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drmariuszsikora@gmail.com
* Correspondence: albertmstec@gmail.com

Abstract: Systemic sclerosis (SSc) is an immune-mediated connective tissue disease. Recent studies
reported differences in the composition of intestinal microbiota (dysbiosis) in patients with SSc
compared to nonsclerodermic subjects. Dysbiosis may disrupt the intestinal barrier, which leads to
immunological activation via microbial antigen and metabolite translocation. The study aimed to
assess the differences in intestinal permeability between SSc patients and controls and to examine
the correlation between intestinal permeability and complications of SSc. The study comprised
50 patients with SSc and 30 matched subjects. Serum intestinal permeability markers: intestinal
fatty acid binding protein, claudin-3, and lipopolysaccharides (LPS) were determined using an
enzyme-linked immunosorbent assay. SSc patients had a significantly increased concentration of LPS
compared to control subjects (232.30 [149.00–347.70] versus 161.00 [83.92–252.20] pg/mL, p < 0.05).
The patients with shorter SSc duration (≤6 years) had an increased concentration of LPS and claudin-3
compared to the subgroup with longer disease length: LPS (280.75 [167.30–403.40] versus 186.00
[98.12–275.90] pg/mL, p < 0.05), and claudin-3 (16.99 [12.41–39.59] versus 13.54 [10.29–15.47] ng/mL,
p < 0.05). The patients with esophageal dysmotility had a decreased LPS level compared to those
without this complication (188.05 [102.31–264.40] versus 283.95 [203.20–356.30] pg/mL, p < 0.05).
Increased intestinal permeability in SSc may exacerbate the course of the disease and increase the risk
of developing complications. Lower LPS levels in SSc might be a hallmark of esophageal dysmotility.

Keywords: systemic sclerosis; microbiota; gut–skin axis; dysbiosis; inflammation; immune-mediated
inflammatory diseases; intestinal barrier; intestinal permeability

1. Introduction

Systemic sclerosis (SSc) is an immune-mediated connective tissue disease with a
chronic, progressive course that causes multiorgan failure and the patient’s disability [1].
The disease is characterized by progressive fibrosis of skin and internal organs with con-
comitant impairment of microcirculation and persistent inflammation. The pathogenesis of
systemic sclerosis is still poorly understood [1].

Accumulating evidence suggests that alterations in the composition of the gut micro-
biome, which is called dysbiosis, may play a role in the pathogenesis of systemic sclero-
sis [2–4] and other immune-mediated skin conditions such as psoriasis [5] and systemic
lupus erythematosus [6]. Changes in the intestinal microbiota in the course of systemic
sclerosis are characterized by an increased presence of bacteria of the genera Fusobacterium,
Desulfovibrio, Ruminococcus, and Lactobacillus and a decreased presence of bacteria of the
genus Faecalibacterium [2–4]. The concept of the gut-skin axis suggests a connection between
changes in the intestinal microbiota and skin immunological responses [7]. However, the
exact mechanism causing this crosstalk is unknown yet. One of the possible factors is the
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disruption of the intestinal barrier, which causes increased intestinal permeability. It can
result in the translocation of intestinal luminal content, e.g., allergens, bacterial endotoxins,
metabolites, or even whole bacterial cell components, into the circulation, which further
initiates or exacerbates systemic inflammation [8,9].

Techniques that have been used so far for determining gut barrier integrity, such
as histological examination of intestinal biopsies or oligosaccharide absorption assays,
are complicated, time-consuming, and difficult to apply in routine clinical practice [10].
Alternatives for the mentioned methods include novel biomarkers, which can be assessed
from the blood in routine blood collection. The biomarkers are intestinal fatty acid binding
protein (IFABP), claudin-3, and lipopolysaccharides (LPS). IFABP is a protein that exclu-
sively presents in the cytoplasm of enterocytes in the small intestine. In normal conditions,
passage of this marker into circulation is minimal, whereas damage to the intestinal ep-
ithelium causes a marked increase of IFABP levels in the blood [11]. In turn, claudin-3 is a
component of tight junctions between the enterocytes, and their disruption can be observed
as an increase in the blood level of this marker [12]. LPS is a marker of the translocation
of bacteria through the intestinal epithelium [9,10]. An increased concentration of this
element indicates an extensive bacterial translocation and, additionally, it is a potent proin-
flammatory factor that may exacerbate inflammatory responses [9,13]. When measured
together, the mentioned markers can reliably provide information about the state of the
intestinal barrier.

The study aimed to investigate potential differences in intestinal permeability between
the patients with systemic sclerosis and the matched controls with the use of serum intesti-
nal permeability markers. The impact of various clinical factors on the concentration of the
mentioned markers was also assessed.

2. Materials and Methods
2.1. Study Participants

The study comprised 50 adult patients diagnosed with systemic sclerosis who fulfilled
the classification criteria of the American College of Rheumatology (ACR) and European
League Against Rheumatism (EULAR) 2013. Those patients were recruited from the
Department of Dermatology at the Medical University of Warsaw between January 2022
and June 2022.

To avoid potential bias the following exclusion criteria were used: acute or chronic
gastrointestinal infection within the three months before the study, concomitant inflam-
matory bowel disease, any gastrointestinal surgery or unexplained weight loss within the
six months before, intake of nonsteroidal anti-inflammatory drugs within the previous
week, dietary restrictions, intake of antibiotics, probiotics or synbiotics within the previous
3 months, a history of malignancy, drug or alcohol abuse, chronic liver and pancreatic
disease, estimated glomerular filtration rate (eGFR) of <60 mL/min/1.73 m2, pregnancy,
and breastfeeding.

The control group consisted of 30 individuals who were matched for age, gender, and
body mass index (BMI). Subjects in the control group met the same exclusion criteria.

2.2. Clinical Assessment

Detailed medical history was obtained from all of the participants. The severity of the
disease was assessed with Valentini Disease Activity Score. The stage of skin involvement
was analyzed with the modified Rodnan skin score (mRSS). To evaluate the gastrointestinal
manifestation of systemic sclerosis a normal barium swallow was performed. In addi-
tion, high-resolution computed tomography (HRCT) and body plethysmography were
performed to determine lung involvement. Besides, the cardiac manifestation of systemic
sclerosis was assessed in echocardiography as well as by measuring N-terminal pro b-type
natriuretic peptide (NT-proBNP).
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2.3. Laboratory Assessment

The patients had the following tests performed: complete blood count, erythrocyte
sedimentation rate, creatinine, and estimated glomerular filtration rate (calculated using
the CDK-EPI equation). The venous blood samples were taken after a 12-h fast.

Antinuclear antibodies were evaluated by indirect immunofluorescence pattern on
HEp-2 cells and detected by immunoblot analysis.

The samples were tested by use of commercially available ELISA kits: I-FABP: R&D
Systems, Inc., Minneapolis, MN, USA (assay range: 15.6 pg/mL–1000 pg/mL); LPS: CUS-
ABIO, Wuhan, China (assay range: 6.25 pg/mL–400 pg/mL); and CLDN3: Wuhan Fine
Biotech Co., Wuhan, China (assay range: 0.313 ng/mL–20 ng/mL) in order to quantify the
serum concentration of permeability markers. The concentrations of target proteins in the
test samples were estimated based on the previous studies, and a proper dilution factor was
selected to make the diluted target proteins’ concentration fall within the optimal detection
range of the kit. The concentrations read from the standard curve were multiplied by the
dilution factor. The samples for these analyses were collected according to the manufactur-
ers’ instructions: blood samples were collected from the peripheral vein after a 12-h fasting
period and placed in the serum separator tubes. After 2 h of clotting, the samples were
centrifuged for 20 min at 1000× g. Serum aliquots obtained by centrifugation were stored
at −80 ◦C until further analysis. All of the measurements were performed in accordance
with the manufacturers’ instructions. Additionally, they were assessed in duplicate and
the means were utilized to further analysis. For the ELISA analyses mentioned above,
intra-assay coefficients of variation were below 8% and inter-assay coefficients of variation
were below 11%.

2.4. Statistical Analysis

The statistical software STATISTICA 13.1 was used for all calculations (StatSoft,
Krakow, Poland). The Shapiro-Wilk test was applied so as to determine if a continu-
ous variable follows a normal distribution. The mean standard deviation (SD) was used to
represent normally distributed data, whereas the median and interquartile range were uti-
lized to describe non-normally distributed variables (IQR). A chi-square test (with the Yates
correction for small groups [n < 10]) was used to compare categorical data that were pre-
sented as counts and percentages. The Student’s t-test was chosen to assess the continuous
variables with a parametric distribution, whereas the Mann-Whitney U test was selected
in order to assess continuous variables with a nonparametric distribution. Besides, Spear-
man’s rank correlation coefficient was applied to evaluate potential correlations between
two continuous variables. The p-value of <0.05 was considered statistically significant.

2.5. Ethics

The study was approved by the Regional Bioethical Committee at the Medical Univer-
sity of Warsaw. Written informed consent was obtained from all of the participants. The
study was carried out in accordance with the Declaration of Helsinki, and it also gained
the approval of the local bioethical committee (approval code: KB136/2021; Bioethics
Committee at the Medical University of Warsaw, Warsaw, Poland).

3. Results
3.1. Patients’ Characteristics

The study included 50 patients with systemic sclerosis and 30 age-, sex-, and BMI-
matched control individuals. According to the design of the study, there was no difference
between the two participant groups in terms of age, sex distribution, or BMI. Table 1
provides an overview of the key demographic, clinical, laboratory, and serological charac-
teristics of individuals with SSc and the control group.
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Table 1. The characteristics of the control group and individuals with SSc.

Systemic Sclerosis (n = 50) Control (n = 30) p-Value

General characteristics

Age, years 57 [48–65] 54 [49–59] 0.22
Sex, women, n (%) 42 (84.00%) 25 (83.33%) 0.94

Body mass index, kg/m2 23.56 [21.31–27.44] 25.29 [22.35–26.25] 0.67

Characteristics of systemic sclerosis

Modified Rodnan skin score 4 [2–9] - -
Limited cutaneous systemic sclerosis, n (%) 27 (54%) - -
Diffuse cutaneous systemic sclerosis, n (%) 23 (46%) - -

Systemic sclerosis duration, years 6 [4–13] - -

Autoantibody positivity

Anticentromere (ACA), n (%) 23 (46%) - -
Antitopoisomerase I (ATA), n (%) 19 (38%) - -
Anti-RNA polymerase III, n (%) 5 (10%) - -

Current treatment

Methotrexate, n (%) 12 (24%) - -
Mycophenolate mofetil, n (%) 14 (28%) - -

Calcium channel blockers, n (%) 9 (18%) - -
Sildenafil, n (%) 25 (50%) - -

Sulodexide, n (%) 29 (58%) - -
Prostaglandins, n (%) 45 (90%) - -
Pentoxifylline, n (%) 4 (8%) - -

3.2. Markers of Intestinal Permeability in Systemic Sclerosis

In patients with systemic sclerosis, we found a significantly higher concentration of
LPS compared to control subjects (232.30 pg/mL [149.00–347.70] versus 161.00 pg/mL
[83.92–252.20], p < 0.05; Figure 1). The differences between SSc and control groups in
other markers of intestinal permeability, i.e., IFABP and claudin-3, were not statistically
significant: IFABP (1505.0 pg/mL [1108.0–1865.0] versus 1598.0 pg/mL [921.8–1835.0],
p = 0.45); claudin-3 (14.44 ng/mL [11.85–94.53] versus 15.22 ng/mL [11.83–23.11], p = 0.63).
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Figure 1. The serum concentration of lipopolysaccharides (LPS) in patients with systemic sclerosis
compared to controls; SSc–systemic sclerosis; Q1—the first quartile; Q3—the third quartile; Min—the
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3.3. Markers of Intestinal Permeability in Subgroups of Disease Duration

Further analysis revealed a significant negative correlation between claudin-3 and
disease duration (rho = −0.31, p < 0.05). Because of this fact, the patients’ group has been
split in two by the median disease duration. A comparison of levels of intestinal perme-
ability markers between these two groups revealed a significantly higher concentration
of LPS and claudin-3 in the group with a shorter duration of SSc than the group with a
longer duration: LPS (280.75 pg/mL [167.30–403.40] versus 186.00 pg/mL [98.12–275.90],
p < 0.05; Figure 2A); claudin-3 (16.99 ng/mL [12.41–39.59] versus 13.54 ng/mL [10.29–15.47],
p < 0.05; Figure 2B). Detailed characteristics of both groups are provided in Table 2.
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Table 2. The characteristics of the patients with shorter (≤6 years) and longer (>6 years) durations of
systemic sclerosis.

Shorter Duration of the
Disease (≤6 Years; n = 28)

Longer Duration of the
Disease (>6 years; n = 22) p-Value

General characteristics

Age, years 55.9 ± 11.7 57.0 ± 12.3 0.70
Sex, women, n (%) 21 (75.0%) 21 (95.5%) 0.12

Body mass index, kg/m2 23.1 [21.1–27.5] 23.8 [21.9–27.4] 0.70

Characteristics of systemic sclerosis

Limited cutaneous systemic sclerosis, n (%) 16 (57.1%) 11 (50.0%) 0.62
Diffuse cutaneous systemic sclerosis, n (%) 12 (42.9%) 11 (50.0%) 0.62

Modified Rodnan skin score 4 [2–6] 4.5 [2–9] 0.41
Interstitial lung disease, n (%) 14 (50.0%) 19 (86.4%) 0.02

Diffusing capacity of the lungs for carbon monoxide
(DLCO), % 71.14 ± 21.08 72.96 ± 13.62 0.62

Left ventricular ejection fraction (LVEF), % 65 [60–67] 65 [60–65] 0.99
Esophageal dysmotility, n (%) 13 (46.4%) 14 (63.6%) 0.55

Autoantibody positivity

Anticentromere (ACA), n (%) 16 (57.1%) 7 (31.8%) 0.13
Antitopoisomerase I (ATA), n (%) 9 (32.1%) 10 (45.5%) 0.50
Anti-RNA polymerase III, n (%) 3 (10.7%) 2 (9.1%) 0.78



J. Pers. Med. 2023, 13, 678 6 of 11

Table 2. Cont.

Shorter Duration of the
Disease (≤6 Years; n = 28)

Longer Duration of the
Disease (>6 years; n = 22) p-Value

Intestinal barrier parameters

Intestinal fatty acid binding protein (IFABP), pg/mL 1375.0 [1060.0–1828.5] 1534.0 [1108.0–1885.0] 0.61
Claudin-3 (CLDN3), ng/mL 16.99 [12.41–39.59] 13.54 [10.29–15.47] 0.02

Lipopolysaccharides (LPS), pg/mL 280.75 [167.30–403.40] 186.00 [98.12–275.90] 0.02

Laboratory parameters

Erythrocyte sedimentation rate, mm/h 13.0 [6.0–21.0] 8.5 [7.0–12.0] 0.41
Estimated glomerular filtration rate (eGFR),

mL/min./1.73 m2 87.41 ± 19.49 79.19 ± 18.28 0.15

N-terminal pro b-type natriuretic peptide
(NT-proBNP), pg/mL 126 [74–230] 145 [64.5–206.5] 0.90

3.4. Lipopolysaccharides (LPS) in Specific Comorbidities of Systemic Sclerosis

The patients with esophageal dysmotility were characterized by a significantly de-
creased level of LPS compared to the patients without this complication (188.05 pg/mL
[102.31–264.40] versus 283.95 pg/mL [203.20–356.30], p < 0.05; Figure 3).
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and absent esophageal dysmotility compared to the subgroup with present esophageal dysmotility;
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(* p < 0.05).

In the subgroup with a shorter duration of SSc and concomitant interstitial lung disease,
we observed an increased level of LPS compared to the subgroup with a shorter duration
of SSc and absent ILD (385.55 pg/mL [266.90–506.50] versus 217.75 pg/mL [157.25–280.75],
p < 0.05; Figure 4).
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We did not observe any relevant correlations between the markers themselves or
between markers and left ventricle ejection fraction, NT-proBNP, DLCO, or characteristics
of systemic sclerosis (i.e., disease activity index, modified Rodnan Skin score, disease
subtype, antibody profile).

4. Discussion

Intestinal barrier integrity has recently been the focus of extensive studies about the
interactions between the gastrointestinal tract and general homeostasis. The findings of
our research are consistent with the previous studies and confirm that disruption of the
intestinal barrier is a feature of the early stage of systemic sclerosis [14,15]. The assessment
of intestinal permeability in the mentioned studies was based on sugar permeability
tests and we observed similar results using serum protein markers. Furthermore, our
findings seem to prove the hypothesis proposed in these studies regarding the translocation
of pro-inflammatory antigens from the intestinal lumen induced by increased intestinal
permeability [14,15].

The obtained findings could reflect the natural course of systemic sclerosis. Depending
on the study, the highest disease activity and rate of progression occur between the 3rd
and 5th years of the disease, and after this stage, the disease often slows down or even
slightly reverses, as in the case of skin sclerosis [16,17]. Consistently, our study implies that
in the early period of SSc, the intestinal barrier is damaged, which results in increased gut
permeability and translocation of bacterial lipopolysaccharides. The observed results could
be the consequence of abnormalities in the ultrastructure of the small intestinal mucosa
found in progressive systemic sclerosis, mainly dilated intraepithelial spaces [18]. Since
claudin-3 is an element of tight junctions, widened spaces between enterocytes suggest a
disruption of these components, which could be the cause of an increased concentration of
claudin-3 and LPS in patients with SSc [10]. The lack of differences in IFABP concentration
between patients and controls may be due to the absence of pathology in enterocytes since
IFABP is a protein that exclusively presents in the cytoplasm of these cells [10,18].

Lipopolysaccharides are well-recognized pro-inflammatory factors, and an increased
serum LPS concentration in patients with early systemic sclerosis, which was observed
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in our study, may have a detrimental impact on the further course of the disease. Recent
publications have reported that TLR4, which is a receptor for LPS among others, can be
substantially involved in the pathogenesis of SSc [19]. Skin and lung biopsies from SSc
patients are characterized by an increased presence of TLR4 on fibroblasts compared to
nonsclerodermic subjects [20]. Moreover, in vitro studies revealed that LPS can stimulate
the expression of extracellular matrix genes, especially collagen, in skin fibroblasts and
markedly increase their capacity to initiate a profibrotic response when challenged with
TGF-β1, a cytokine known as a major profibrotic trigger in SSc [20,21]. Furthermore, LPS
can induce the transdifferentiation of skin fibroblasts into myofibroblasts and promote
profibrotic gene expression, which is particularly important in the case of systemic sclerosis,
in which myofibroblasts are responsible for organ fibrosis [20,22,23]. LPS is known for its
ability to induce lung inflammation and fibrosis, and an LPS-treated mouse is a model for
acute lung injury [24]. However, LPS in this model is administered at supraphysiological
concentrations [24]. The data on the effects of prolonged exposition to lower doses on
lung physiology remain elusive. Despite this fact, LPS was found to exacerbate coexisting
interstitial lung disease in the mouse model [25]. Moreover, in patients with systemic
sclerosis and concomitant intestinal lung disease, compared to the control group, blood
monocytes were found to secrete significantly higher amounts of IL-6 after exposure
to LPS [26]. IL-6 levels are elevated in the sera of SSc patients and have been shown
to be strongly associated with the severity of skin thickening and disease progression in
interstitial lung disease [27,28]. In this context, an approach based on lowering the exposure
to LPS could be a potential therapeutic option in systemic sclerosis.

Observed lower in the subgroup with a longer disease duration than in the subgroup
with a shorter disease duration, the concentration of permeability markers may be an effect
of coexisting disturbances in intestinal absorption due to fibrosis. Impaired absorption
of saccharides, i.e., lactose and fructose, was found to be often present in patients with
systemic sclerosis [29,30]. Furthermore, the present malabsorption of the mentioned sac-
charides was associated with increased gastrointestinal symptoms [29,30]. Malabsorption
can be a result of multifactorial pathology of the affected intestinal wall, which includes
fibrosis of the arterial tunica intima in the submucosal arteries of the small bowel, damage
to the enteric nervous system, and marked fibrosis of the circular layer of the muscularis
propria [31,32]. Available diagnostic methods for the involvement of the gastrointestinal
tract are limited, complex, and expensive [31]. Since we observed a significantly lower
LPS concentration in the patients with esophageal involvement compared to patients with
normal esophageal motility, it could be hypothesized that the lower translocation of LPS in
those patients may be due to decreased intestinal absorption of LPS. Further studies are
needed to evaluate this relationship and its clinical significance.

As mentioned, substances from the intestinal lumen, such as LPS, can reach the circula-
tion and exert proinflammatory effects, which can potentially accelerate disease progression.
Many prognostic factors have been identified as a consequence of the complicated patho-
physiology of SSc, and the presence and interplay between them might reflect the course
of the disease [33]. It is possible that increased intestinal permeability is one of the causes
exacerbating the natural course of systemic sclerosis, and a further decrease in permeability
markers could be an effect of developing fibrosis of the gastrointestinal tract. However,
due to the limitations of our study, including the relatively small sample size, single-center
type, and cross-sectional character, the conclusions on the impact on disease progression
are limited. To exactly assess the pathogenetic effects of a disrupted gut barrier on the
course of SSc, prospective, multicenter studies are needed. The prospective assessment of
intestinal permeability and exposition to LPS at different stages of the disease seem to be
particularly valuable.

Understanding the mechanisms of how dysbiotic microbiota and a disrupted intestinal
barrier may influence the course of systemic sclerosis seems valuable in clinical practice.
Hypothetically, measurement of the intestinal barrier markers may help to stratify patients
into different prognostic categories, which could help optimize treatment in the early stages
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of the disease. An approach based on the modification of the gut microbiota could break
the vicious circle driven by inflammation induced by increased translocation of bacterial
elements. It could lead to mitigating the progression of the disease, especially in the early
stages of the disease when the complications are not developed. Available techniques
of modulation of microbiota include probiotics, prebiotics, and fecal microbiota trans-
plantation. These methods have been intensively studied in a number of dermatological
conditions and are known to improve the gut barrier [34–36]. An improvement of the
intestinal barrier by the mentioned interventions leads to a decrease in intestinal perme-
ability and can be an effect of elevated expression of proteins of tight junction complexes
in intestinal epithelial cells, stimulation of the proliferation of intestinal epithelial cells,
and an increased secretion of mucins, which protect enterocytes from stressors [34–36].
Such attempts were also made in systemic sclerosis and were associated mainly with the
improvement of gastrointestinal symptoms [37–41]. One study reported the immunomod-
ulatory effect of a probiotic mixture manifested as a significant decrease in the proportion
of Th17 cells compared with placebo [38]. It is worth noting that the administration of
probiotics as well as fecal microbiota transplantation exhibited an excellent safety profile,
and the only noticed adverse events were mild and transient, i.e., diarrhea, bloating, and
abdominal pain [37–41]. However, there is still little information available on the most
appropriate probiotic strain composition and donor matching for fecal microbiota trans-
plantation. Measurements of intestinal permeability markers in such trials could be a
marker of intervention outcome.

5. Conclusions

Our cross-sectional study revealed that the patients with systemic sclerosis are char-
acterized by increased LPS serum concentration compared to the control subjects. Fur-
thermore, biomarkers of intestinal barrier permeability, LPS and claudin-3, are elevated
in the patients with a shorter duration of the disease compared to the subgroup with a
longer duration of the disease. Additionally, in the subgroup with a shorter duration of
SSc, we observed increased LPS concentration in patients with concomitant interstitial
lung disease compared to the patients with the absence of this complication. Concomitant
esophageal dysmotility was associated with a decrease in LPS in the patients with SSc. The
study highlighted the importance of disease duration in gut barrier research. On account
of the potent proinflammatory and profibrotic properties of LPS, increased circulating LPS
may be an exacerbating factor in the early stage of the disease, whereas the subsequent
decrease of LPS may be due to the development of gastrointestinal disturbances. However,
to exactly determine the impact of LPS in systemic sclerosis, prospective studies are needed
to demonstrate the effect of prolonged exposition to LPS. The modulation of the gut barrier
may represent a new therapeutic approach for systemic sclerosis.
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