (n=50/mouse).  The 

percentage of mice with lesion is expressed in brackets [mice %]. **P<0.01 compared to the CTR 

group, #P<0.05 and ##P<0.01 compared to the untreated SLE group,one-way ANOVA. 
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4.2. Fiber treatments induced remodeling of gut microbiota 
composition 

CTR and SLE did not present significant changes at the end of the 

experiment 1.4.1 for Chao richness (estimating the total operational taxonomic units 

in each given community), Pielou evenness (showing how individuals in the 

community are distributed over different operational taxonomic units), and Shannon 

diversity (that combines richness and evenness) (Figure 50A). We performed a 

two- and three-dimensional PLS-DA of the bacterial community, which measures 

microorganism diversity among samples, i.e. β-diversity, at the level of the different 

taxa (phylum, class, order, family, genus and species), in an unsupervised manner. 

This analysis showed a no significative clustering of the animals into the CTR and 

SLE groups. However, well separated populations were seen for PLS-DA between 

the clusters for SLE vs SLE-RS or SLE vs SLE-ITF (Figure 51). We did not detect 

changes in the proportion of bacteria from several phyla (Figure 50B), 

Firmicutes/Bacteroidetes was also unchanged (Figure 50C). ITF supplementation 

to SLE mice increased evenness. However, RS diet induced more profound 

changes in phyla proportion, increasing Verrucomicrobia reads. Interestingly, both 

types of fibers also increased strict anaerobes bacteria content in faeces (Figure 

50D). At family level, reduced Clostridiaceae and increased Lactobacillaceae 

proportions were found in SLE as compared to CTR (Figure 52).  
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Figure 50. Effects of fiber treatments in alpha diversity parameters and phyla composition of 
gut microbiota in systemic lupus erythematosus (SLE) mice.  

(A) Ecological parameters (B), proportion of bacterial phyla, (C) ratio of bacteria belonging to 
Firmicutes/Bacteroidetes (F/B) phyla, and (D) proportion of strict anaerobes bacteria in control (CTR), 

SLE, and SLE-groups treated with resistant starch (RS) or inulin-type fructans (ITF). Values are 
expressed as means ± SEM, n = 8-10, #P<0.05 and ##P<0.01 compared to the untreated SLE group, 
one-way ANOVA. 
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Figure 51. Effects of fiber treatments in beta diversity parameters of gut microbiota in systemic 
lupus erythematosus (SLE) mice. 

Two- and three-dimensional partial least square discriminant analysis (PLS-DA) of the bacterial 
community, which measures microorganism diversity between samples, at the level of the different 
taxa (phylum, class, order, family, genus, and species) (n = 8-10 mice per treatment group for each 
comparison). Groups: control (CTR), SLE, and SLE-groups treated with resistant starch (RS) or inulin-
type fructans (ITF). 
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Figure 52. Family changes in the gut microbiota composition induced by fiber treatments in 
systemic lupus erythematosus (SLE) mice.  

(A) Heat map of bacterial families. The heatmap colours represent the relative percentage of microbial 
genera assigned within each sample. (B) Relative abundance of bacterial families with a relative 

abundance > 1% in control (CTR), SLE, and SLE-groups treated with resistant starch (RS) or inulin-
type fructans (ITF). Values are expressed as means ± SEM, n = 8-10, *P<0.05 and **P<0.01 
compared to the CTR group, #P<0.05 and ##P<0.01 compared to the untreated SLE group, one-way 
ANOVA. 
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RS treatment increased Bacteroidaceae, Rikenellaceae, and 

Verrucomicrobiaceae proportions (Figure 52), mainly due to a significative 

expansion of genera Bacteroides (Bacteroidaceae), Parabacteroides 

(Porphyromanadaceae), Alistipes (Rikenellaceae), and Akkermansia 

(Verrucomicrobiaceae) (Figure 53). In addition, RS diet reduced Lactobacillus 

(Lactobacillaceae), Barnesiella (Porphyromanadaceae), and Roseburia 

(Lachnospiraceae). By contrast, the changes induced by soluble fiber focus mainly 

on inducing an expansion of Clostridiaceae, especially Clostridium genus, and a 

contraction in Bacteroidaceae (Bacteroides genus), Lactobacillaceae (Lactobacillus 

genus), and Bacillaceae, and Roseburia. Species, such as Akkermansia 

muciniphila and Bacteriodes acidifaciens were increased by RS treatment. Both 

fiber treatments were unable to change Lactobacillus reuterii content (Figure 54).  
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Figure 53. Genera changes in the gut microbiota composition induced by fiber treatments in 
systemic lupus erythematosus (SLE) mice.  

(A) Heat map of bacterial genus. The heatmap colours represent the relative percentage of microbial 
genera assigned within each sample. (B) Relative abundance of bacterial genus with a relative 

abundance > 1% in control (CTR), SLE, and SLE-groups treated with resistant starch (RS) or inulin-
type fructans (ITF). Values are expressed as means ± SEM, n = 8-10, **P<0.01 compared to the CTR 
group, #P<0.05 and ##P<0.01 compared to the untreated SLE group, one-way ANOVA.  

A 

B 
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Figure 54. Changes in significant species in the gut microbiota composition induced by fiber 
treatments in systemic lupus erythematosus (SLE) mice.  

Groups: control (CTR), SLE, and SLE-groups treated with resistant starch (RS) or inulin-type fructans 
(ITF). Values are expressed as means ± SEM, n = 8-10, ##P<0.01 compared to the untreated SLE 
group, one-way ANOVA. 

 

Considering that fermentation of prebiotic fiber by the gut bacteria leads to 

the production of SCFA we analyzed the relative abundance of SCFA-producing 

bacteria. As described previously (de la Visitación et al. 2021), no significant 

change in SCFA-producing bacteria were found between CTR and SLE. However, 

ACE-producing bacteria were increased by RS diet whereas ITF increased the 

proportion of BUT-producing bacteria (Figure 55A). When we measured SCFA 

content in faeces we found reduced ACE and BUT content in SLE-RS group as 

compared to SLE mice, being unchanged in ITF-treated mice (Figure 55B) 

suggesting increased absorption of SCFA in fiber-treated groups. In general, 

bacteria-produced SCFA may follow a colonic-hepatic-periphery distribution. 

Colonic levels were followed by a significant drop, around 10-fold, in the liver, 

reaching the periphery in the µM range (Cummings et al. 1987). SCFA might be 

able to enter the cytosol by passive diffusion, but additionally they can be absorbed 

by solute transporters, such as MCT-1 and MCT-4 (Ritzhaupt et al. 1998), which 

are upregulated by chronic ACE or BUT consumption (Robles-Vera et al. 2020). 

MCT-1 is the principal transporter for BUT in intestinal epithelial cells and it is 

upregulated by BUT and fermentable carbohydrates (Parada Venegas et al. 2019). 

This justifies our findings by which ITF treatment increased BUT-producing bacteria 

in SLE mice, also increased the colonic mRNA levels of MCT-1, whereas RS, which 

increased ACE-producing bacteria, increased the mRNA levels of MCT-4 (Figure 

55C). Treatment with SCFA induces a higher proliferative activity and turnover in 

GF or antibiotic-treated SPF mice (Park et al. 2016). In agreement with this, we 

found that colonic weight/length ratio, an index of epithelial cells proliferation was 

similar between CTR and SLE group (14.4 ± 0.4 vs.15.5 ± 1.4 mg/cm, respectively, 
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P>0.05), but was ≈ 60% higher in RS-treated mice as compared to SLE group, 

showing promotion of intestinal epithelial cells turnover. Additionally, BUT in 

intestinal epithelial cells consumes (local) O2, stabilizing the HIF, a transcription 

factor coordinating barrier protection (Kelly and Colgan 2016). We also found 

increased colonic HIF-1 mRNA levels in ITF treated SLE mice as compared to SLE 

group (Figure 55D). In addition, increased contents of ACE, BUT and PROP in the 

RS group and BUT in the ITF group as compared to SLE mice were detected in 

colon tissue (Figure 55E), possibly due to increased uptake. These SCFA are 

absorbed from the gut into the hepatic portal circulation and/or lacteal lymphatic 

system to the liver. In the liver tissue, lower BUT and higher PROP levels were 

found in the RS group than in SLE group (Figure 56). BUT and PROP, mostly 

metabolized by hepatocytes, appear at low concentration in the systemic circulation 

(González-Bosch et al. 2021). In agreement with this information and despite higher 

production and absorption of SCFA in fiber-treated mice we found similar plasma 

levels of ACE and PROP in all experimental groups (Figure 55F). Plasma level of 

BUT were below the detection limit (0.2 μM) using a LC-QqQ-MS determination. 

Overall, our data demonstrated that fiber treatments induced modifications in gut 

microbiota composition characterized by increased ACE- or BUT-producing 

bacteria. These SCFA upregulate colonic MCTs transporters increasing their 

absorption into intestinal epithelial cells, lending to improved colonic homeostasis 

and reaching the liver, where they were metabolized resulting in similar plasma 

levels between groups. 
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Figure 55. Fiber treatments changed short chain fatty acids (SCFA) bioavailability in systemic 
lupus erythematosus (SLE) mice. 

(A) Proportion of SCFA producing- bacteria in faeces from control (CTR), SLE and SLE-groups treated 
with resistant starch (RS) or inulin-type fructans (ITF) measured by 16S rRNA analysis (n = 8-10). (B) 
Concentrations of SCFA in faeces by HPLC-ESI-MS expressed as µmol/g of lyophilized faeces. (C) 
Colonic mRNA levels of monocarboxylate-transporter (MCT)1 and MCT4, and (D) hypoxia inducible 
factor (HIF)-1. (E) Concentrations of SCFA in colonic tissue expressed as µmol/g of lyophilized colon, 
and (F) in plasma from all experimental groups measured by HPLC-ESI-MS and expressed as µmol/L. 

Values are expressed as means ± SEM, n = 9-10, *P<0.05 compared to the CTR group, #P<0.05 and 
##P<0.01 compared to the untreated SLE group, one-way ANOVA. 
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Figure 56. Changes in the liver concentration of SCFAs induced by fiber treatments in systemic 

lupus erythematosus (SLE) mice measured by HPLC-ESI-MS and expressed as µmol/g of 

lyophilized liver.  

Groups: control (CTR), SLE, and SLE-groups treated with resistant starch (RS) or inulin-type fructans 

(ITF). Values are expressed as means ± SEM, n = 7-10, ##P<0.01 compared to the untreated SLE 

group, one-way ANOVA. 
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4.3. Fiber treatments improved intestinal integrity and inflammation 

Given the importance of gut commensal translocation in autoimmunity 

(Manfredo Vieira et al. 2018),  we next assessed the integrity of the intestinal 

epithelium. We studied the gut barrier integrity through colonic mRNA levels and 

protein expression of barrier-forming junction transcripts (Figure 57A), such as 

occludin and ZO-1 and the MUC-2 and MUC-3 (Figure 57B). Reduced mRNA 

levels of ZO-1, MUC-2 and MUC-3 were observed in SLE group as compared to 

CTR and treated groups. However, protein expression of occludin was lower in SLE 

than in CTR, being without change ZO-1. Consistent with this reduced intestinal 

integrity in SLE mice we found increased (≈ 5.4-fold) plasma LPS levels (Figure 

57C). In agreement with previous data (Zegarra-Ruiz et al. 2019), RS diet improved 

these markers of gut integrity and reduced plasma endotoxin levels. By contrast, 

ITF only significantly increase colonic occludin expression, but was unable to 

change endotoxemia. These results suggest that intestinal permeability is high for 

SLE mice allowing bacterial components (e.g., LPS) into the blood stream. 

Moreover, both fibers reduced mRNA levels of proinflammatory cytokines IL-1ß and 

TNF-α (Figure 57D). In epithelial and immune cells SCFA behave like ligands for 

GPRs, such as GPR43, and GPR41, which are upregulated by SCFA. Moreover, 

SCFA (mainly BUT) have direct inhibitory effects over HDACs activity triggering 

histone acetylation, modulating gene regulation of cell proliferation, differentiation, 

and the inflammatory response, contributing to intestinal homeostasis (Parada 

Venegas et al. 2019). In agreement with this, we found higher GPR43 and GPR41 

mRNA level in colonic samples from RS and ITF groups, respectively, as compared 

to SLE mice (Figure 57E). Moreover, colonic HDAC3 transcript was downregulated 

in the ITF group as compared to SLE mice (Figure 57E). Overall, our results are 

consistent with increased colonic integrity and reduced inflammation induced by 

fiber treatments, linked to GPR43 activation in RS-treated mice, and GPR41 

activation and HDACs inhibition in ITF-treated mice. 
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Figure 57. Fiber treatments improved colonic epithelial integrity markers, permeability, and 
inflammation in systemic lupus erythematosus (SLE) mice.  

(A) Colonic mRNA levels and protein expression of occludin and zonula occludens-1 (ZO-1), and (B) 
mucins (MUC)-2 and MUC-3. (C) Plasma LPS levels measured as endotoxin units (EU). (D) Colonic 

mRNA expression levels of proinflammatory cytokines interleukin (IL)-1ß and tumour necrosis factor 
(TNF)α. (E) Colonic mRNA levels of G-protein coupled receptors (GPR)43, and histone deacetylases 

(HDAC)3. Groups: control (CTR), SLE, and SLE-groups treated with resistant starch (RS) or inulin-
type fructans (ITF). Values are expressed as means ± SEM, n = 9-10, *P<0.05 and **P<0.01 
compared to the CTR group, #P<0.05 and ##P<0.01 compared to the untreated SLE group, one-way 
ANOVA. 
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4.4. Fiber treatments attenuated T cells imbalance 

Increased autoantibody production and lupus-like autoimmune disease 

progression are associated with a T cell imbalance and high B cells levels (Dar et 

al. 1988; Talaat et al. 2015). We assessed B and T cell populations from MLN, 

spleen, and blood. Levels for B cells were increased in the secondary lymphoid 

organs from SLE compared to CTR. Meanwhile, T cells were unchanged (Figure 

58A, 58B). Fiber treatments produced no changes on the levels of B and Th cells in 

either lymphatic organ. In conditions of disrupted gut mucosal integrity, such as 

those found in SLE, bacteria translocate through the intestinal barrier triggering the 

activation and migration of CX3CR1+ cells, such as DC or macrophages, towards 

drain lower intestinal tract lymph nodes (Niess et al. 2005). These cells additionally 

present antigens to naïve CD4+ T lymphocytes, lending to T cell priming. In 

correlation with the results of intestinal integrity described above, we found high 

levels of CX3CR1 mRNA in MLN from SLE group as compared CTR mice, which 

were reduced by RS treatment, but not by ITF (Figure 59A). DC from hypertensive 

mice CD80high and CD86high (common B7 ligands), which points to DC maturation 

and activation (Vinh et al. 2010). In our experiment, MLN from SLE mice showed 

higher CD80 and CD86 mRNA levels as compared to CTR mice, and only RS 

treatment restored their levels like CTR group (Figure 59B). MLN T lymphocytes 

upregulate integrinα4β7 (Mora and von Andrian 2008). We observed that Itga4, but 

not Itgb7 expression were higher in MLN from SLE mice than CTR group (Figure 

59C), pointing to an increased activation of T cells. RS consumption reduced both 

integrin subunits, showing reduced T cells activation. Beyond their role as antigen 

presenting cells, DC release mediators promoting T cell polarization. IL‐6 induces 

Th17 cell proliferation and inhibits Treg cell differentiation (Kimura and Kishimoto 

2010). We analyzed its transcript levels in MLN and observed that were significantly 

augmented in SLE group when compared to those found in CTR group and were 

only normalized by RS treatment (Figure 59D). In consequence, the percentage of 

Th17 cells (CD4+/IL-17a+) increased ≈ 2.8-fold in SLE mice in MLN (Figure 58A), 

being Treg (Treg, CD4+/CD25+) and Th1 (CD4+/IFN-γ+) unchanged. Interestingly, 

both RS and ITF treatments normalized Th17 content, suggesting that ITF exert 

immunoregulatory effect independently of IL-6 levels. Consistent with higher ACE 

production and absorption in RS group, GPR43 level was increased by RS 

treatment in MLN (Figure 59E). It has been described that sodium BUT, acting as 

HDACs inhibitor, regulates Th17/Treg cell balance to ameliorate via the NRF-2/HO-

1/IL-6 receptor pathway (X. Chen et al. 2017). We found that mRNA levels of 

HDAC3 in MLN were reduced by ITF treatment, whereas RS mice were without 

effect (Figure 59F).  
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Consistent with NRF-2 activation, the mRNA levels of the down-stream 

antioxidant enzymes HO-1 and NQO-1 mRNA levels were increased by ITF (Figure 

59G), lending to reduced expression of IL-6 receptor (Figure 59G). When we 

analyzed Th17 and Treg cell content in colonic lamina propria by 

immunofluorescence, we found higher Th17 cells in SLE as compared with CTR 

mice, which was reduced by both RS and ITF treatments, whereas no significant 

changes in Treg content were observed among all experimental groups (Figure 

60). In spleen, irrigated by systemic circulation, no significant changes in Treg, 

Th17, and Th1 were induced by RS or ITF treatment (Figure 61A). Circulating B, 

Treg, Th1, and Th17 cells were increased in SLE compared to CTR (Figure 61B). 

Following the trends observed in MLN, RS and ITF diets decreased the proportion 

of circulating Th17 cells.  



 

- 140 - 
  

 
Figure 58. Effects of fiber treatments on lymphocytes populations in systemic lupus 
erythematosus (SLE) mice.  

(A) Total B lymphocytes, T helper (Th) cells, Regulatory T cells (Treg), Th17, and Th1 cells measured 
by flow cytometry in mesenteric lymphoid nodes, and (B) B and Th cells in spleen from control (CTR), 

SLE and SLE-groups treated with resistant starch (RS) or inulin-type fructans (ITF). All data are 
expressed as % of parent, except for B cells, that are represented as % of grandparent (% of CD45+). 
Values are expressed as means ± SEM, n = 9-10, *P<0.05 and **P<0.01 compared to the CTR group, 
#P<0.05 and ##P<0.01 compared to the untreated SLE group, one-way ANOVA. 



 

- 141 - 
  

 
Figure 59. Fiber treatments prevented T cells activation in mesenteric lymph nodes in systemic 
lupus erythematosus (SLE) mice.  

(A) mRNA levels of CX3CR1+, (B) CD80 and CD86, (C) integrinα4β7 (Itga4, Itgb7), (D) interleukin 
(IL)6, (E) G protein-coupled receptor (GPR)43 and (F) histone deacetylase (HDAC)3. (G) mRNA levels 

of HO-1, NAD(P)H:quinone oxidoreductase 1 (NQO1), and IL-6 receptor (IL-6R). Groups: control 
(CTR), SLE and SLE-groups treated with resistant starch (RS) or inulin-type fructans (ITF). Values are 
expressed as means ± SEM, n = 9-10, *P<0.05 and **P<0.01 compared to the CTR group, #P<0.05 
and ##P<0.01 compared to the untreated SLE group, one-way ANOVA. 
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Figure 60. Fiber treatments prevented T cells polarization in lamina propria in systemic lupus 
erythematosus (SLE) mice.  

(A) Representative images of RORγ immunofluorescence (yellow), FoxP3 (magenta) and DAPI-
stained nuclei (cyan). Scale bar 100 µm (top), and 50 µm (bottom). (B) Quantification of RORγ and 

Foxp3 immunofluorescence in colonic sections from all experimental groups. Groups: control (CTR), 
SLE and SLE-groups treated with resistant starch (RS) or inulin-type fructans (ITF). Values are 
expressed as means ± SEM, n = 3, *P<0.05 compared to the CTR group, #P<0.05 compared to the 
untreated SLE group, one-way ANOVA. 
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Figure 61. Effects of fiber treatments on lymphocytes populations in systemic lupus 
erythematosus (SLE) mice.  

(A) Regulatory T cells (Treg), Th17, and Th1 cells measured by flow cytometry in spleen, and (B) B 

cells, Tregs, Th17, and Th1 cells measured by flow cytometry in blood from control (CTR), SLE and 
SLE-groups treated with resistant starch (RS) or inulin-type fructans (ITF). All data are expressed as 
% of parent, except for B cells, that are represented as % of grandparent (% of CD45+). Values are 
expressed as means ± SEM, n = 9-10, *P<0.05 and **P<0.01 compared to the CTR group, #P<0.05 
compared to the untreated SLE group, one-way ANOVA. 
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4.5. Fiber treatments prevented endothelial dysfunction, vascular 
oxidative stress and Th17 infiltration in aorta 

SLE aortas showed diminished endothelium-dependent vasorelaxant 

responses to Ach compared to CTR (Emax= 38.3 ± 5.4 % and 56.4 ± 4.4 %, 

respectively, P<0.01) (Figure 62A). RS and ITF fibers improved the impairment of 

Ach-induced relaxation. This Ach-induced response was also improved in SLE after 

incubation with the pan-NOX inhibitor VAS2870 or the Rho kinase inhibitor Y27632 

(Figure 62A), suggesting that the impairment in Ach-induced relaxation is 

mediated, at least in part, by NOX and Rho kinase activation. ROS-dependent 

activation of RhoA/Rho kinase has been previously described (MacKay et al. 2017). 

NOX is the main source of ROS in the vascular wall, we quantitated NOX activity. 

NOX activity (Figure 62B) was ≈ 1.7-fold higher in aortic rings from SLE than CTR 

group, and both type of fiber inhibited this activity. Considering that inflammatory 

cells boosted vascular ROS synthesis, we studied T lymphocyte extravasation in 

aorta. Th17 cells were higher in aorta from SLE as compared to CTR, we did not 

observe significative changes in Treg and Th1 cells (Figure 62C). Both RS and ITF 

treatments reduced the infiltration of Th17 in aorta. In addition, LPS stimulates and 

increase the expression of TLR-4 in the vasculature, which resulted in increased 

NOX activity (Liang et al. 2013). In correlation with plasma LPS levels, mRNA levels 

of TLR-4 were higher in SLE compared to CTR group, which were significantly 

reduced by RS treatment (Figure 62D). SCFA reduced NOX activity through 

activation of GPRs or HDACs inhibition (Robles-Vera et al. 2020). However, no 

significant changes in aortic GPR43 (Figure 62E) or HDAC3 (Figure 62F) were 

found among all experimental groups, ruling out that a direct action of SCFA in 

vascular wall was involved on the vasculo-protective effect induced by both fiber 

treatments. 

To address the question whether changes in gut microbiota induced by fiber 

intervention in lupus mice play a role in their protective effects on gut, immune 

system, BP and endothelial function, we inoculated microbiota from all experimental 

groups to recipient normotensive female C57Bl/6J GF mice, which were maintained 

for 3 weeks.   
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Figure 62. Fiber treatments improved endothelial function, NADPH oxidase activity and aortic 
infiltration of immune cells in systemic lupus erythematosus (SLE) mice.  

(A) Vascular relaxation responses induced by acetylcholine (Ach) in endothelium-intact aortas pre-

contracted by U46619 (3 nM), in the absence or in the presence of the NADPH oxidase inhibitor 
VAS2870 (10 µM) or the Rho kinase inhibitor Y27632 (0.5 µM) (n=9-10, data are shown as means ± 
SEM, *P<0.05 compared to the CTR group, #P<0.05 compared to the untreated SLE group, two-way 
ANOVA, Dunnett’s multiple comparisons test). (B) Aortic NOX activity measured by lucigenin-
enhanced chemiluminescence. (C) Aortic infiltration of immune cells measured by flow cytometry. (D) 

Aortic mRNA levels of toll-like receptor (TLR)4, G protein-coupled receptor (GPR)43, and histone 
deacetylase (HDAC)3. Groups: control (CTR), SLE and SLE-groups treated with resistant starch (RS) 
or inulin-type fructans (ITF). Values are expressed as means ± SEM, n = 9-10, **P<0.01 compared to 
the CTR group, #P<0.05 and ##P<0.01 compared to the untreated SLE group, one-way ANOVA. 
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4.6. Fiber treatments abolished hypertensive phenotype induced by 
gut microbiota from female NZBWF1 mice in GF mice 

As expected, donor SLE microbiota increased SBP in recipient GF mice to a 

maximum of ≈ 22 mmHg, as compared to faecal inoculation of donor CTR mice 

(Figure 63A). Interestingly, a significant reduction in SBP was observed in mice 

inoculated to SLE feces from mice treated with fibers, showing that changes in gut 

microbiota induced by fiber treatments disrupt the hypertensive phenotype of 

microbiota from SLE mice. Intra-arterial mean BP (MBP) was recorded to confirm 

the effects of faecal transfer on BP (Figure 63B). However, SLE microbiota 

transplantation for 3 weeks was unable to evoke higher protein excretion (Figure 

63C) or to induce significant morphological changes in left ventricle (Figure 63D). 

Interestingly, a low degree of splenomegaly was induced by gut microbiota from 

SLE mice (increase ≈ 41% in spleen weight/tibia length compared to GF-CTR 

group), which disappeared in GF-RS and GF-ITF mice (Figure 63E). Despite this, 

no significant changes in plasma levels of anti-dsDNA were observed among all 

experimental groups (Figure 63F), showing no change in lupus activity induced by 

microbiota from SLE mice.  
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Figure 63. Fiber treatments prevented the transfer of hypertensive phenotype to germ-free mice 
induced by inoculation of faeces from systemic lupus erythematosus (SLE) mice.  

(A) Systolic blood pressure (SBP) measured by tail-cuff plethysmography. (B) Mean arterial blood 
pressure (SBP) measured by direct register in carotid artery. (C) Urine protein concentration measured 
by Combur test strips. (D) Left ventricular weight/tibia length ratio was measured as morphological 
parameter in the heart. (E) Spleen weight/tibia length ratio, and (F) autoantibody levels were 

measured as markers of the pathology. Groups: germ-free (GF) inoculated with control faeces (GF-
CTR), GF inoculated with SLE faeces (GF-SLE) and GF inoculated with faeces from SLE-groups 
treated with resistant starch (GF-RS) or with inulin-type fructans (GF-ITF). Values are expressed as 
means ± SEM, n = 8-10, *P<0.05 and **P<0.01 compared to the GF-CTR group, #P<0.05 and 
##P<0.01 compared to the GF-SLE group, one-way ANOVA. 
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4.7. Fiber treatments inhibited the impaired gut integrity and 
immune imbalance induced by gut microbiota from female 
NZBWF1 mice in GF mice 

Inoculation of SLE microbiota to GF mice reduced colonic mRNA levels of 

ZO1, without significant changes in occludin (Figure 64A), MUC-2 and MUC-3 

(Figure 64B). Gut microbiota transplantation from SLE-RS group to GF mice 

increased occludin, ZO-1 and mucins mRNA levels, whereas feces from SLE mice 

treated with ITF fiber showed similar profile than untreated SLE mice. Plasma LPS 

levels were increased slightly (≈ 34 %) in GF-SLE group as compared to GF-CTR 

group (Figure 64C). Moreover, microbiota inoculation from RS and ITF to GF mice 

reduced colonic mRNA levels of TNFα and IL1ß expression (Figure 64D).  

Interestingly, the SCFA receptor GPR43 transcript was increased GF-RS (Figure 

64E) whereas mRNA levels of HDAC3 were reduced in GF-ITF as compared to GF-

SLE (Figure 64F), showing a role of SCFA in the colonic effects of the microbiota 

from fiber-treated SLE mice inoculated into GF, despite GF mice fed standard diet.  

In MLN, the higher transcript levels of CD80, Itga7 and IL-6 found in GF 

inoculated with SLE microbiota, as compared to mice inoculated with feces from 

CTR group, were normalized in GF-RS group (Figure 65A). By contract, no change 

was observed in GF-ITF mice (Figure 65A). This data showed that protective 

effects of RS fiber on T cell activation in gut secondary lymph nodes was 

transferred by the microbiota. Moreover, GPR43 and HDAC3 expression were 

increased in GF-RS and reduced in GF-ITF, respectively (Figure 65B), involving 

SCFA. NRF-2 activation was detected in GF-ITF group, since HO-1 and NQO-1 

mRNA levels were higher than GF-SLE group, and IL-6 receptor expression where 

lower (Figure 65C). According to IL-6 or IL-6 receptor levels, the transplantation of 

microbiota from SLE to recipient GF mice increased the Th17 proportion in MLN as 

compared to CTR microbiota transfer (Figure 66A). Interestingly, reduced 

proportion of Th17 population was found in MLN and blood from GF-RS and GF-

ITF groups, as compared to GF-SLE mice, being unaltered in spleen (Figure 66A, 

66B, 66C). Other changes in B, and Treg cells induced by SLE microbiota 

inoculation were unaffected by both fiber interventions (Figure 66A, 66B, 66C). 

Overall, our data demonstrated that fiber treatments restored Th17/Treg balance in 

SLE mice, at least in part, by changing gut microbiota composition. 
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Figure 64. Fiber treatments prevented the transfer of altered gut permeability phenotype to 
germ-free mice induced by inoculation of faeces from systemic lupus erythematosus (SLE) 
mice.  

(A) Colonic mRNA expression levels of occludin and zonula occludens-1 (ZO-1), and (B) mucins 
(MUC)-2 and MUC-3. (C) Plasma LPS levels measured as endotoxin units (EU). (D) Colonic mRNA 

expression levels of proinflammatory cytokines interleukin (IL)-1ß and tumour necrosis factor (TNF)α, 
(E) G-protein coupled receptors (GPR)43 and (F) histone deacetylases (HDAC)3. Groups: germ-free 

(GF) inoculated with control faeces (GF-CTR), GF inoculated with SLE faeces (GF-SLE) and GF 
inoculated with faeces from SLE-groups treated with resistant starch (GF-RS) or with inulin-type 
fructans (GF-ITF). Values are expressed as means ± SEM, n = 8-10, *P<0.05 compared to the GF-
CTR group, #P<0.05 and ##P<0.01 compared to the GS-SLE group, one-way ANOVA. 
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Figure 65. Fiber treatments prevented the transfer T cells activation in mesenteric lymph nodes 
phenotype to germ-free mice induced by inoculation of faeces from systemic lupus 
erythematosus (SLE) mice.  

(A) mRNA levels of CX3CR1+, CD80, CD86, integrinα4β7 (Itga4, Itgb7), and the interleukin (IL)6. (B) 
Expression of G protein-coupled receptor (GPR)43 and histone deacetylase (HDAC)3. (C) mRNA 

levels of HO-1, NAD(P)H:quinone oxidoreductase 1 (NQO1), and IL-6 receptor (IL-6R). Groups: germ-
free (GF) inoculated with control faeces (GF-CTR), GF inoculated with SLE faeces (GF-SLE) and GF 
inoculated with faeces from SLE-groups treated with resistant starch (GF-RS) or with inulin-type 
fructans (GF-ITF). Values are expressed as means ± SEM, n = 8-10, *P<0.05 compared to the GF-
CTR group, #P<0.05 and ##P<0.01 compared to the GS-SLE group, one-way ANOVA. 
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Figure 66. Fiber treatments prevented the transfer of Th17 differentiation phenotype to germ-
free mice induced by inoculation of faeces from systemic lupus erythematosus (SLE) mice. 

Proportion of different immune cell types (Total B lymphocytes, Regulatory T cells (Tregs), Th17, and 
Th1 cells measured by flow cytometry in (A) mesenteric lymph nodes, (B) spleen, and (C) blood. All 

data are expressed as % of parent, except for B cells, that are represented as % of grandparent (% of 
CD45+). Groups: germ-free (GF) inoculated with control faeces (GF-CTR), GF inoculated with SLE 
faeces (GF-SLE) and GF inoculated with faeces from SLE-groups treated with resistant starch (GF-
RS) or with inulin-type fructans (GF-ITF). Values are expressed as means ± SEM, n = 8-10, *P<0.05 
and **P<0.01 compared to the GF-CTR group, #P<0.05 and ##P<0.01 compared to the GS-SLE 
group, one-way ANOVA. 
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4.8. Fiber treatments abolished gut microbiota-induced endothelial 
dysfunction in female NZBWF1 mice in GF mice 

      Endothelium-dependent relaxant curves to Ach in U46619-precontracted 

GF-SLE aortas were highly impaired when compared to GF-CTR group (Emax: 

52.8 ± 2.9% vs. 66.6 ± 1.1%, P<0.01, respectively) (Figure 67A), showing that 

endothelial dysfunction found in SLE mice was, at least in part, mediated by gut 

microbiota, and that this vascular phenotype was transferred to mice without SLE 

background by microbiota inoculation. However, this impaired of Ach relaxation was 

absent in aorta from GF mice inoculated with feces from SLE mice treated with RS 

or ITF. Incubation for 30 min with the pan-NOX inhibitor VAS2870 or the Rho 

kinase inhibitor Y27632 abolished differences between groups in relaxation to Ach, 

showing the involvement of NOX and Rho kinase in this impaired relaxant response 

induced by SLE microbiota (Figure 67A). In fact, the faecal transplant from SLE 

caused an increase in aortic NOX activity (Figure 67B), as compared to CTR 

microbiota inoculation. Remarkably, Th17 infiltration in aorta was higher in GF-SLE 

than GF-CTR group, being without changes in Treg and Th1 (Figure 67C). Again, 

inoculation with feces from SLE mice treated with RS or ITF reduced both aortic 

NOX activity and Th17 infiltration. Overall, our data showed that fiber treatments 

improved vascular oxidative stress and endothelial disfunction in SLE mice by 

inducing changes in gut microbiota which led to reduced vascular Th17 infiltration.    
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Figure 67. Fiber treatments prevented the transfer of endothelial dysfunction phenotype to 
germ-free mice induced by inoculation of faeces from systemic lupus erythematosus (SLE) 
mice.  

(A) Vascular relaxation responses induced by acetylcholine (Ach) in endothelium-intact aortas pre-

contracted by U46619 (3 nM), in the absence or in the presence of the NADPH oxidase inhibitor 
VAS2870 (10 µM) or the Rho kinase inhibitor Y27632 (0.5 µM) in all experimental groups (n=8-10, 
data are shown as means ± SEM, **P<0.01 compared to the CTR group, ##P<0.01 compared to the 
untreated SLE group, two-way ANOVA, Dunnett’s multiple comparisons test).  (B) Aortic NADPH 
oxidase activity measured by lucigenin-enhanced chemiluminescence. (C) Aortic infiltration of immune 

cells measured by flow cytometry. Groups: germ-free (GF) inoculated with control faeces (GF-CTR), 
GF inoculated with SLE faeces (GF-SLE) and GF inoculated with faeces from SLE-groups treated with 
resistant starch (GF-RS) or with inulin-type fructans (GF-ITF). Values are expressed as means ± SEM, 
n = 8-10, *P<0.05 and **P<0.01 compared to the GF-CTR group, #P<0.05 compared to the GF-SLE 
group, one-way ANOVA. 
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DISCUSSION 
 

1. Role of gut microbiota in the development of hypertension in a 

TLR-7-dependent lupus mouse model 

With the present experiments, we have demonstrated the relevance of gut 

microbiota in as a regulating agent for endothelial function and BP in a systemic 

autoimmunity model induced by TLR-7 activation, which mimicked SLE patients 

with high IFN signature (> 80% patients). This is especially suggested by the 

observed changes in endothelial dysfunction, vascular oxidative stress, and SBP 

induced by shifts in gut microbiota composition after both chronic VANCO treatment 

and stool transplantation of microbiota from control mice to IMQ-treated mice. The 

beneficial effects of both interventions were associated with reduced polarization of 

Th cells to Th17 in MLN, with the subsequent reduced Th17 cells/IL17a in blood 

and reduced Th17 infiltration in the aorta. It is interesting to note that a profound 

decrease in colonic biomass in MIX mice, reduced autoimmunity, improved kidney 

function, as described previously using two different TLR-7-dependent lupus 

models (Zegarra-Ruiz et al. 2019), but did not prevent endothelial dysfunction and 

the raise of SBP, showing a clear dissociation between autoimmunity and BP. In 

addition, MIX treatment was unable to reduce Th17 polarization in secondary lymph 

organs and Th17 infiltration in aorta, confirming the key role of IL17 in the vascular 

alterations induced by TLR-7 activation. IL-17a has also been implicated as a 

pathogenicity factor in a number of chronic inflammatory diseases, including 

multiple sclerosis, arthritis, and psoriasis. However, our present data are in 

agreement with that showing that IL-17a are not a direct mediator of autoimmunity 

(Regen et al. 2021), but it controls microbiota-mediated vascular dysfunction 

induced by TLR-7-activation.  

Profiling colonic microbiomes from TLR-7-dependent lupus mice showed an 

enrichment of mainly three bacterial taxa: the genera Bacteroides and 

Macellibacteroides, and the family Bacteroidaceae, whereas Acetobacteroides was 

enriched in CTR group. However, these genera were reduced by MIX treatment, 

which was unable to reduce BP, suggesting that they do not contribute to increase 

BP in IMQ-treated mice. Dysbiosis in hypertension is mainly associated with 

reduced proportions of SCFA-producing bacteria, mainly ACE- and BUT-producing 

bacteria (Robles-Vera, Toral, and Duarte 2020). However, no significant changes in 

SCFA-producing bacteria were found between CTR and IMQ group suggesting that 
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these SCFA are not involved in the development of high BP. Interestingly, VANCO 

treatment increased ACE- and PROP-producing bacteria associated to BP 

reduction, whereas MIX treatment was without effect in the proportion of SCFA-

producing bacteria. These data suggest that regulating bacterial SCFA production, 

such as increasing ACE and PROP, could be involved in BP regulation in IMQ-

treated mice. In fact, we demonstrated recently that chronic oral ACE consumption 

could prevent the increase in BP in spontaneously hypertensive rats, reducing Th17 

population in MLN, and restoring Th17/Treg balance in aorta (Robles-Vera et al. 

2020). Similarly, PROP attenuated vascular dysfunction and hypertension by 

increasing splenic Treg cells and reducing Th17 cells (Bartolomaeus et al. 2019). 

Unfortunately, we did not measure plasma levels of SCFA. Taken into account that 

SCFA have direct vasculoprotective effects in vascular wall (Robles-Vera et al. 

2020), we cannot exclude whether lower plasma SCFA levels in the IMQ group are 

involved in high BP, and if VANCO improved endothelial function and reduced BP 

by increasing plasma ACE or PROP concentrations. 

VANCO, but not MIX, treatment enriched Akkermansia and Parasutterella. 

A. muciniphila, which was 53.56 % of all species found in gut microbiota from 

VANCO group, induces intestinal adaptive immune responses during homeostasis. 

T cell responses to A. muciniphila appear to be context dependent (Ansaldo et al. 

2019). In fact, A. muciniphila, which was increased in patients with multiple 

sclerosis (Berer et al. 2017), induced proinflammatory responses in human 

peripheral blood mononuclear cells and in monocolonized mice (Cekanaviciute et 

al. 2017). However, this microorganism improves the metabolism of obese and 

diabetic mice (Plovier et al. 2017), and immune system in hyperlipidemic E3L.CETP 

mice (Katiraei et al. 2020). In our experiment, in the setting of TLR-7-activation, A. 

muciniphila is associated with reduced Th17 cells in MLN and spleen. Among the 

potential mechanisms, it has been shown that A. muciniphila expresses specific 

proteins on its outer membrane, such as the protein Amuc_1100. This protein binds 

and activates TLR-2, which potently inhibits TLR-4- and TLR-7/8-induced cytokine 

production by DC (Wenink et al. 2009). Moreover, enrichment of Parasutterella has 

beneficial effects in immune function (Chen et al. 2018). Most notably, when 

transplanted to a control mice, microbiota from IMQ mice during 2 weeks induced a 

significantly increase in SBP and reduced endothelium-dependent relaxation to 

Ach, without change in autoimmunity and proteinuria as compared to the healthy 

control microbiota transplantation. Our data implies that the modified microbiota has 

a crucial part in the onset and progression of hypertension and is one of the 

triggering elements for SLE hypertension, instead of being a result and 

accompanying phenomenon in the development of lupus after TLR-7 activation.  
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In addition, VANCO treatment reduced BP, whereas a more aggressive 

microbiota depletion using a broad-spectrum antibiotic mixture, which also 

contained a lower dose of VANCO, was unable to change the development of 

hypertension in IMQ mice. This is consistent with the finding that the interaction 

between the gut microbiome and BP is very complex and depends on multiple host 

factors as well as the environment.  

The microbial profiles of the colonized mice showed several differences, 

including lower Sutterella, an organism shown to induce a protective 

immunoregulatory profile in vitro (Berer et al. 2017), and Anaerovibrio proportion. 

These microbial changes were also associated to increased Th17 proportions in 

MLN, plasma IL-17a levels, and Th17 infiltration in aorta in control mice 

transplanted with IMQ microbiota. Interestingly, control stool transplantation to IMQ-

treated mice enriched Sutterella and Anaerovibrio in faeces, associated with 

reduced Th17 polarization and improvement of endothelial function and 

hypertension, suggesting a role of these bacteria in BP control in this model of 

autoimmunity. 

Several studies have shown that multiple elements partake to the onset of 

SLE hypertension, including the inflammatory cytokines, and oxidative stress, as 

well as B-cell hyperactivity and autoantibody production (Taylor and Ryan 2016). 

These elements, that mediate in local inflammation and the subsequent renal and 

vascular dysfunction, are likely downstream of the initial immune system 

dysregulation (de la Visitación et al. 2019). In line with these findings, we detected 

high plasma concentrations of pro-inflammatory cytokines (IL-17a and IFNα), in 

IMQ mice, besides vascular oxidative stress, and increased plasma anti-ds-DNA. 

Remarkably, interventions reducing plasma IL17a levels, such as, VANCO 

treatment and transplantation of control microbiota, reduced high BP induced by 

TLR-7 activation. In addition, FMT from IMQ group to control mice increased 

plasma IL-17a, suggesting the key role of IL17a as a mediator in the pro-

hypertensive impact of microbiota in IMQ mice. These data are similar to that 

described after FMT transplantation from NZBWF1 mice, which composition is quite 

different to IMQ group, to germ-free or germ-depleted mice (de la Visitación et al. 

2021), showing that the polarization of naïve T cells toward Th17 cells induced by 

several bacteria is a key event to increase BP. The involvement of B-cell 

hyperactivity and autoantibody synthesis as mediator of vascular changes brought 

by microbiota was ruled out, since MIX treatment reduced plasma autoantibody but 

did not prevent BP increase and faecal transplant from IMQ-treated animals to CTR 

mice raised BP but not anti-ds-DNA antibodies. 
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Hypertension is often associated with impaired endothelial function, but if 

this is causative in the progression of hypertension is difficult to prove. Recently, it 

has been shown impaired endothelium-dependent relaxation responses to Ach in 

aortas from TLR-7-activated mice (Liu et al. 2018; Robles-Vera et al. 2020). High 

NOX ROS synthesis can be linked to the loss of endothelial function and the 

increase in BP in female IMQ-treated animals (Robles-Vera et al. 2020). 

Consistently, in these experiments we also detected a decreased Ach-dependent 

relaxation and high NOX activity in aortic rings from IMQ group in comparison with 

CTR. Curiously, VANCO or transplantation of healthy microbiota prevented both 

pathological effects, linking the microbiota to oxidative stress and endothelial 

function. In accordance, faecal transplant from IMQ to CTR had the opposite effect, 

impairing Ach-induced vasorelaxation and increasing NOX activity. NOX ROS 

synthesis has a crucial part in endothelial dysfunction caused by microbiota since 

the selective NOX inhibitor VAS2870 improved the vasorelaxation to Ach induced 

by stool transplantation of donor IMQ.  

Proinflammatory cytokines in plasma, or local production in the vascular 

tissues, due to infiltrating inflammatory cells, control NOX activity (Kelley and 

Wuthrich 1999; Ryan 2013). Both VANCO treatment and FMT from control mice 

decreased Th17 maturation and proliferation in MLN, circulation, and infiltration in 

aorta. The pro-inflammatory cytokine IL-17a is known to cause a loss of endothelial 

function due to Rho kinase activation in the vascular wall (Nguyen et al. 2013), at 

least partially, by raising NOX-generated ROS (Pietrowski et al. 2011). Moreover, 

the Rho-kinase inhibitor Y27632 improved the response to Ach in CTR-IMQ group, 

which suggests that the IL-17-Rho kinase pathway is regulated by the microbiota 

from IMQ mice. Consistently, the faecal transplant from IMQ to CTR raised Th17 

cell levels in MLN, and its infiltration in aorta. Furthermore, nIL-17 reverted Ach 

relaxation in CTR with IMQ microbiota to values similar to those of CTR-CTR. 

Overall, these data showed that regulation of naïve T cells maturation to Th17 in 

secondary lymphoid tissues at the gut, with the subsequent Th17 infiltration at 

vascular tissues, is a crucial component of subjacent causes behind the endothelial 

dysfunction induced by IMQ microbiota. 

These experiments show that: 1) there are differences between gut 

microbiota from hypertensive IMQ-treated mice and their appropriate controls, 2) 

this gut microbiota triggers changes in BP regulation, as proved by reduced BP 

induced by VANCO treatment and stool transplantation from control mice, and 3) 

this can be linked to the activation of pro-inflammatory Th17 lymphocytes (Figure 

68). Lupus is a female-biased disease with that affects females nearly 9:1 over 

males. Our data were obtained from female mice.  
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Since proof exists supporting differences in gut microbiota composition 

between the sexes (Beale, Kaye, and Marques 2019), the role of gut microbiota in 

BP regulation using male mice should be studied. Targeting the IL-17a/IL-

17receptor pathway may present an intriguing therapeutic strategy for Th17-

induced hypertension in SLE patients. However, several adverse events for drugs 

blocking the IL-17a pathway, such as bacterial infections, mucocutaneous 

candidiasis, and neutropaenia have been reported. The present results open new 

possibilities to the prevention of SLE-associated cardiovascular complications by 

modulating of the gut microbiota composition, such as with the consumption of 

probiotics (de la Visitación et al. 2021). Nonetheless, caution should be taken when 

extrapolating these findings to humans due to the potential differences in the 

features of the animal and human gut microbiota. Moreover, the translation of the 

use of strategies of faecal transplantation performed in the present experimental 

model into the clinic, in example FTM from non-SLE human to SLE patients, needs 

further research, taken into account the specificity of the observed microbiota 

changes in this model, which were different than those observed in genetic SLE 

mouse (de la Visitación et al. 2021), and possibly in human SLE patients. Despite 

FMT gaining considerable interest as a therapeutic approach in autoimmune 

diseases, their use in clinical practice may be limited due to practical objections in 

these chronic conditions. In addition, FMT from control to IMQ-treated mice reduced 

vascular alterations but did not reduce autoimmunity.   
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Figure 68. Role of gut microbiota in the development of hypertension in a TLR-7-dependent 
lupus mouse model. 

Abbreviations: DC, dendritic cell; IFN, interferon; LPS, lipopolysaccharide; NOX, NADPH oxidase; 

TLR, toll-like receptor. 
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2. Role of TMAO in SLE development and cardiovascular 

complications in a lupus mouse model induced by TLR-7 

activation 

It has been previously demonstrated that gut microbiota has a crucial role in 

vascular complications associated to SLE (de la Visitación et al. 2021; de la 

Visitación et al. 2021). Microbial metabolites, the gut microorganism-produced 

repertoire, mainly include SCFA, TMAO, LPS, H2S, uremic toxins, and bile acids 

(Robles-Vera, Toral, and Duarte 2020). In the present study we have demonstrated 

the importance of the gut microbiota metabolite TMAO as a regulating agent for 

autoimmunity, endothelial function and BP in a TLR-7 activation-induced mouse 

SLE model. This model simulates more than 80% SLE patients, who have a high 

IFN signature. This is mainly supported by the reduction in plasma anti-dsDNA 

levels, the improvement of endothelial-mediated vasorelaxation, and the SBP 

reduction induced by DMB supplementation to IMQ-treated mice. Growing evidence 

indicates that living microbial therapy, including FMT (de la Visitación et al. 2021) 

and probiotics (de la Visitación et al. 2021), might be able to improve the microbial 

dysbiosis and to reduce SLE cardiovascular complications. However, the translation 

of these strategies that involve faecal transplantation into the clinic, such as FMT 

from healthy human to SLE patients, is in need of more research. In spite of FMT 

gaining interest as a therapeutic alternative for autoimmune diseases, their use in 

clinical practice might be scarce due to practical objections in these chronic 

pathologies. Moreover, FMT from CTR to IMQ-treated mice decreased vascular 

alterations but was not able to affect autoimmunity (de la Visitación et al. 2021). In 

our experiment DMB was able to reduce disease activity and BP suggesting as a 

potential therapeutic drug for SLE. 

Plasma TMAO levels were higher in SLE patients as compared to healthy 

human (Yuhua Li et al. 2019). We showed for the first time that plasma TMAO 

levels increased after TLR-7 activation, and gut bacterial TMA liase inhibition with 

DMB reduced plasma TMAO levels. Interestingly, this reduction led to lower 

autoimmunity, since lower plasma anti-dsDNA levels, splenomegaly and 

hepatomegaly were found in IMQ-DMB group as compared to IMQ mice. The 

mechanisms involved in the progression of SLE activity induced by TMAO are 

unknown. Humoral immune system components play a crucial role in lupus onset 

as shown by evidence suggesting that B cell populations, which are differentiated 

into antibody-producing plasma cells, are higher in SLE (Dar et al. 1988). 
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Accordingly, we found a higher number of B cells in spleen and blood in IMQ 

mice than in the CTR group, which was normalized with DMB treatment. It is 

possible that TMAO sensitizes B cells to the binding of antigens and the activation 

of intracellular transduction pathways, such as protein kinase C, which lead to the 

differentiation of B lymphocytes (Ye et al. 2019). In fact, TMAO elevated protein 

kinase C activity in a dose-dependent manner in endothelial cells (Ma et al. 2017). 

Furthermore, in spite of the high proportion of Treg in lupus mice, these cells cannot 

control the cumulative impact of multiple genetic triggers of lymphocyte activation 

and autoreactivity (Zhang et al. 2015). However, DMB was unable to reduce 

circulating Treg cell counts ruling out a possible role of Treg to lessen autoantibody 

levels. The administration of a mouse anti-CD20 antibody to deplete B cells 

ostensibly mitigates autoantibody production and prevents the development of high 

BP in female NZBWF1 mice (Mathis et al. 2014). Thus, decreased anti-dsDNA 

antibody concentration by B cell depletion and lower activation levels, may be 

linked to the antihypertensive effects of DMB supplementation. Additionally, an 

imbalance between anti-inflammatory Treg and pro-inflammatory Th17 cells is 

generally seen as a relevant element in both human SLE and murine lupus (Alunno 

et al. 2012). We found increased Th17 population in secondary lymph organs from 

IMQ mice and lower Th17 count induced by TMAO reduction with DMB 

supplementation, which might be involved in lower autoimmunity induced by DMB. 

Our results in SLE disease are in agreement to that previously reported indicating 

that TMAO control macrophage M1 polarization by NLRP3 inflammasome 

activation, which provide the cytokines microenvironment in which naive CD4+ T 

cells subsequently differentiated into Th1 and Th17 subsets (Wu et al. 2020). 

However, if this polarization towards Th1 and Th17 is mediated by the polarized M1 

macrophage requiring NLRP3 inflammasome activation in our experimental 

conditions is unknown. 

Hypertension can be linked to impaired endothelial function. In recent years, 

impaired endothelium-dependent relaxation responses to Ach in aortas from TLR-7-

activated mice have been demonstrated repeatedly (de la Visitación et al. 2021; Liu 

et al. 2018; Robles-Vera et al. 2020). High vascular ROS levels might be 

associated with the damage to the endothelial function and the raise in BP in 

female IMQ-treated animals (Robles-Vera et al. 2020). In accordance to this, in our 

experiments we also detected a poor Ach-dependent relaxation and high ROS 

content linked to increased NOX activity and reduced NRF-2-antioxidant defense in 

IMQ aortic segments when compared to CTR. Interestingly, DMB suppressed NOX 

over-activity and normalized NRF-2 pathway improving endothelial dysfunction. 

High TMAO concentration induced loss of Ach-induced relaxation.  
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Moreover, treatment with DMB for 8 to 10 weeks to suppress TMA 

selectively ameliorated endothelium-dependent dilation in old mice to young levels 

by normalizing vascular superoxide anion production, improving NO-mediated 

dilation, and impeding superoxide-related blocking of endothelium-dependent 

dilation (Brunt et al. 2020). Moreover, high TMAO concentrations can induce 

oxidative stress in cultured endothelial cells via activation of the NLRP3 

inflammasome. However, no significant changes in NLRP3 pathway was induced 

by DMB, suggesting that plasma TMAO levels found in IMQ mice were not 

sufficient to induce NLRP3 inflammasome at the vascular tissue.    

Th17 polarization in secondary lymph organs and Th17 infiltration in aorta 

plays a crucial part in the vascular alterations caused via TLR-7 activation. In fact, 

FMT from IMQ mice to control mice caused an increase in plasma IL-17a, which led 

to endothelial function impairment, since IL-17a neutralization restored 

endothelium-dependent relaxation (de la Visitación et al. 2021). We found both 

reduced Th17 polarization in lymph nodes and vascular infiltration after DMB 

supplementation linked to improvement of endothelial dysfunction. The pro-

inflammatory cytokine IL-17a has been shown to be detrimental to the endothelial 

function, activating the Rho kinase in the vascular wall (Nguyen et al. 2013), at least 

partially, increasing NOX-generated ROS (Pietrowski et al. 2011) and reducing 

NRF-2 pathway (Guan et al. 2018). In addition to this, the Rho-kinase inhibitor 

Y27632 restored the response to Ach in IMQ mice similar to CTR. Targeting the IL-

17a/IL-17receptor pathway could be an innovative and effective therapeutic 

approach for Th17-induced hypertension in SLE patients. However, a few critical 

but severe adverse events for IL-17a-blocking strategies, such as bacterial 

infections, mucocutaneous candidiasis, and neutropenia are known to appear. In 

our experiment DMB, acting in gut microbiota, reduce this pathway and suggest 

new pathways to the prevention of SLE-associated cardiovascular complications. 

However, caution is imperative to extrapolate these findings to humans because of 

all the potential dissimilitude in the features of the animal and human gut 

microbiota. 

These experiments show that the gut microbiome metabolic product TMAO 

increases TLR-7 induced autoimmunity and vascular dysfunction. This can be 

linked to increased B cells differentiation and activation of pro-inflammatory Th17 

lymphocytes. Our study provides the missing link between bacterial metabolite 

derived of choline and lupus severity, revealing the potential to alleviate 

cardiovascular complications by blockage of the TMAO pathway (Figure 69). 
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Figure 69. Role of TMAO in SLE development and cardiovascular complications in a lupus 
mouse model induced by TLR-7 activation. 

Abbreviations: DMB, 3,3-dimethyl-1-butanol; FMO, flavin monooxygenase; NRF-2, Nuclear factor 

erythroid 2-related factor 2; TMA, trimethylamine; TMAO, trimethylamine N-oxide. 
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3. Effects of SCFA on cardiovascular complications in TLR-7-

induced lupus mice 

In this study, we have demonstrated the significance of SCFA derived from 

gut microbiota in preventing cardiovascular complications associated with lupus 

induced by TLR-7 activation. Specifically, we have identified GPR43-dependent 

immune modulation in gut secondary lymph nodes induced by ACE, which is linked 

to the improvement of endothelial dysfunction and reduction of BP. On the other 

hand, the preventive effect of BUT in vascular dysfunction seems to be related to 

the rebalancing of Th17/Treg polarization through GPR41 activation and/or HDACs 

inhibition. However, neither BUT nor ACE were able to prevent the development of 

systemic autoimmunity. Furthermore, we have found that the chronic consumption 

of insoluble (RS) or soluble (ITF) fibers, acting as dietary sources of SCFA, exerted 

similar cardiovascular protective effects as ACE or BUT supplementation alone. 

Moreover, we have demonstrated through faecal inoculation of dysbiotic microbiota 

from donor IMQ mice to recipient GF mice that gut microbiota plays a key role in the 

generation of endothelial dysfunction and high BP, mediated by the increase in 

Th17 cells in MLN, blood, and vascular wall. SCFA treatment effectively abolished 

the transfer of this hypertensive phenotype. 

Gut leakiness was found to be TLR-7 dependent, as demonstrated in 

studies with TLR-7 knockout mice (Zegarra-Ruiz et al. 2019) and in autoimmune 

conditions induced by TLR-7 activation (González-Correa et al. 2021; de la 

Visitación et al. 2021). However, the physiological function of TLR-7 in the gut, 

particularly on the gut epithelium, remains poorly understood. In our current study, 

we have observed that gut leakiness is involved in Th17 differentiation in MLN, as it 

facilitates the accumulation of antigen-presenting cells, activates T CD4+ naïve 

cells, and increases IL-6 production. This supports the notion that gut integrity plays 

a critical role in gut immune modulation. We have demonstrated that ACE, which 

reduces colonic leakiness, also inhibits the accumulation of CX3CR1+ cells in MLN 

and reduces IL-6-driven Th17 polarization. Moreover, we found that the reduction in 

Th17 proportion in MLN induced by ACE was abolished by the blockade of GPR43, 

highlighting the key role of GPR43 activation in the immune modulatory effects of 

ACE. In contrast, BUT was unable to improve gut leakiness or reduce CX3CR1+ 

cells and IL-6 levels in MLN. However, BUT was effective in reducing IL-6 receptor 

expression, thereby preventing Th17 polarization. This effect seems to be mediated 

by the reduction in HDAC3 mRNA levels, leading to the activation of the NRF-2/HO-

1 pathway in MLN, as described previously (Chen et al. 2017). 



 

- 168 - 
  

Endothelial dysfunction plays a key role in the development of hypertension, 

where decreased NO bioavailability connects oxidative stress to endothelial 

dysfunction and elevated BP. Both innate and adaptive immune responses 

contribute to the generation of ROS and inflammatory changes in the kidneys, 

blood vessels, and brain during hypertension (Zhang et al. 2021). In the context of 

SLE mice, dysfunctional communication between the immune system and vascular 

wall is involved in endothelial dysfunction (Romero et al. 2017; Toral et al. 2019). 

Our current findings support the critical role of IL-17a derived from Th17 cells in 

vascular wall dysfunction and elevated BP observed in autoimmunity induced by 

TLR-7 activation (de la Visitación et al. 2021; de la Visitación et al. 2021; Robles-

Vera et al. 2020). Importantly, SCFA treatments and fiber consumption reduced 

Th17 infiltration in the vascular wall, resulting in improved vascular NOX-driven 

ROS production and restoration of impaired endothelium-dependent relaxation. 

ROS production by vascular NOX is considered crucial in endothelial dysfunction, 

as demonstrated by the beneficial effects of the selective NOX inhibitor VAS2870, 

which improved aortic endothelium-dependent relaxation to Ach. NOX activity can 

be modulated by local and circulating cytokines (Kelley and Wuthrich 1999; Ryan 

2013). IL-17a, a pro-inflammatory cytokine, has been shown to induce Rho-kinase-

mediated endothelial dysfunction in the vasculature, likely due to increased ROS 

generation through NOX activation (Nguyen et al. 2013; Pietrowski et al. 2011). Our 

results in this SLE model suggest that the IL-17-Rho-kinase pathway is significantly 

influenced by SCFA. This is supported by the restoration of Ach relaxation 

observed with SCFA or fiber treatments, similar to the effects of the Rho-kinase 

inhibitor Y27632. Additionally, neutralizing IL-17a in aortic rings from IMQ mice also 

improved endothelial dysfunction. Interestingly, the reduction in aortic Th17 

infiltration and improvement of endothelium-dependent relaxation induced by ACE 

were abolished by GLPG-0974, confirming the crucial role of GPR43 activation in 

its vasculo-protective effects. An important limitation of our study is the lack of 

confirmation of these results in GPR43-/- mice. 

Activation of TLR-4 in blood vessels by bacterial products such as LPS 

leads to increased NOX-dependent superoxide anion production and inflammation 

(Liang et al. 2013). In the case of IMQ mice, plasma endotoxin levels were 

elevated, and interventions aimed at reducing endotoxemia normalized vascular 

TLR-4 expression, thereby improving both vascular oxidative stress and 

inflammation (de la Visitación et al. 2021; Toral et al. 2019). Our study observed 

heightened plasma levels of LPS in IMQ mice, which correlated with decreased 

colonic integrity. Notably, administration of ACE effectively reduced endotoxemia 

and improved endothelial dysfunction.  
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This suggests that the decrease in aortic TLR-4 activation by LPS also 

contributed to the attenuation of vascular oxidative stress induced by ACE. 

Previous reports have demonstrated that preventing autoimmunity through 

anti-CD20 therapy (Mathis et al. 2014) or depleting plasma cells with bortezomib 

(Taylor et al. 2018) guards against the development of SLE-induced hypertension. 

As expected, we noted elevated B cell populations in the spleens of IMQ mice 

compared to the CTR group. However, neither ACE nor BUT treatments reduced B 

cell generation or plasma anti-ds-DNA levels, indicating that B cells and 

autoantibodies are not implicated in the BP regulation induced by SCFA. Moreover, 

FMT from IMQ mice to GF mice did not elevate the proportion of B cells in blood, 

yet it impaired endothelial function and heightened BP. Interestingly, SCFA 

treatments managed to ameliorate these cardiovascular abnormalities. Among 

them, only a diet rich in RS, which augmented the production of ACE, BUT, and 

PROP by gut bacteria, thwarted signs of autoimmunity by modulating the TLR-7-

IFN axis, a vital factor in human SLE (Crow 2014). 

In summary, our study demonstrates that SCFA interventions partially 

thwarted hypertension development and mitigated cardiac hypertrophy and 

endothelial dysfunction in TLR-7-activated SLE-induced mice. These effects 

correlated with enhanced gut integrity, reduced endotoxemia, and decreased Th17 

infiltration in the vascular wall. Additionally, dietary fiber interventions, which 

bolstered SCFA production by gut microbiota in IMQ mice, rebalanced the gut-

immune system, counteracted endothelial dysfunction, and provided protection 

against hypertension (Figure 70). Given that individuals with SLE have reported 

lower fiber intake compared to healthy individuals (Elkan et al. 2012; Schäfer et al. 

2021)s, and considering the observed inverse correlation between dietary fiber 

intake and active SLE risk (Minami et al. 2011), our findings suggest a potential role 

for RS-rich fiber treatment in preventing autoimmunity and SLE-related 

cardiovascular complications. This is especially relevant for patients exhibiting SLE 

phenotypes associated with increased TLR-7 signaling, elevated IgD-CD27- 

double-negative B cells in peripheral blood (Jenks et al. 2018), and excessive 

accumulation of extrafollicular helper T cells (Caielli et al. 2019). 

Importantly, dietary interventions such as fiber-rich diets or SCFA treatments 

may provide a more targeted and potentially safer approach compared to broad-

spectrum antibiotics, which can lead to side effects ranging from diarrheal events, 

disruption of the native microbiota, to more serious concerns like antibiotic 

resistance and systemic toxicities (de la Visitación et al. 2021).  
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However, it is vital to exercise caution when extrapolating our findings to 

humans due to documented differences between animal and human microbiota 

features.  
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Figure 70. Effects of SCFA on cardiovascular complications in TLR-7-induced lupus mice. 

Abbreviations: DC, dendritic cell; GPR43, G-protein coupled receptor 43; HDAC, histone 

deacetylases; IFN, interferon; LPS, lipopolysaccharide; TLR, toll-like receptor. 
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4. Role of dietary fiber intake in the raise of BP in NZBWF1 mice 

The most important information from this study is that preventive 

cardiovascular effects of fiber interventions in SLE mice were associated to the 

rebalancing of dysfunctional gut-immune system-vascular wall axis. This was 

supported by several pieces of evidence: (i) increasing SCFA producing bacteria; 

(ii) normalization of gut integrity and leakiness; (iii) reduction of Th17 polarization in 

MLN and lamina propria and lower vascular Th17 infiltration; (iv) dampened 

endothelial dysfunction and high BP, and (v) feces inoculation from SLE mice 

treated with RS or ITF to GF transferred the improved gut-immune system-vascular 

wall axis.  

Gut microbiota-host genetics interaction plays an important role in the 

progression of autoimmune diseases, like SLE. It has been previously 

demonstrated that gut microbiota and gut-immune system communication are 

crucial in the development of endothelial dysfunction and hypertension in female 

NZBWF1 mice (de la Visitación et al. 2021). We must highlight that the PLS-DA of 

gut microbiota in NZBWF1 mice and age-matched control mice did not demonstrate 

highly differentiated microbial communities. In agreement with previous evidence 

(de la Visitación et al. 2021; Toral et al. 2019) the main characteristics of gut 

microbiota remodeling in SLE were: (i) No significant changes in α-diversity 

parameters (richness, diversity, and evenness), in Firmicutes/Bacteroidetes ratio, in 

SCFA-producing bacteria and in strict anaerobic bacteria proportion; (ii) The main 

changes happen within the sublevel categories as family and genera, with reduced 

content in Clostridiaceae and increased Lactobacillus (Lactobacillaceae). NZB/WF1 

mice displayed a higher abundance of Lactobacilli in the gut microbiota, which may 

be associated with more severe clinical signs, especially the impairment of systemic 

autoimmunity and renal function (Luo et al. 2018). Our results agree with the key 

role of Lactobacilli in the development renal dysfunction in SLE since RS and ITF 

interventions, which reduce Lactobacillus proportion, improved renal injury. 

Interestingly, the faecal content of Lactobacillus reuteri, a SCFA-sensitive bacteria, 

and its translocation to secondary lymph nodes and liver seems to be involved in 

SLE autoimmunity (Zegarra-Ruiz et al. 2019). However, in our experimental 

conditions the proportion of L. reuteri in faeces from CTR and SLE mice was similar 

and was unaffected by either RS or ITF, suggesting that translocation of this 

bacteria is not involved in autoimmunity in NZB/WF1 mice. 
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Prebiotic fiber fermentative metabolization by the gut microbiota produces 

metabolites known as SCFA, which have been demonstrated to be relevant 

regulators of pro-hypertensive components in SLE, such as inflammatory and 

immune processes (de la Visitación et al. 2019; Taylor and Ryan 2016). As 

expected, fiber supplementation promoted the growth of ACE-producing bacteria 

(RS fiber) and BUT-producing bacteria (ITF fiber). Bacteroides acidifacients 

(Bacteroidaceae, phylum Bacteroidetes), an ACE-producing bacteria, which was 

associated to reduced BP in hypertensive animals, was increased by RS fiber 

consumption (Marques et al. 2017). 

SCFA are relevant metabolites for the maintenance of intestinal 

homeostasis. SCFA can act as fuel for intestinal epithelial cells and intervene in the 

strengthening of the gut barrier function (Parada Venegas et al. 2019). In our 

experimental conditions, reduced colonic integrity was found in SLE mice, 

associated with increased translocation of LPS into the circulation. RS increased 

the expression of TJ proteins and reduced endotoxemia. Interestingly, colonic 

upregulation of SCFA receptor GPR43 was induced by RS fiber, suggesting that 

binding of ACE to GPR43 is a possible mechanism to improve gut integrity in SLE, 

whereas BUT induced HDACs inhibition seems to be involved in the protective 

effect of ITF fiber. In addition, RS fiber significantly increased colonic mRNA levels 

of mucins, associated with a significant increase of Akkermansia muciniphila. This 

is a gram-negative, strictly anaerobic bacterium belonging to the Verrucomicrobia 

phylum. It is capable of degrading mucin. These mucolytic properties seem to 

stimulate mucus renewal by a positive feedback loop (Derrien et al. 2004). In 

addition, A. muciniphila was associated with improved endothelial dysfunction, an 

early marker of CVD, in apolipoprotein E knockout (Apoe−/−) mice (Catry et al. 

2018) and reduced endotoxemia (Li et al. 2016). 

Recent publications that study female NZBWF1 mice have demonstrated 

that there is a broad arrange of factors playing a role in the onset of hypertension 

besides B-cell hyperactivity and autoantibody synthesis, such as pro-inflammatory 

cytokines or oxidative stress (Taylor and Ryan 2016). These are elements that 

mainly mediate local inflammation and can be linked to renal and vascular 

dysfunction. They can be found with a high probability downstream of the initial 

genetically-determined immune system dysregulation (de la Visitación et al. 2019). 

Previous studies demonstrated that dysfunctional polarization of naïve T cells to 

Th17 in MLN and Th17 infiltration in the vascular wall are crucial events involved in 

the gut microbiota-mediated higher BP in SLE mice (de la Visitación et al. 2021; 

Toral et al. 2019). The present study agrees with this hypothesis and demonstrated 

that fiber treatments reshaped gut-immune system axis, reducing Th17 polarization 

in MLN.  
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In fact, stool inoculation from SLE mice treated with RS or ITF was unable to 

increase Th17 content in GF MLN as compared to faecal inoculation from untreated 

SLE mice. SCFA, such as ACE or BUT, might mediate this gut-immune system 

communication in this part of the intestine, as previously described (Robles-Vera et 

al. 2020). As expected, B cell populations were higher in secondary lymph organs 

from SLE mice as compared to CTR in our results, and neither RS nor ITF 

treatments reduced B cell generation and circulating B cells, discarding the 

involvement of B cells in the BP regulation induced by microbiota. Likewise, FMT 

from SLE mice to GF mice did not increase the proportion of B cells in MLN. As per 

these results, we did not gather sufficient evidence to prove a hypothetical 

pathogenic role of anti-ds-DNA, as mediator of BP increase induced by microbiota. 

In fact, both fiber treatments decreased BP but were not able to reduce plasma 

anti-ds-DNA. Also, faecal inoculation from hypertensive SLE mice to GF mice 

induced an increase in BP but could not alter circulating anti-ds-DNA.  

Endothelial dysfunction plays a seminal part in the pathogenesis of 

hypertension. Decreased NO bioavailability is the central factor that links oxidative 

stress to endothelial dysfunction and hypertension. Both innate and adaptive 

immune responses participate in the generation of ROS and inflammatory changes 

in the kidneys, blood vessels and brain in hypertension (Wenzel et al. 2008). A 

dysfunctional communication between immune system and vascular wall is involved 

in endothelial dysfunction in SLE mice (Romero et al. 2017; Toral et al. 2019). High 

NOX-driven ROS synthesis is linked to both endothelial dysfunction and high BP in 

female NZB/WF1 mice (Gómez-Guzmán et al. 2014; de la Visitación et al. 2021; 

Toral et al. 2019). Accordingly, we too have detected a reduction in Ach-induced 

relaxation and an increase in NOX activity in aorta from SLE as compared to CTR. 

It is interesting that chronic fiber treatments were able to prevent the impoverished 

responses to Ach and the increase in NOX activity. We were able to corroborate 

these effects through FMT to GF mice, involving gut microbiota in oxidative stress 

and endothelial dysfunction. ROS production by the vascular NOX has been seen 

as a crucial part of microbiota-induced endothelial dysfunction since incubation with 

the selective NOX inhibitor VAS2870 suppresses the impairment of aortic 

endothelium-dependent relaxation to Ach. Local and circulating cytokines can 

modulate NOX activity (Kelley and Wuthrich 1999; Ryan 2013; Toral et al. 2019). 

Both RS and ITF decreased Th17 maturation in MLN, circulation and vascular 

infiltration (as seen in aorta). It has already been established that the pro-

inflammatory cytokine IL-17a induces Rho-kinase-mediated endothelial dysfunction 

in the vasculature (Nguyen et al. 2013), presumably partially because of an 

increase in ROS generation by NOX activation (Pietrowski et al. 2011).  
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Thus, the Rho-kinase inhibitor Y27632 restored Ach relaxation similarly to 

what we observed with the fiber treatments, which suggest that the IL-17-Rho-

kinase-pathway is highly regulated by gut microbiota in our genetic SLE model. 

Additionally, stool inoculation from SLE mice treated with RS or ITF to GF was 

unable to induce Th17 populations in MLN, Th17 infiltration in aorta and impaired 

Ach relaxation, as compared to faecal inoculation from untreated SLE mice. 

Overall, fibers intervention improved immune system-vascular axis, reducing Th17 

polarization in secondary lymph nodes and restoring endothelial function in SLE 

mice. 

Activating TLR-4 in vessels with bacterial products like LPS increases NOX 

dependent superoxide anion production and inflammation (Liang et al. 2013). In 

SLE mice, plasma endotoxin levels were increased, and intervention addressed to 

reduce endotoxemia normalized vascular TLR-4 expression and improved both 

vascular oxidative stress and inflammation (de la Visitación et al. 2021; Toral et al. 

2019). In addition, we were able to find increased LPS plasma levels in SLE mice 

associated to lower colonic integrity. Fiber interventions, especially RS, reduced 

endotoxemia, vascular TLR-4 expression and improved endothelial dysfunction.  

Renal function plays a crucial role in the long-term control of BP, impaired 

activity in the kidney is undoubtedly involved in the prevalence of hypertension in 

SLE patients and murine models. Moreover, in this experiment both fiber treatments 

decreased renal damage and BP concomitantly. Nonetheless, SLE-linked 

hypertension has been detected without displaying nephritis (Petrin et al. 1993; 

Ward and Studenski 1992). Around 53% of SLE patients in one cohort suffered 

from hypertension but not nephritis (Shaharir et al. 2015). Remarkably, faecal 

transplant from SLE induced an increase in BP that was not accompanied by 

changes in protein excretion, pointing to a kidney-independent BP regulatory role 

for the microbiota. 

In conclusion, our study demonstrated that fiber interventions partially 

prevented the development of hypertension and ameliorated cardiac hypertrophy 

and kidney damage in a genetic model of SLE. These effects were associated with 

changes in the gut microbiota (increasing SCFA-producing bacteria), improvement 

of gut integrity, and decreased endothelial dysfunction. Additionally, faecal 

inoculation from SLE mice treated with RS of ITF donor mice into recipients GF 

mice suppressed gut-immune system disbalance, endothelial dysfunction, and 

protects against hypertension. Overall, preventive BP effects and hypertensive 

cardiac damage induced by RS and ITF are partially attributed to improvement of 

the gut-immune system-vascular wall axis (Figure 71). 
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Women get SLE approximately 9:1 over men. Due to this, our results for this 

experiment and in most of the preceding bibliography were obtained using female 

models of the disease. Considering the evidence that supports significant 

differences in gut microbiota for both sexes (Beale et al. 2019), the possible effects 

of gut microbiota and its difference in BP regulation in males should be studied. Our 

results help rethink the current paradigm on the prevention of SLE-linked 

cardiovascular complications, suggesting modulation of the gut microbiota 

composition using fiber treatment. Nonetheless, caution is advisable for future 

extrapolations of our findings to humans since there are documented differences 

between the features of animal and human microbiota. 
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Figure 71. Role of dietary fiber intake in the raise of BP in NZBWF1 mice. 

Abbreviations: ITF, inulin-type fructans; LPS, lipopolysaccharide; RS, resistant starch; SCFA, short 

chain fatty acids; TJP, tight junction proteins. 
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CONCLUSIONS 
 

1. Gut microbiota from IMQ-mice is different to healthy controls and it triggers 

changes in blood pressure regulation, as proved by vancomycin treatment and 

stool transplantation from control mice, and this can be linked to the activation of 

pro-inflammatory Th17 lymphocytes. 

 

2. Gut microbiome metabolic product TMAO increases TLR-7 induced 

autoimmunity and vascular dysfunction. This can be associated with increased B 

cells differentiation and activation of pro-inflammatory Th17 lymphocytes, 

revealing the potential to alleviate cardiovascular complications by blockage of 

the TMAO pathway. 

 

3. Microbiota-derived SCFA have a protective effect on vascular dysfunction in 

TLR-7-driven SLE. Acetate and butyrate exert this regulatory action through 

GPR43 and HDACs, respectively, lowering Th17 proliferation and infiltration. 

Therefore, fiber-rich diets or SCFA treatments may provide an alternative 

intervention in preventing autoimmunity and SLE-related complications. 

 

4. Dietary interventions with prebiotic fibers are able to prevent the development of 

hypertension linked to SLE. This effect can be explained by gut microbiota 

modulation and SCFA production, leading to immunomodulatory regulation. 

Thus, fiber consumption might be a novel approach to prevent cardiovascular 

complications in SLE. 
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