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ABSTRACT: The aim of the present study was to examine whether the immune-modulatory bacteria Lactobacillus
fermentumCECT5716 (LC40)amelioratesdiseaseactivityandcardiovascular complications ina femalemousemodel
of lupus. Eighteen-week-old NZBWF1 [systemic lupus erythematosus (SLE)] and NZW/LacJ (control) mice were
treated with vehicle or LC40 (5 3 108 colony-forming units/d) for 15 wk. LC40 treatment reduced lupus disease
activity,bloodpressure, cardiac andrenalhypertrophy, andsplenomegaly inSLEmice.LC40reduced theelevatedT,
B, regulatory T cells (Treg), and T helper (Th)-1 cells in mesenteric lymph nodes of lupus mice. LC40 lowered the
higher plasma concentration of proinflammatory cytokines observed in lupusmice. Aortas from SLEmice showed
reduced endothelium-dependent vasodilator responses to acetylcholine. Endothelial dysfunction found in SLE is
related to an increase of both NADPH oxidase-driven superoxide production and eNOS phosphorylation at the
inhibitoryThr495. These activities returned to normal values after a treatmentwithLC40.Probiotic administration to
SLE mice reduced plasma LPS levels, which might be related to an improvement of the gut barrier integrity. LC40
treatment increases theBifidobacterium count ingutmicrobiota ofSLEmice. In conclusion, our findings identify the
gut microbiota manipulation with LC40 as an alternative approach to the prevention of SLE and its associated
vascular damage.—Toral, M., Robles-Vera, I., Romero, M., de la Visitación, N., Sánchez, M., O’Valle, F.,
Rodriguez-Nogales, A., Gálvez, J., Duarte, J., Jiménez, R. Lactobacillus fermentum CECT5716: a novel alternative
for the prevention of vascular disorders in a mouse model of systemic lupus erythematosus. FASEB J.
33, 10005–10018 (2019). www.fasebj.org
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Systemic lupus erythematosus (SLE) is one of the most
deleterious autoimmune inflammatory diseases. SLE is
related to an increased risk of renal and cardiovascular

disease development (1), the most important cause of
mortality in SLE patients (2). This disease is associated
with a high incidence of hypertension (3). Nevertheless,
the pathophysiological mechanisms promoting SLE hy-
pertension have been poorly explored. Several studies
suggest that oxidative stress is important in the patho-
genesis of hypertension in SLE (4). The immune system is
involved in the development of vascular inflammation,
and oxidative stress is linked to hypertension (5). How-
ever, whether immune cells contribute to endothelial
dysfunction and hypertension in SLE is largely unknown.

Gut microbiota might trigger symptoms and progres-
sion of some autoimmune diseases (6). A disbalance in
gut microbiota populations in SLE patients was de-
scribed, characterized by a significantly lower Firmicutes/
Bacteroidetes (F/B) ratio (6, 7), a lower diversity of gut
microbiota, and changes in several bacterial species, in
particular, an increased representation of Gram-negative

ABBREVIATIONS: anti-dsDNA, anti–double-stranded DNA; BP, blood
pressure; CFU, colony-forming unit; DHE, dihydroethidium; F/B,
Firmicutes/Bacteroidetes; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; HR, heart rate; IAP, intestinal alkaline phosphatase; LC40, Lactobacillus fer-
mentum CECT5716; L-NAME, NG-nitro-L-arginine methyl ester; LDA, linear
discriminant analysis; lpr, lupus-prone MRL/Mp-Fas; MRL, Murphy Roths
Large; NOX, NADPH oxidase; OTU, operational taxonomy unit; QIIME,
Quantitative Insights Into Microbial Ecology; RhoA, Ras homolog gene family,
member A; ROS, reactive oxygen species; SBP, systolic BP; SLE, systemic lupus
erythematosus; SNP, sodium nitroprusside; Th, T helper; Treg, regulatory T cell
1 Correspondence: Department of Pharmacology, School of Pharmacy,
University of Granada, Campus de Cartuja s/n, 18071 Granada, Spain.
E-mail: jmduarte@ugr.es

doi: 10.1096/fj.201900545RR
This article includes supplemental data. Please visit http://www.fasebj.org to
obtain this information.

0892-6638/19/0033-10005 © FASEB 10005

http://www.fasebj.org
http://www.fasebj.org
mailto:jmduarte@ugr.es
http://www.fasebj.org
http://crossmark.crossref.org/dialog/?doi=10.1096%2Ffj.201900545RR&domain=pdf&date_stamp=2019-06-07


bacteria consistent with an increased serum level of LPS
(8). In lupus-proneMurphyRothsLarge (MLR)/Mp-Faslpr
(lpr) mice, it has been described that the dynamics of
microbiota play a critical role in lupus pathogenesis (9).
Female lpr mice had a significantly lower abundance of
Lactobacillales thanMRL controls at 5wk of age, prior to the
onset of lupus-like disease, and MRL-to-lpr cecal trans-
plantation led to a significantly reduced production of au-
toantibodies anti–double-stranded DNA (anti-dsDNA)
(10).Moreover, treatment of female lprmicewith amixture
of 5 Lactobacillus spp. reduced disease activity, improved
renal function, and prolonged survival of thesemice. These
protective effects were linked to changes in the immune
response (10). In addition, antibiotic treatment initiated
postdisease onset, ameliorated lupus-like symptoms that
significantlyaltered the compositionofgutmicrobiota, and,
most notably, increased the relative abundance of Lactoba-
cillus spp. (11). Recently,Mardani et al. (12) showed that the
administration of the probiotics Lactobacillus delbrueckii or
Lactobacillus rhamnosus to a pristane-induced SLE mouse
model was able to prevent the initiation or the progression
of the SLE disease. Nonetheless, neither the MRL/lpr nor
pristane-induced SLE mice became hypertensive (13, 14);
therefore, their usefulness to examinemechanisms that lead
to SLE hypertension and the effects of therapeutic treat-
ments of hypertension in SLE were limited.

Female NZBWF1 mice have several characteristics
consistent with human SLE, including immune com-
plex deposition in the glomeruli, dsDNA autoanti-
bodies, albuminuria, and, importantly, endothelial
dysfunction and hypertension (13, 15, 16). Similarly to
humans, the cause of SLE in this model is thought to be
polygenic, and female NZBWF1 mice are more promi-
nently affected than males (17). In these female mice,
endothelial dysfunction occurs before high blood
pressure (BP), which is not dependent on glomerulo-
nephritis (15). Recent studies showed that the compo-
sition of gut microbiota changed markedly from before
to after the onset of lupus disease in these SLE mice (8).
Moreover, Lactobacillus paracasei GMNL-32, L. reuteri
GMNL-89, and L. reuteri GMNL-263 significantly in-
creased serum antioxidant activity in NZB/W F1 mice,
reduced proinflammatory cytokine levels, and attenu-
ated hepatic TLR (4, 5, 7, 9) and MyD88 signaling,
which suggests that these specific Lactobacillus strains
can be used as part of a comprehensive treatment of SLE
patients (18). However, no information about the ef-
fects of these strains onBPhas been found inNZB/WF1
mice.

Wehave recentlydemonstrated that themodificationof
microbiota through the administration of Lactobacillus fer-
mentum CECT5716 (LC40). This bacterium was originally
isolated from humanmilk (19), and its probiotic potential,
survival in gastrointestinal conditions, adhesion to in-
testinal cells, and antimicrobial activity have also been
described (20). Therefore, this strain is agoodcandidate for
functional food andpharmaceutical products. In addition,
this probiotic strain reduced BP in spontaneously hyper-
tensive rats (21) and in hypertensive mice induced by
tacrolimus (22), improving gut barrier function and T
helper cell (Th)17/regulatory T cell (Treg) balance in

mesenteric lymph nodes (23). Therefore, in the present
study, we tested a hypothesis, posing that the treatment
with the probiotic LC40 might ameliorate disease activity
andcardiovascularcomplications through themodulation
of the composition of intestinal microbiota and the im-
mune system in female NZBWF1 mice.

MATERIALS AND METHODS

The investigation conforms to the National Institutes of Health
(NIH; Bethesda,MD,USA)Guide for the Care andUse of Laboratory
Animals and was approved by the Ethics Committee of Labora-
tory Animals of the University of Granada (Granada, Spain; Ref.
459-bis-CEEA-2012).

Preparation and administration of the probiotic

LC40, as a freeze-dried preparation containing 2 3 1011 colony
formingunits (CFUs)/g,wassuppliedbyBiosearchLife (Granada,
Spain). LC40 was suspended using a sterile PBS solution and
wasdiluted to obtain a concentration of 53 109CFUs in 1ml for
use in experimental protocols, as previously described (23).

Animals and experimental groups

Eighteen-week-old female NZBWF1 (SLE) and NZW/LacJ
(control) mice from The Jackson Laboratory (Bar Harbor, ME,
USA) were randomly assigned to 4 different groups: control,
control-treated (control + LC40), SLE, and SLE-treated (SLE +
LC40). Control-treated and SLE-treated mice received vehicle
(PBS) or the probiotic LC40, respectively, at a dosage of 53 108

CFUsdaily in 0.1mlbyusinganoral gavage for 15wk.Micewere
maintained in a specific pathogen-free environment. Mice were
provided with water and a standard laboratory diet (Safe DS
A04; Safe, Augy, France) ad libitum.

BP measurements, physical characteristics, heart
and kidney weight indices

Systolic BP (SBP) was measured in conscious mice by tail-cuff
plethysmography using a digital pressure meter (LE 5001; Leika
Geosystems, Barcelona, Spain). At least 7 replicates/mouse of
the SBP were obtained in every session, and the mean of the
lowest 3valueswithin 5mmHgwas considered the SBP level (24).

At the end of the experimental period, micewere subjected to
isoflurane anesthesia. A polyethylene catheter containing 100 U
heparin in sterile, isotonicNaCl solutionwas inserted into the left
carotid artery. Intra-arterial BPwasmonitored in consciousmice
under unrestrained conditions. Direct BP and heart rate (HR)
were recorded continuously (MacLab; ADInstruments, Sydney,
Australia). Twenty-four hours after inserting the catheter,
intra-arterial BP was recorded continuously for 60 min with a
sampling frequency of 400/s (McLab; ADInstruments). Mean
arterial BP and HR values recorded during the last 30 min were
averaged for intergroup comparisons (25).

Bodyweight (in grams)wasmeasured for allmice. The hearts
were excised; the atria and the right ventriclewere then removed,
and the remaining left ventricle was weighted. The left ventricle,
liver, spleen, gonadal and mesenteric fat, and kidney weight in-
dices were calculated by dividing their weights by the tibia
length. All tissue samples were snap-frozen in liquid nitrogen
and then stored at280°C.
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Plasma parameters

At the end of the treatment, mice were euthanized under iso-
flurane anesthesia. Blood samples were collected from the heart,
cooledon ice, andcentrifuged for 10minat 3500 rpmat 4°C.Then
plasma samples were frozen at 280°C. Plasma glucose, triglyc-
erides,HDL, and total cholesterol concentrationsweremeasured
by colorimetric methods using Spinreact kits (Spinreact, Girona,
Spain). Plasmaanti-dsDNAantibodiesweremeasured following
the manufacturer’s instructions, as previously described (26).
Plasma LPS concentration was measured using the Limulus
Amebocyte Lyste Chromogenic Endotoxin Quantitation Kit
(Lonza Group, Basel, Switzerland) according to the manufac-
turer’s instructions. Plasma cytokines were measured by a
multiplex assay using luminex technology (MilliporeSigma,
Burlington, MA, USA).

Vascular reactivity studies

Descending thoracic aortic rings were resected from the animals
and were suspended in a wire myograph (model 610M; Danish
Myo Technology, Hinnerup, Denmark) for isometric tension
measurement as previously described (22). The organ chamber
was filled with Krebs solution (composition in mM: 118 NaCl,
4.75 KCl, 25 NaHCO3, 1.2 MgSO4, 2 CaCl2, 1.2 KH2PO4, and 11
glucose) at 37°C and gassedwith 95%O2 and 5%CO2 (pH;7.4).
Length-tension characteristics were obtained via the myograph
software (Myodaq v.2.01), and the aortas were loaded to a ten-
sion of 5 mN.

In endothelium-intact aorta, cumulative concentration-
response curves to acetylcholine (1 nM to 10 mM) were con-
structed in intact rings precontracted by the thromboxane A2
analogous U46619 (10 nM). A second concentration-relaxant re-
sponse curve to acetylcholine was performed in each ring in the
absence or in the presence of eNOS inhibitor NG-nitro-L-arginine
methyl ester (L-NAME, 100 mM), or the specific pan–NADPH
oxidase [(NOX) inhibitor VAS2870 (5 mM)]. The relaxation re-
sponses to sodium nitroprusside (SNP, 1 nM to 10 mM) were
studied in the dark in endothelium-denuded vessels precon-
tracted with U46619 (10 nM). Relaxation responses to acetyl-
cholineandSNPwereexpressedaspercentagesofprecontraction
induced by U46619. Aorta was denuded of endothelium by
gently rubbing the intimal surface with a needle. The absence of
functional endothelium was tested by observing no relaxation
response to acetylcholine.

In situ detection of vascular reactive oxygen
species production and NOX activity

Unfixed thoracic aortic ringswere cryopreserved (0.1MPBSplus
30%sucrose for 1–2h), embedded inoptimal cutting temperature
compound (Tissue-Tek; SakuraFinetechnical, Tokyo, Japan), and
frozen at280°C. Then, 10-mm cross sections were obtained in a
cryostat (Model HM 500 OM; Microm International, Walldorf,
Germany). Sections were incubated for 30 min in 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
solution containing dihydroethidium (DHE, 10 mM), counter-
stained with the nuclear stain DAPI (300 nM), and, in the fol-
lowing 24 h, examined under a fluorescence microscope (DM
IRB; LeicaMicrosystems, Buffalo Grove, IL, USA). Sections were
photographed, and ethidium and DAPI fluorescences were
quantified using ImageJ (v.1.32j; NIH; http://rsb.info.nih/ij/). Re-
active oxygen species (ROS) production was estimated from the
ratio of ethidium/DAPI fluorescence (24). In preliminary exper-
iments, before incubation with DHE, serial sections were treated
with either the O2

2 scavenger polyethylene glycol-modified

superoxide dismutase (25 U/ml) for 30 min at 37°C, indicating
the specificity of this reaction.

The lucigenin-ECLassaywas used todetermineNOXactivity
in intact aortic rings as previously described (16). Aortic rings
from all experimental groups were incubated for 30 min at 37°C
in HEPES-containing physiologic saline solution (pH 7.4) of the
following composition (in mM): NaCl 119, HEPES 20, KCl 4.6,
MgSO4 1,Na2HPO4 0.15, KH2PO4 0.4,NaHCO3 1, CaCl2 1.2, and
glucose 5.5. Aortic production of O2

2 was stimulated by the
addition of NADPH (100 mM). Rings were then placed in tubes
containing physiologic saline solution,with orwithoutNADPH.
Then lucigeninwas injectedautomaticallyat a final concentration
of 5 mM to avoid artifacts occurring at higher concentrations.
NOX activity was determined by measuring luminescence over
200 s in a scintillation counter (Lumat LB 9507; Berthold Tech-
nologies, Bad Wildbad, Germany) in 5-s intervals and was cal-
culated by subtracting the basal values from those found in the
presence of NADPH. Vessels were then dried, and dry weight
was determined. NOX activity is expressed as relative lumines-
cence units per minute per milligram of dry aortic tissue.

RT-PCR analysis

For RT-PCR analysis, total RNA was extracted from aorta and
colon by homogenization and converted into cDNAby standard
methods. Tissues were homogenized in 1 ml of Tri Reagent
(Thermo Fisher Scientific, Waltham, MA, USA). RNA isolation
was performed with traditional methods using sequential
washes with bromochloropropane, isopropanol, and ethanol
75%.RNAconcentrationsweremeasuredwith aNanoDrop2000
Spectrophotometer (Thermo Fisher Scientific). PCR was per-
formed with a Techgene thermal cycler (Techne, Cambridge,
United Kingdom). A quantitative real-time RT-PCR technique
was used to analyze mRNA expression. The sequences of the
sense and antisense primers used for amplification are described
in Supplemental Table S1. Preliminary experiments were carried
out with various amounts of cDNA to determine nonsaturating
conditions of PCR amplification for all the genes studied.
Therefore, under these conditions, relative quantification of
mRNAwas assessed by the RT-PCR method used in this study.
The efficiency of the PCR reaction was determined using a di-
lution series of a standard tissue sample. Quantification was
performed using the ΔΔCt method. The housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase and ribosomal pro-
tein L13 were used for internal normalization (24).

Western blotting analysis

We examined the state of eNOS and Ras homolog gene family,
member A (RhoA) protein expression in aortic homogenates.
Aortic homogenates were run on a sodium dodecyl sulfate-
polyacrilamide electrophoresis (40 mg of protein/lane), then
proteinswere transferred to PVDFmembranes, incubatedwith a
primary rabbit monoclonal anti-p-eNOS-Ser1177 antibody (Cell
Signaling Technology, Danvers, MA, USA), a rabbit monoclonal
anti-p-eNOS-Thr495 (MilliporeSigma), or a mouse monoclonal
anti-eNOS antibody (BD Biosciences, San Jose, CA, USA) and
rabbit polyclonal anti-RhoA (Abcam, Cambridge, United King-
dom).All antibodieswereused at 1/1000 dilution and incubated
overnight at 4°C. Then membranes were incubated with sec-
ondary peroxidase-conjugated goat anti-rabbit or goat anti-
mouseantibodies (1:2000; SantaCruzBiotechnology, SantaCruz,
CA, USA). Antibody binding was detected by an ECL system
(Amersham, Little Chalfont, United Kingdom), and the densi-
tometric analysis was performed using Scion Image-Release
Beta 4.02 software (http://www.scioncorp.com). Phosphorylated
eNOS/eNOSandRhoA/a-actinabundance ratioswerecalculated,
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and data were expressed as a percentage of the values in control
aorta from the same gel (24).

Flow cytometry

Mesenteric lymph nodes and spleens were collected from mice.
The tissues were properly mashed with wet slides to decrease
friction. The solutionswere then filtered through a cell strainer of
70 mm. Cells from spleens were isolated, and then the red blood
cells were lysed with Gey’s solution. For intracellular staining, 1
3 106 cells were counted and incubated with a protein transport
inhibitor (BD GolgiPlug; BD Biosciences) for an optimum de-
tection of intracellular cytokines by flow cytometry, and cells
were stimulated with 50 ng/ml phorbol 12-myristate 13-acetate
plus 1 mg/ml ionomycin. After 4.5 h, cell aliquots from each
sample were blocked with Fc-g receptors, blocking for 30 min at
4°C to avoid nonspecific binding to mouse Fc-g receptors. After
that, cells were transferred to polystyrene tubes for surface
stainingwithanti-CD4(PerCP-Cy, cloneRM4-5;BDBiosciences),
anti-CD45 (APE-eFluor 780, clone 30-F11; BD Biosciences),
anti-B220 (allophycocyanin, cloneRA3-6B2;BDBiosciences), and
viability dye (allophycocyanin-Cy7, clone N418; Thermo Fisher
Scientific) for 20 min at 4°C in the dark. The lymphocytes and
splenocytes were then fixed, permeabilized, and intracellular
staining was conducted with mAbs anti-FoxP3 (PE, clone
FJK-16s; Thermo Fisher Scientific), anti–IL-17a (PE-Cy7, clone
eBio17B7; Thermo Fisher Scientific), and anti-IFN-g (Alexa Fluor
488, clone XMG1.2; Thermo Fisher Scientific) for 30min at 4°C in
the dark. Data collection was performed using a flow cytometer
Canto II (BD Biosciences) as previously described (16, 22). Sup-
plementalFigureS1 illustrates thegatingstrategy thatwasapplied.

L. fermentum CECT5716 detection

Fecal samples were suspended at 200 mg/ml in buffered
peptonizedwater (BioMérieux,Marcy-l’Étoile, France) and used
to inoculate De Man, Rogosa and Sharpe broth (Scharlab, Bar-
celona, Spain). Inorder to enrichLactobacillus spppopulations,De
Man,RogosaandSharpebrothpHwasadjustedat 4.5withacetic
acid. Cultures of 15ml of brothmediumcontaining fecal samples
(0.25 ml) or buffered peptonized water (0.25 ml; negative con-
trols) were incubated for 48 h at 37°C under anoxic conditions
(27).Microbial biomass from those cultureswith positive growth
was collected by centrifugation (4500 g for 10 min) and used as
rawmaterial for bacterial DNApurification using the Ezna Stool
DNA Purification Kit (Omega Bio-Tek, Norcross, GA, USA).
Bacterial DNA samples were used as templates in SYBR
green-based quantitative PCR assays in 20-ml reactions contain-
ing 10-ml master mix (FastStart Essential DNA Green Master;
Roche, Basel, Switzerland); 1 ml bacterial DNA as template and
the oligonucleotides (Eurofins Genomics, Louisville, KY, USA)
L677 and L159 (Lactobacillus spp.) (28) or HSL40_126F and
HSL40_126R (LC40) (29) as primers (500 nM). Amplification and
detection were performed in a Stratagene MX3005P thermal cy-
cler (Fisher Scientific,Madrid, Spain). Positive samples (presence
of Lactobacillus spp., LC40, or both) showed amplification reac-
tions with Ct values below 35 cycles and amplicons with the
expected melting temperature.

DNA extraction, 16S rRNA gene
amplification, bioinformatics

Fecal samples were collected from 4 to 8 animals/group at the
end of the experimental period. DNA was extracted from fecal
samplesusingG-spin columns (IntronBiotechnology,Gyeonggi-
do, Korea) starting from 30 mg of samples resuspended in PBS

and treated with proteinase K and RNAses (30). DNA concen-
trationwasdetermined in the samplesusingQuant-ITPicoGreen
reagent (Thermo Fisher Scientific), and DNA samples (about 3
ng) were used to amplify the V3–V4 region of 16S rRNA gene
(31). PCR products (;450 base pair included extension tails,
which allowed sample barcoding and the addition of specific
Illumina sequences in a second low-cycle number PCR. Indi-
vidual amplicon libraries were analyzed using a Bioanalyzer
2100 (Agilent Technologies, SantaClara, CA,USA), and apool of
samples was made in equimolar amounts. The pool was further
cleaned andquantified, and the exact concentration estimated by
real-timePCR (Roche). Finally,DNAsampleswere sequencedon
an MiSeq instrument (Illumina, San Diego, CA, USA) with 2 3
300 paired-end read sequencing at the Unidad de Genómica
(Parque Cientı́fico de Madrid, Madrid, Spain).

We used the barcoded Illumina paired-end sequencing
pipeline to process the raw sequences (32). First, the barcode
primers were trimmed and filtered if they contained ambiguous
bases or mismatches in the primer regions according to the bar-
coded Illumina paired-end sequencing protocol. Second, we re-
moved any sequences with more than 1 mismatch within the
40–70 base pair region at each end. Third, we used 30 Ns to
concentrate the 2 single-ended sequences for the downstream
sequence analysis. A detailed description of these methods was
reported previously (33). Fourth, we performed UCHIME
(implemented in USEARCH, v.6.1) to screen out and remove
chimeras in the de novo mode (using-minchunk 20-xn 7-noskip-
gaps 2) (34).

Between 90,000 and 220,000 sequenceswere identified in each
sample. All subsequent analyses were performed using 16S
Metagenomics (v.1.0.1.0) from Illumina. The sequences were
then clustered to an operational taxonomic unit (OTU) using
USEARCH with default parameters (USERACH v.61). The
threshold distance was set to 0.03. Thus, when the similarity
between 2 16S rRNA sequences was 97%, the sequences were
classified as the same OTU. Quantitative Insights Into Microbial
Ecology (QIIME)-based alignments of representative sequences
were performed using PyNAST, and the Greengenes 13_8 da-
tabase was used as the template file. The Ribosome Database
project algorithm was applied to classify the representative se-
quences into specific taxa using the default database (34). The
Taxonomy Database (National Center for Biotechnology In-
formation)wasused forclassificationandnomenclature.Bacteria
were classified based on the short-chain fatty acids’ end-product,
as previously described (35, 36).

Statistical analysis

The Shannon diversity, Chao richness, and Pielou evenness, and
observed species indexes were calculated using the QIIME
pipeline (PAST33). Reads in eachOTUwere normalized to total
reads in each sample. Only taxa with a percentage of reads
.0.001% were used for the analysis. Partial Least Square (PLS)
analysis was also applied to these data to identify significant
differences between groups. Linear discriminant analysis (LDA)
scores above 2 were displayed. Taxonomy was summarized at
the genus levelwithinQIIMEv.1.9.0 and uploaded to theGalaxy
platform(37) togenerateLEfSe/cladogramenrichmentplots that
considered significant enrichment at a value of P , 0.05, LDA
score.2.

Results are expressed as means 6 SEM. Statistical analyses
were performedusingPrism7 (GraphPad software, La Jolla, CA,
USA). A 2-wayANOVA (with Sidak’s correction for comparison
ofmultiple means) was used for comparisons of 4 groupswith 2
variables (SLE and LC40 treatments). A 2-way ANOVA with
repeated measurements approach (with Tukey’s correction for
comparison of multiple means) was used for comparisons of
vasodilator potency. Significance was accepted at P, 0.05.
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RESULTS

LC40 treatment prevents gut dysbiosis in
SLE mice

LC40 was detected alive in fecal samples of 57% and 50%
of SLE-LC40 and control-LC40 groups, respectively,
demonstrating that this strain is able to survive the con-
ditions of the gastrointestinal tract of these mice. We ana-
lyzed fecal DNA isolated from all experimental mice
groups to determine the dynamics of gut microbiota dur-
ing lupus disease. In order to compare the bacterial com-
position of the gut microbiota between SLE mice and
control mice, we have evaluated 3 major ecological pa-
rameters, including Shannon and Simpson (the combined
parameters of richness and evenness) diversity, Chao
richness (an estimate of a total number of OTUs present in
the given community), Pielou evenness (to show how
evenly the individuals in the community are distrib-
uted over different OTUs), and number of species. No

significant changesamonggroupswereobserved regarding
microbial richness, diversity, and evenness (Fig. 1A).

Similarly, when we evaluated the phyla composition,
fecal samples were dominated by Firmicutes and Bacter-
oidetes, and smaller proportions of Actinobacteria, Pro-
teobacteria, and Tenericutes (Fig. 1B) were found in the
different experimental groups. No significant differences
were found between control and SLE group in the 2 main
phyla percentages (Fig. 1B and Supplemental Table S2)
and F/B ratio (Fig. 1C). Of note, the administration of the
probiotic LC40 to the SLE-treated group was able to re-
duce the F/B ratio (Fig. 1C) as a result of a decrease in the
proportion of Firmicutes and an increase in the proportion
of Bacteroidetes. We have also evaluated what genera of
bacteria contributed to the alteration of microbiota com-
position in SLE disease. A significant decrease in the pro-
portion of butyrate- and acetate-producing bacteria has
been previously described in both humans and animals
with hypertension (38). However, we did not find any
differences in the proportion of butyrate-, acetate-, and

Figure 1. Effects of LC40 treatment on phyla changes in the microecological parameters and gut microbiota composition. Fecal
samples were collected and bacterial 16S ribosomal DNA were amplified and sequenced to analyze the composition of microbial
communities. A) Fecal diversity, richness, evenness, and numbers of species were used to evaluate general differences of
microbial composition in all experimental groups. B) Phylum breakdown of the most abundant bacterial communities in the
fecal samples from all experimental groups. C) The F/B ratio was calculated as a biomarker of gut dysbiosis. D) Relative
proportions of lactate-, butyrate-, and acetate-producing bacteria in the gut microbiota in control (Ctrl) and SLE mice. Values are
expressed as means6 SEM (n = 4–8). *P, 0.05 compared with the Ctrl group; #P, 0.05, ##P, 0.01 compared with the untreated
SLE group.
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lactate-producing bacteria between SLE mice and control
mice. Only the LC40 treatment reduced the proportion of
butyrate-producing bacteria in SLE mice (Fig. 1D). Sup-
plemental Figure S2 shows the bacterial taxa (class, order,
family, and genus) that were altered by SLE disease,
according to LEfSe analysis. Prominent changes in bacte-
rial taxa occurred, as showed in cladograms comparing
controlwith SLE groups (Supplemental Fig. S2A) and SLE
with SLE-LC40 groups (Supplemental Fig. S2B), with mi-
nor changes between SLE and control mice (4 increased
and 2 decreased) and SLE treated with LC40 vs. SLE (4
increased and 1 decreased) when we compared by LDA
score genera representing.0.1% of total bacteria.

We have also evaluated what genera of bacteria were
altered within the microbiota (Fig. 2). Figure 2A shows 3-

dimensional scatterplots generated by principal co-
ordinate analysis to visualize whether the experimental
groups in the input phylogenetic tree have significantly
different microbial communities between each other. The
main separation is due to LC40 treatment,wherein control
and SLE groups did not separate in genera. Interestingly,
and similar to that described in LDA analysis, we found
that the gut microbiota of SLE mice had a signifi-
cantly higher abundance of only Pedobacter, Lactobacillus,
and Prevotella than the control group, and no changes
in other genera, such as Bifidobacterium, were found
(Fig. 2B, C). LC40 treatment increased the accumulation
of Parabacteroides or Bifidobacterium (Fig. 2C) in both
control-treated and SLE-treated mice. This modification
would be involved in the change in T-cell polarization (39)

Figure 2. Effects of LC40 treatment on genera changes in the gut microbiota composition. A) Principal coordinate analysis in the
gut microbiota from all experimental groups. B) Heatmap showing the bacterial genera most differing in abundance between
different groups. Samples clustered by treatment group demonstrated that the treatments resulted in distinct populations of
bacteria at the genus level. The heatmap colors represent the relative percentage of microbial genus assigned within each sample.
C) Bacterial genera Blautia, Pedobacter, Bifidobacterium, Lactobacillus, Parabacteroides, Prevotella, and Lachnospira in the gut microbiota
in control (Ctrl) and SLE mice. Values are expressed as means 6 SEM (n = 4–8). *P , 0.05, **P , 0.01 compared with the Ctrl
group; #P , 0.05, ##P , 0.01 compared with the untreated SLE group.
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found in mesenteric lymph nodes induced by this pro-
biotic and the improvement of gut epithelial integrity by
strengthening tight junctions (40).Moreover, we observed
that the administration of LC40 significantly reduced the
abundance of Blautia and Lachnospira (Fig. 2C) in the gut
microbiota of SLE-treated mice.

LC40 treatment improves intestinal integrity,
inflammation, and endotoxemia

Wemeasured endotoxin levels in plasma and found them
significantly higher in SLE mice than in the control group
(Fig. 3A). Interestingly, the long-term treatmentwithLC40
significantly decreased endotoxemia in lupus mice. These
results suggest that intestinal permeability is increased in
this female mouse model of lupus and allows bacterial
components (e.g., LPS) to enter the blood stream. Because
of this, we tested the integrity of the gut barrier and found
that the treatment with LC40 significantly increased the
colonic mRNA expression of barrier-forming junction
transcripts (zonula occludens-1 and occludin) and of the
mucins, in particular, mucin-2 (Fig. 3B). This effect sug-
gests an enhanced barrier function of the intestinal
epithelium as a result of the supplementation with
Lactobacillus. We also found that colonic expression of
IL-18 (Fig. 3C), a cytokine important for tissue repair (41)
and limiting colonic Th17 cell differentiation (42), was
higher in SLE-treated mice. Furthermore, the increased
mRNA levels of the colonic proinflammatory cytokines
TNF-a and IL-1b (Fig. 3D) in SLEmicewere significantly
reduced by LC40 administration. In addition, the colonic
expression of intestinal alkaline phosphatase (IAP) was
significantly up-regulated after the probiotic treatment

in SLE mice compared with untreated lupus mice (Fig.
3E). This effect may be associatedwith the enhanced LPS
clearance because IAP is an enzyme expressed on the
microvillus membranes of enterocytes (43) that can de-
phosphorylate LPS, leading to an important reduction in
LPS toxicity (44).

LC40 treatment improves morphologic
variables, plasma parameters, and BP

At 18-wk old, SBP was similar among all experimental
groups (unpublished data). At 33 wk, SBP was signifi-
cantly higher in SLE mice compared with control mice
in;56mmHg, and this changewas prevented by chronic
LC40 treatment (Fig. 4A). Also, these antihyperten-
sive effects were observed using direct intra-arterial
recordings in conscious mice (Fig. 4B), without sig-
nificantly affecting HR (Fig. 4C). Regardless of the
presence or absence of LC40 treatment, a significant
increase in body weight of SLE mice in comparison
with the weight of control animals was found (Sup-
plemental Table S3). Anatomic analysis revealed that
left ventricle weight/tibia length, heart weight/tibia
length and kidney weight/tibia length indices were
higher in SLE mice (Supplemental Table S3) than
in control mice. Long-term administration of LC40
significantly reduced both renal and cardiac hyper-
trophy found in SLE mice. Analysis of metabolic
plasma variables (Supplemental Table S3) showed that
fasting glycemia and plasma cholesterol were higher
in SLEmice than in control mice. However, no effect of
LC40 treatment was found on basal glycemia and
cholesterol.

Figure 3. Effects of LC40 treatment on proinflammatory and epithelial integrity markers. A) Plasma endotoxin concentrations
(EU/ml, endotoxin U/ml). B–D) Colonic mRNA levels of occludin, zonula occludens-1 (ZO-1), and mucin (MUC)-2 (B), tissue
repair cytokine IL-18 (C), proinflammatory cytokines TNF-a and IL-1b (D). E) IAP in control (Ctrl) and SLE mice. Values are
expressed as means 6 SEM (n = 4–6). *P , 0.05, **P , 0.01 compared with the Ctrl group; #P , 0.05, ##P , 0.01 compared with
the untreated SLE group.
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LC40 treatment attenuates SLE disease
activity and T cells imbalance

We measured SLE disease activity by plasma levels of
autoantibodies, andwe founda significant increase in SLE
mice compared with control mice (Supplemental Fig.
S3A), as previously reported (25). Probiotic treatment
significantly reduced the levels of anti-dsDNA in SLE,
being without effect in control mice. Moreover, disease
progression has been associatedwith splenomegaly, most
probably because of a lymphoproliferative disorder (45).
We have also observed splenomegaly in lupus mice,
which was considerably reduced by the administration of
LC40 (Supplemental Fig. S3B).

Increasedproductionof autoantibodies andprogressive
lupus-like autoimmune disease are associated with an
imbalance of T cells (46) and increased B cells (47). In order
to determine the immunomodulatory actions of the pro-
biotic LC40, we measured the levels of B and T cells in

mesenteric lymph nodes and spleen from all experimental
groups. ThepercentageofB cellswashigher inbothorgans
from SLE mice than in the control group, without any
change in T cells (Fig. 4D, E). LC40 treatment of SLE mice
led to a significant decrease in the levels of B cells in mes-
enteric lymph nodes (Fig. 4D), whereas this decrease was
not found in the spleen (Fig. 4E). As expected, the per-
centages of Treg (CD4+/FoxP3+) cells, Th17 cells (CD4+/IL-
17a+), and Th1 (CD4+/IFN-g+) cells increased in SLE mice
in mesenteric lymph nodes (Fig. 4D), whereas only Treg
cells increased by lupus disease in the spleen (Supple-
mental Fig. S4). LC40 treatment prevented the altered
T-cell polarization induced by SLE only in mesenteric
lymph nodes (Fig. 4D).

Plasma levels of IL-17a, IL-10, IFN-g, TNF-a, and IL-21
also increased in SLE mice compared with control mice.
Again, probiotic administration led to the return to nor-
mal levels of these parameters, except for TNF-a, which

Figure 4. Effects of LC40 treatment on both BP and lymphocytes populations in mesenteric lymph nodes and spleen. A) SBP was
measured by tail-cuff plethysmography. B, C) Mean arterial BP (MABP) (B) and HR (C) were measured in left carotid artery by
direct registration in control (Ctrl) and SLE mice. D, E) Total B (B220+) lymphocytes, T cells (CD4+), Treg cells (CD4

+ FoxP3+),
Th17 (CD4+ IL-17a+), and Th1 (CD4+ IFN-g+) cells measured by flow cytometry in mesenteric lymphoid nodes (D), and B and
T cells in spleen (E) in Ctrl and SLE mice. Values are expressed as means 6 SEM (n = 4–8). **P , 0.01 compared with the Ctrl
group; #P , 0.05, ##P , 0.01 compared with the untreated SLE group.
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tended to decrease but without statistical significance
(Supplemental Fig. S5). The lower colonic TNF-a levels
found in the SLE-LC40 group might be a result of a local
anti-inflammatory activity induced by LC40 in the gut.

LC40 treatment prevents endothelial
dysfunction and vascular oxidative stress

Aortas fromSLEmice had strongly reduced endothelium-
dependent vasodilator responses to acetylcholine com-
paredwith aortas from the control group. The treatment of
SLE mice with the probiotic showed an increase in the
acetylcholine-inducedvasodilation comparedwithvehicle-
treatedSLEmice (Fig. 5A). The relaxation response induced
by acetylcholine was fully inhibited by L-NAME in all ex-
perimental groups (Supplemental Fig. S6A), which shows
that acetylcholine-induced relaxation of aorta depends en-
tirely on endothelium-derived NO in both control and SLE
groups.WedeterminedtheeffectsofSNPtoanalyzewhether
the impairedresponse toendothelium-derivedNOisduetoa

lower bioavailability of NO or to a defect in NO signal-
ing in vascular smooth muscle. SNP directly activates solu-
ble guanylate cyclase in vascular smoothmuscle, mimicking
the effects of endogenous NO. No differences were ob-
served among all experimental groups in the endothelium-
independent relaxation response to SNP (Supplemental
Fig. S6B).

Ethidium red fluorescence was measured in sections
of aortas incubated with DHE to characterize and lo-
calize ROS levels within the vascular wall. Positive red
nuclei were observed in adventitial, medial, and en-
dothelial cells from sections of aorta incubated with
DHE (Fig. 5B). Nuclear ethidium red fluorescence was
quantified and normalized to the blue fluorescence of
the DAPI nuclear stain, allowing comparisons between
different sections. Aortic rings from the SLE group
showed a marked staining in adventitial, medial, and
endothelial cells, whereas a slighter staining was found
in aortic rings from the control group because it was
almost suppressed in this group by the O2

2 scavenger
polyethylene glycol-modified superoxide dismutase.

Figure 5. Effects of LC40 treatment on endothelial function, vascular oxidative stress, and NOX pathway. A) Vascular relaxation
responses induced by acetylcholine (Ach) in endothelium-intact aortas precontracted by U46619 (10 nM) in control (Ctrl) and
SLE mice. B) Top pictures show arteries incubated in the presence of DHE, which produces a red fluorescence when oxidized to
ethidium by ROS. Bottom pictures show the blue fluorescence of the nuclear dye DAPI (original magnification,3400). Averaged
values, mean 6 SEM (n = 4–8 rings from different mice) of the red ethidium fluorescence normalized to the blue DAPI
fluorescence. C, D) NOX activity measured by lucigenin-ECL (C) and expression of NOX subunits NOX-1, NOX-4, p47phox, and
p22phox (D) at the level of mRNA by RT-PCR in Ctrl and SLE mice. Values are expressed as means 6 SEM (n = 4–8). *P , 0.05,
**P , 0.01 compared with the Ctrl group; #P , 0.05, ##P , 0.01 compared with the untreated SLE group.
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These effects on ROS levels were prevented by LC40
treatment (Fig. 5B). Because NOX is the major source of
ROS in the vascular wall, we investigated the role of
NOX-driven ROS production in endothelial function.
We tested endothelium-dependent relaxation to ace-
tylcholine in the presence of the pan-NOX inhibitor
VAS2870. No significant differences in control and
LC40-treated groups were observed after incubation
with VAS2870, but this agent increased the relaxant
response to acetylcholine in the SLE group, showing the
critical role of increased NOX in the endothelial dys-
function found in aortas from SLE mice (Supplemental
Fig. S6C). In addition, NOX activity was higher in the
aortic rings of SLE mice than in the aortic rings of
control mice (Fig. 5C). This activity was associated
with a significant mRNA increase of the main NOX
subunits in aortas obtained from all experimental
groups (Fig. 5D). Chronic administration of LC40 re-
duced significantly both the up-regulation of NOX
subunits and the increased NOX activity in SLE mice
but not in control mice (Fig. 5C, D).

LC40 treatment reduces IL-17/Rho kinase/eNOS
pathway and vascular inflammation

Wemeasured themRNA level of FoxP3 (amarker of Treg)
and RORg (a marker of Th17) to determine whether these
vascular effects were associated with T-lymphocyte in-
filtration in aortas. In addition,mRNAof IL-10 and IL-17a,
cytokines released by Treg and Th17, respectively, were
also measured. mRNA levels of FoxP3 and IL-10 were
higher in SLE mice than in control mice. These mRNA
levelswere restored tonormal valueswhenSLEmicewere
treated with LC40 (Fig. 6A). Moreover, RORg and IL-17a
mRNA levels were markedly higher in SLE mice than in
control mice, whereas the chronic administration of LC40
decreased these high mRNA levels (Fig. 6B). IL-17a acti-
vates Rho A/Rho-kinase, leading to increased phosphor-
ylation of the inhibitory eNOS residue Thr495 and
endothelial dysfunction (48). Consistent with these data,
we found that the protein expression of RhoA (Fig. 6C) (an
upstream Rho-kinase activator) and eNOS phosphoryla-
tion at the inhibitory Thr495 were higher in SLE mice than

Figure 6. Effects of LC40 treatment on aortic T-cells infiltration. A) Treg infiltration in aorta measured by FoxP3 and IL-10 mRNA
levels. B) Aortic Th17 infiltration measured by mRNA levels of RORg and IL-17a. C) Rho-kinase activity measured by Rho protein
expression. D) eNOS activity measured by Ser1177 and Thr495 eNOS phosphorylation in control (Ctrl) and SLE mice. Values are
expressed as means 6 SEM (n = 4–6). *P , 0.05, **P , 0.01 compared with the Ctrl group; #P , 0.05, ##P , 0.01 compared with
the untreated SLE group.
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in control mice, whereas the phosphorylation of eNOS at
the activation site Ser1177 was lower in aortas of the SLE
group than in aortas of the control group. These effects on
SLE mice were restored to values similar to control mice
when SLE mice were treated with LC40 (Fig. 6D).

Bacterial endotoxin LPS activates TLR-4, inducing cy-
tokine expression in the vascular wall (49) and augment-
ing ROS production, primarily superoxide, which rapidly
reactswithand inactivatesNOin thevascularwall (24, 50).
The mRNA levels of TLR-4 in aorta were significantly
higher in SLEmice than in control mice. This increase was
abolished by the LC40 treatment (Supplemental Fig. S7A).
Furthermore, gene expression of the proinflammatory
cytokines IL-6, IL-1b, and TNF-a in aorta was higher in
SLE mice than in control mice. Probiotic administration
significantly reduced mRNA levels of these genes (Sup-
plemental Fig. S7B).

DISCUSSION

We have demonstrated for the first time that chronic oral
administration of the probiotic LC40 can improve the
cardiovascular complications occurring in an experimen-
tal model of SLEwith hypertension. The protective effects
of LC40 are as follows: 1) a markedly attenuated lupus
disease progression as evidenced by a decrease in
splenomegaly, B cells accumulation, and plasma
anti-dsDNA; 2) a significant decrease in SBP and heart
and kidney hypertrophy; 3) a restoration of endothelial
function associatedwith lower vascular Th17 infiltration;
and 4) an improvement of gut dysbiosis linked to in-
creased colonic integrity and reduced endotoxemia.
Herein, we suggest the important role of gut microbiota
manipulation in preventing cardiovascular alterations
associated with SLE.

Our results in gut microbiota composition are consis-
tent with the relative higher abundance of a group of
Lactobacilli found in the gut microbiota of NZBWF1mice
associated with deteriorated disease (8). However, these
authors did not compare the fecal microbiota between
NZBWF1 mice and a control mouse strain. In our experi-
mental conditions, LC40 treatment significantly increased
Bifidobacterium and Parabacteroides and significantly re-
duced Lachnospira and Blautia. Importantly, treatments
improving lupus symptoms in lupus MRL/lpr mice re-
stored gut colonization of Lactobacillus spp. and decreased
that of Lachnospiraceae (10, 11).

In lpr mice, a leaky gut has been described (10), char-
acterized by decreased expression of tight junction pro-
teins, increased permeability, and increased plasma
LPS levels. LPS accelerates lupus progression in sev-
eral lupus-prone mouse models, including NZBWF1
mice, enhancing polyclonal B-cell activation, plasma
anti-dsDNA antibodies, and renal failure (51, 52). A
leaky gut may allow the translocation of Gram-negative
bacteria across the intestinal epithelium, leading to an
increase in LPS, a cell wall component of Gram-negative
bacteria, into the circulation. Our data showed that
the intestinal epithelium is compromised in lupus mice
and that LC40 treatment can restore mucosal barrier

integrity. In addition, the effect of LC40 on gut barrier
function may also be attributed to the increase of
mucin-2, a mucin protein that functions primarily to
protect the intestinal epithelium (53). Interestingly, LC40
treatment decreased LPS plasma levels. Consistently
with previous data obtained from lpr mice treated with
Lactobacillus (10), we have shown that the administration
of L. fermentum to SLE mice was associated with a sig-
nificant increase in the colonic expression of IAP, which
has been reported to support the growth ofGram-positive
bacteria (54), and might explain the increase of Bifido-
bacterium in SLE-treated mice. Bifidobacterium can also
promote gut epithelial integrity by strengthening tight
junctions (38). In conjunction, these results suggest that
LC40 can restore intestinal mucosal barrier function,
which is compromised in lupus mice.

Furthermore, humoral immunesystemactivationplays
a central role in the pathogenesis of SLE as pointed out by
evidence suggesting that the number of B cells, which
differentiate into antibody-producing plasma cells, is in-
creased during SLE (47). IL-21 drives B-cell maturation
and autoantibody production in rodent models of lupus
(55). Accordingly, we found a higher number of B cells in
both secondary lymphoid organs and a higher plasma
level of IL-21 in SLEmice than in the control group. These
changes were counteracted after LC40 treatment in SLE
mice, that is, this probiotic treatment of SLE mice attenu-
ated the size of the B-cell population in mesenteric lymph
nodes. Furthermore, IL-18 inhibits B-cell antibody pro-
duction (56), and abnormal activation of B cells might be
related to IL-18 down-regulation found in the colons of
SLEmice. Therefore, the increased IL-18 expression found
in colonic samples of the SLE-LC40 group compared with
the values found in SLEmicemight also account to reduce
B-cell activity inmesenteric lymphnodes, leading to lower
plasma anti-dsDNA levels in the SLE-LC40 group than in
the SLE group.Moreover, despite the elevated proportion
of Treg cells in aged lupus mice, these cells are ultimately
unable to control the cumulative impact of multiple ge-
netic elements driving lymphocyte activation and autor-
eactivity (57). The reduction induced by LC40 in Treg cell
counts might also decrease these processes, leading to a
decrease of autoantibodies. The administration of amouse
anti-CD20 antibody (the equivalent of rituximab in hu-
mans) todepleteB cellsmarkedly attenuates autoantibody
production and prevents the development of hyperten-
sion in female NZBWF1 mice (58). Overall, reduced
anti-dsDNA levels, mediated by B-cell depletion and
loweractivationmightbe involved in theantihypertensive
effects of LC40 consumption. Moreover, an imbalance
between anti-inflammatory Treg and proinflammatory
Th17 cells is widely recognized as a cause in the estab-
lishment of both human SLE and murine lupus (59). A
lower Th17 count induced by LC40 might be related to an
increase in IL-18 production from colonic tissue, an im-
portant cytokine for limiting colonic Th17 cell differentia-
tion in mesenteric lymph nodes (42).

Hypertension is often associated with impaired endo-
thelial function, but whether this is causative in the pro-
gression of hypertension is difficult to prove. Recently, we
have shown an impaired aortic endothelium-dependent
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relaxation response to acetylcholine in NZBWF1mice (16,
25) and a reduction in NO production induced by plasma
from SLE patients with active nephritis in human endo-
thelial cells (60). In consistency with this information, our
data showed that chronic probiotic administration pre-
vented the altered responses to acetylcholine observed in
aortas from SLE mice and improved the reduced eNOS
phosphorylationat theactivationsite Ser1177. Interestingly,
the improvement in acetylcholine relaxation induced by
LC40 in SLEmicewas suppressed byL-NAME, indicating
a protective role in NO bioactivity.

A crucial mechanism of endothelial dysfunction in-
volves the vascular production of ROS, particularly O2

2,
which reacts rapidly with NO and inactivates it (61).
Herein, we found that ROS levels are increased in aortas
from SLEmice and that LC40 decreased ROS content. The
activity of NOX, which is considered the major source of
O2

2 in the vascular wall, was markedly increased in SLE
mice. NOX-driven ROS production is a key event in en-
dothelial dysfunction in SLE because incubation with the
selective NOX inhibitor VAS2870 increased the aortic
endothelium-dependent relaxation to acetylcholine in SLE
mice up to similar levels found in control mice. Probiotic
treatment inhibited the up-regulation of NOX subunits
and its activity in SLEmice. All the results suggest that the
reduction of ROS levels in the vascular wall, and the
subsequent prevention of NO inactivation, constitute a
pivotalmechanism involved in the LC40 protective effects
on endothelial function in SLE disease. Increased ROS
production has also been involved in the rise of BP in fe-
male NZBWF1 mice because chronic treatment with a
mixture of antioxidants decreased BP (25).

Another remarkable event involved in BP regulation is
the T cells’ infiltration in vascular tissues (62). In fact,
preventing T-cell polarization in mesenteric lymph nodes
by LC40 administration reduced Th17 accumulation in
aorta and improved endothelial dysfunction. The proin-
flammatory cytokine IL-17 causes Rho-kinase–mediated
endothelial dysfunction in the vascular wall by increasing
the phosphorylation of the inhibitory eNOS residue Thr495

(46). In addition, IL-17 promotes ROS generation by NOX
activation (63). We found lower IL-17 mRNA levels in
aortas from the SLE-LC40 group compared to SLE group,
associated to reduced Rho expression, Thr495 eNOS
phosphorylation, and NOX activity, which might be in-
volved in the protective effect of LC40 administration in
endothelial dysfunction. However, we did not test if there
is amechanistic link betweenvascular IL-17 level andboth
transcriptional and function changes found in SLEmice in
the vascular wall.

Furthermore, the immune system is intimately associ-
ated with TLR signals, which are involved in the patho-
genesis of SLE (64). Our findings revealed that aortic
mRNA levels of TLR-4 were higher in NZBWF1 mice
compared with control mice. In the vasculature, the acti-
vation of TLR-4 by the bacterial products, such as LPS,
results in increased NOX-dependent O2

2 production
and inflammation (50). Probiotic administration reduced
plasma LPS levels with a subsequent reduction in the
mRNA levels of TLR-4 and, consequently, improved vas-
cular oxidative stress and inflammation in SLE. Moreover,

inflammatory responses in the endothelium induced by
circulating autoantibodies and other inflammatory media-
tors are known to contribute to the pathogenesis of endo-
thelial dysfunction (60), and numerous studies have related
the release of cytokines to the progression of SLE (65).
Therefore, we found increased plasma levels of proin-
flammatory cytokines TNF-a, IFN-g, IL-17a, and IL-21 in
SLEmice.LC40 treatmentdecreased thenumberofTh1cells,
as well as IFN-g and IL-21 levels in plasma; therefore, their
deleterious effects on vasculature were decreased. One im-
portant limitation of our study is that we have not followed
the evolution of the immunologic, vascular, and BP im-
provements induced by LC40, and it is not clear whether
vascular and immunologic benefits are secondary to de-
creased BP or are early events involved in BP control.

In summary, our study showed that LC40 treatment in
SLEmice improves endothelium-dependent relaxation and
reduces SBP. These protective effects seem to be associated,
at least in part, with a decrease in the vascular oxidative
stress by restoring the expression of NOX subunits to nor-
mal values as a result of lower plasma levels of autoanti-
bodies, proinflammatory cytokines, and LPS. In addition,
the reduced vascular Th17 infiltration contributed to the
vascular protective effects of LC40. The decrease in Th17
population in mesenteric lymph nodes might be related to
an increase in colonic IL-18 and an increased enrichment of
Bifidobacterium in the microbiota. This bacterium is com-
monly considered a beneficial bacterial genus that plays a
critical role in thematuration and regulation of the immune
system. These results open new possibilities to the pre-
vention of cardiovascular complications associated with
SLE by the modulation of the gut microbiota through the
administration of probiotics. However, caution should be
takenwhenextrapolating these findings tohumansbecause
of the potential differences in the features of the animal and
human gut microbiota. In fact, the relative abundance of
Lactobacillales appears to be normal in SLE patients in re-
mission (6), which might alter the possible applicability of
the LC40 treatment to clinical practice in humans. More-
over, the composition of gut microbiota in a large pop-
ulation of hypertensive SLE patients is unknown. Overall,
our study suggests that beneficial bacteria capable of im-
proving gut barrier function and reducing endotoxemia
might prevent vascular complications in SLE patients.
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