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Background: Although pathogenic gut microbiota causes gut leakage, increases translocation of
uremic toxins into circulation, and accelerates CKD progression, the local strain of Lactobacillus rhamnosus L34
(L34) might attenuate gut leakage. We explored the effects of L34 on kidney fibrosis and levels of gut-
derived uremic toxins (GDUTSs) in 5/6-nephrectomy (5/6 Nx) mice.

Methods: At 6 weeks post-5/6 Nx in mice, either L34 (1x10° CFU) or phosphate buffer solution
(as 5/6 Nx control) were daily fed for 14 weeks. In vitro, the effects of L34-conditioned media with or without
indoxyl sulfate (a representative GDUT) on inflammation and cell integrity (transepithelial electrical resistance;
TEER) were assessed in Caco-2 (enterocytes). In parallel, the effects as such on pro-inflammatory cytokines and

collagen expression were assessed in HK2 proximal tubular cells.

Results: At 20-weeks post-5/6 Nx, L34d-treated mice showed significantly lesser renal injuries, as
evaluated by i) kidney fibrosis area (p<0.01) with lower serum creatinine and proteinuria, i) GDUT including
trimethylamine-N-oxide (TMAQO) (p=0.02) and indoxyl sulfate (p<0.01), and iii) endotoxin (p=0.03) and serum
TNF-OL (p=0.01), than 5/6 Nx-controls. Fecal-microbiome analysis revealed an increased proportion of
Bacteroidetes in 5/6 Nx-controls. After incubation with indoxyl sulfate, Caco-2 enterocytes had higher /IL-8, NF-
KB expression, and lower TEER value, and HK2 cells demonstrated higher gene expression of TNF-Q, IL-6,
and collagen (type Il and type IV). These indoxyl sulfate-activated parameters were attenuated with L34-

conditioned media indicating the protective role of L34 on enterocyte integrity and renal fibrogenesis.

Conclusion: Lactobacillus rhamnosus L34 attenuated uremia-induced systemic inflammation by

reducing GDUTs and gut-leakage that provided reno-protective effects in CKD.
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CHAPTER |

BACKGROUND AND RATIONALE

Background

The global burdens of chronic kidney disease (CKD) are substantial and have
been rising during the past decades,' making retarding CKD progression the ultimate
goal in the management of CKD. CKD leads to accumulation of metabolic
substances, so-called “uremic toxins”, resulting in cardiovascular complications and
CKD progression.? Most uremic toxins are derived from dietary compounds. However,
some are produced from gastrointestinal tract, so-called gut-derived uremic toxins
(GDUTs),? including trimethylamine-N-oxide (TMAO), indoxyl sulfate (IS), p-cresol

sulfate, hippuric acid, and phenylacetic acid.**

The human intestine harbors thousands of bacterial species that differ in
individuals but tend to be similar among those who live in a close environment and
consume similar diets.® Under physiological settings, the intestinal barrier limits the
translocation of microbial products into the systemic circulation. Due to the defect of
toxin elimination through kidneys in advanced CKD, some accumulated toxins are
compensatory excreted through intestinal tract, which may promote overgrowth of
pathogenic bacteria in the intestinal lumen, so-called gut dysbiosis.” Gut microbiota

plays a significant role in regulating the production of GDUTs; therefore gut dysbiosis



could enhance the production of GDUTs.® Both gut dysbiosis and GDUTs can impair
intestinal tight junctions, which lead to translocation of organic molecules and toxins
into blood circulation, so-called gut leakage.” The gut leakage might be caused by

either direct uremic toxin cytotoxicity or uremia-enhanced gut dysbiosis.!°

Uremia-induced gut leakage increases endotoxin and GDUTs in the blood
circulation,® ** facilitates inflammatory reactions®® and, consequently, accelerates CKD
progression. Thus, there is a vicious cycle in that CKD causes uremic toxin
accumulation and gut dysbiosis, and the latter two factors further induce gut leakage,
leading to worsening of CKD, so-called gut-kidney axis.'*** This implies a new
therapeutic possibility. Inflammation due to gut translocation of endotoxin, the main
component of Gram-negative bacteria, which are the most abundant gut organisms,
worsens GDUT-induced inflammatory condition'® similar to adverse effects from
other causes of inflammation toward CKD.*® Because both GDUTs and endotoxemia

might worsen CKD progression,g’ 16, 17

probiotics could prevent gut dysbiosis and could
help to delay CKD progression.'® ¥ Recent studies showed the benefits of probiotics
on reduction of GDUTs and inflammatory cytokines.?” # However, there are only a
few small studies which illustrate an effect of probiotics on delaying kidney fibrosis
by histopathology. %% Accordingly, Lactobacillus rhamnosus L34 (L34), a strain of
intestinal flora isolated from the Asian population,? improve intestinal integrity in

several animal models of acute illnesses.” ?® Thus, this probiotic strain might also

help delay CKD progression.



Circulating GDUTs induce cell damage, including enterocytes and renal
tubular cells.?*? It is possible that probiotics produce renal protective molecules
that could be delivered through the leaky gut.!®?’ Because i) systemic inflammation
worsens kidney fibrosis and facilitates CKD progression,® ii) uremia causes gut leakage
that possibly enhances systemic inflammation,*° and iii) the anti-inflammatory
property of probiotics is documented,? " %2 we hypothesized that attenuation of

CKD progression by L34 might be partly through an anti-inflammatory effect.

In this study, we explored the effects of Lactobacillus rhamnosus L34 on
renal histopathology, CKD progression, inflammatory markers, and gut leakage in the
5/6 nephrectomy (5/6 Nx) mouse model. To understand the mechanisms on the gut-
kidney axis, we also conducted the in vitro experiments in enterocytes (Caco-2 cells)
and renal tubular cells (HK2 cells) to examine the effects of L34-conditioned media
(LCM), that potentially contain protective molecules derived from probiotics, on

cellular injuries caused by IS, a representative GDUT.



Research question

1. Primary research question

Could Lactobacillus rhamnosus L34 attenuate CKD progression in 5/6

nephrectomized mice?

2. Secondary research questions

- Could Lactobacillus rhamnosus L34 reduce gut leakage in 5/6
nephrectomized mice?

- Could Lactobacillus rhamnosus L34 reduce levels of gut-derived uremic
toxin in 5/6 nephrectomized mice?

- Could Lactobacillus rhamnosus L34 reduce inflammation in 5/6

nephrectomized mice?

Objectives

1. Primary objective

- To study the efficacy of Lactobacillus rhamnosus L34 in attenuation of
kidney fibrosis by histopathology

2. Secondary Objectives

- To study the effect of Lactobacillus rhamnosus L34 on gut leakage in 5/6

nephrectomized mice



- To study the effect of Lactobacillus rhamnosus L34 on levels of gut-
derived uremic toxins in 5/6 nephrectomized mice

- To study the effect of Lactobacillus rhamnosus L34 on renal progression
in 5/6 nephrectomized mice

- To study the effect of Lactobacillus rhamnosus L34 on levels of
inflammatory markers in 5/6 nephrectomized mice

- To explore the potential mechanistic effects of Lactobacillus rhamnosus
L34 on enterocyte injuries.

- To explore the potential mechanistic effects of Lactobacillus rhamnosus

L34 on renal tubular cell injuries.

Hypothesis

- 5/6 nephrectomy mice, which have been treated with Lactobacillus
rhamnosus L34, have lower fibrosis by kidney histopathology than those
which have not been treated.

- 5/6 nephrectomy mice, which have been treated with Lactobacillus
rhamnosus L34, have lower gut leakage than those which have not been
treated.

- 5/6 nephrectomy mice, which have been treated with Lactobacillus
rhamnosus L34, have lower levels of gut-derived uremic toxin than those

which have not been treated.



- 5/6 nephrectomy mice, which have been treated with Lactobacillus
rhamnosus L34, have lower levels of serum creatinine and proteinuria
than those which have not been treated.

- 5/6 nephrectomy mice, which have been treated with Lactobacillus
rhamnosus L34, have lower levels of inflammatory markers than those

which have not been treated.

Research design

This study is an experimental study including mouse model.

10
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Figure 1 Conceptual framework of factors affecting progression of chronic

kidney disease



12

CHAPTER Il

REVIEW OF LITERATURE

Chronic kidney disease

Chronic kidney disease (CKD) is defined as the presence of abnormalities of
either kidney function or structure for more than 3 months. CKD with decreased
glomerular filtration rate (GFR) is defined as having a GFR of less than 60 ml/min/1.73
m2, equally to GFR categories G3a-G5). Other functional or structural abnormalities

than decreased GFR include;*

«  Albuminuria or microalbuminuria

. Urinary sediment abnormalities (microscopic hematuria, WBC casts,
RBC casts, oval fat bodies, granular casts)

«  Renal tubular disorders (renal tubular acidosis, nephrogenic diabetes
insipidus, electrolyte abnormalities from tubular dysfunction, Fanconi
syndrome, non-albumin proteinuria, cystinuria)

+  Pathological abnormalities detected by histology or inferred

«  Structural abnormalities (polycystic kidneys, dysplastic kidneys,
horseshoe kidney, hydronephrosis, cortical scarring, renal masses, renal
artery stenosis, small and hyperechoic kidneys)

«  History of kidney transplantation
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CKD is classified by causes, GFR, and albuminuria. The severity and prognosis

of CKD is categorized by the levels of GFR and albuminuria, as shown in figure 2.

Persistent albuminuria categories
Description and range

Al A2 A3
Prognosis of CKD by GFR
and Albuminuria Categories: N‘r’n"i‘;:;' o Moderately Severely
KDIGO 2012 e asyed increased increased
<30 mg/g 30-300 mg/g >300 mg/g
<3 mg/mmol 3-30 mg/mmol >30 mg/mmol

G1 Normal or high >90
E
Rg | G2 | Midydecreased 60-89
EE
Eo Mildly to moderatel
= y to moderately :
55 G3a | 4ocreased 45-59
22
5 a G3b Moderately to 30-44
o s severely decreased
848
o G4 Severely decreased 15-29
[T
[T

G5 Kidney failure <15

Figure 2 Summary of categories of CKD by GFR and albuminuria and prognosis

of CKD progression. (Green, low risk; Yellow, moderate risk; Orange, high risk; Red,

very high risk)*?

Most causes of CKD are chronic and irreversible, leading to a life-long course
of eGFR decline, so-called CKD progression.*” Eventually, CKD may progress to the
end stage requiring renal replacement therapy (RRT), so-called end stage kidney

disease (ESKD). The ten most common etiologies of CKD in Thailand include:**
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1. Diabetic nephropathy

2. Hypertensive nephropathy

3. Chronic tubule-interstitial nephritis
4. Chronic urinary tract obstruction
5. Presumed glomerulonephritis

6. Lupus nephritis

7. Polycystic kidney diseases

8. Chronic urate nephropathy

9. Biopsy-proven glomerulonephritis

10. Analgesic-induced nephropathy

Burden of chronic kidney disease

CKD is an important non-communicable disease that causes a major health
burden worldwide. In 2017, the global prevalence of all-staged CKD in the all-age
population was 9.1%, 697.5 million cases.! Among these CKD patients, 1.2 million
cases died from renal causes while 1.4 million cases died from cardiovascular causes
attributable to impaired kidney function, making CKD the 12" leading cause of
death.™ *>" CKD also contributed to 35.8 million disability-adjusted life-years (DALYs) in
2017, more commonly in the low to middle-income countries, especially in the three

lowest quintiles of the Socio-demographic Index (SDI).! In Thailand, the estimated
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prevalence of CKD was 17.5% in the overall population. CKD stage G3 and G2 are the

two most common.*

During the past 20 years, the prevalence of renal replacement therapy in
Thailand tended to increase every year, from 99 to 667 and 2274 cases per million
population in 2000, 2010, and 2019, respectively. This brings about the consumption
of resources and an estimated budget of over 7 million Thai Bahts per case per year,

along with the burden for patients and caregivers.*

Gut microbiota

A large number of microbial cells co-evolved with the human hosts. This
symbiotic ecosystem provides the largest reservoir of the microbiome in man with
the highest diversity. The predominant bacteria include Bacteroidetes, Firmicutes,
Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia.?® Gut microbial
diversity is influenced by environmental exposure, especially dietary habits.® Under
normal physiology, the microbiota played an important role in the metabolic
activities of hosts,*” immune regulation,” certain vitamins and amino acid synthesis,*!

and bile acid metabolism.*
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Gut-Kidney axis

In CKD patients, uremia was found to affect gut microbiota in several ways.
First, it altered the composition of the gut microbiome. Varizi et al** showed the
association of uremia and increase in intestinal pathobionts, so-called dysbiosis.
Second, an increase in bile acid metabolism and increase in protein and
carbohydrate fermentation would generate toxic metabolites, including uremic
toxins. Third, dysbiosis would induce the production of lipopolysaccharide (LPS),

which could activate macrophages and induce proinflammatory responses.* Finally,
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the released cytokines and uremia-induced dysbiosis, led to local inflammation and

impaired intestinal barrier.*®
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Gut-derived uremic toxins

Gut microbiota induced the production of uremic solutes in CKD and could
lead to neurologic disorders, protein-energy wasting, cardiovascular disease, and
progression of CKD. Moreover, the retention of uremic solutes could increase the
generation of the dysbiotic microbiome. * These uremic toxins as such are indoxyl
sulfate (IS), p-cresyl sulfate (PCS), trimethylamine-N-oxide (TMAQ), and short-chain
fatty acids (SCFF).

1. Indoxyl sulfate (IS)

As a result of tryptophan metabolism, indoles are absorbed from the gut and
conjugated to IS in the liver. When IS accumulates in renal proximal tubules, it will
activate nuclear factor-kappa B (NF-kB) and plasminogen activator inhibitor type 1
expression, the pro-inflammatory mediators. IS also increases the expression of tissue
inhibitors of metalloproteinases and transforming growth factor—ﬁ (TGF- [3 1), which
are the mediators of tubulointerstitial fibrosis.*’

2. P-Cresyl sulfate (PCS)

Several colonic bacteria generate phenols and its alkylated derivative, P-
cresol, from the partial breakdown of tyrosine and phenylalanine. P-Cresol, mainly
excreted in the urine, is progressively accumulated in CKD patients. PCS could
activate the intrarenal renin-angiotensin system and epithelial-mesenchymal

transformation, leading to kidney fibrosis.® Phenylacetylglutamine is another

metabolite derived from B—phenylethylamine formed in the process of bacterial
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proteolysis. It impairs immune regulation and produces oxidative stress that could
worsen kidney fibrosis.>*

3. Trimethylamine-N-Oxide (TMAQ)

TMAQ is generated during the bacterial metabolism of dietary lipid
phosphatidylcholine (lecithin). An increase in TMAO levels is associated with an
increased risk of major adverse cardiovascular events (MACE), including death,
myocardial infarction, or stroke.”” In animal models, TMAO was found to increase
tubulointerstitial fibrosis and collagen deposition.>

4. Short-chain fatty acids (SCFF)

SCFF is a metabolite produced by gut microbiota during the fermentation of
unabsorbed food components, especially fibers. SCFF supports multiple host
functions, including energy metabolism, immune regulation, gut motility, and blood

pressure regulation.”® >
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Sources of Gut bacteria-associated uremic toxins and adverse
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Uremic toxins ?IA)\:; Related organism Source Adverse reactions
Low-MW molecules (<0.5 kDa)
TMAQO? 75 |Faecalibacterium |Dietary lipid Progression of
prausnitzii, phosphatidyl- |tubulointerstitial
Bifidobacterium  |choline fibrosis, Smad3
spp. phosphorylation of
Smad3 (regulator of
profibrotic
TGF/Smad3 signaling),
increase in mortality
Ammonia® 17 |Clostridium spp. | Glutamine, Uremic enterocolitis,
Escherichia coli glycine, serine, | systemic
Enterococcus threonine inflammation,
Shigella carcinogenesis
1-Methyl 73 | Pseudomonas Creatinine Increase in mortality
guanidine”’ stutzeri
Homocysteine®® | 135 |Bifidobacterium  |Gut bacteria  |Increase in CV events
spp. regulates and mortality,
production of |oxidative stress,
homocysteine |inhibition of
by folate transmethylation
production. pathways
D-Lactic acid® 90 |Enterococcus, Bacterial Neurotoxicity,
Streptococcus production encephalopathy

spp.
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Uremic toxins ?IA)\:; Related organism Source Adverse reactions
Oxalate® 90 |Oxalobacter Gut bacteria | Urolithiasis,
formigenes, degrades atherosclerosis
Bifidobacterium | oxalate.
lactis,
Enterococcus
faecalis,
Eubacterium spp.
Protein-bound molecules
p-Cresyl 188 | Clostidium Tyrosine, Progression of CKD,
sulfate!’ difficile, phenylalanine |CV events and
Bifidobacterium, mortality, endothelial
Subdoligranulum, permeability,

Lactobacillus spp,

F prausnitzii,

endothelial adhesion-

molecule expression

Indoxyl sulfate®! | 213 |Clostridium Tryptophan Vascular stiffness and
sporogenes, calcification, CV
Escherichia coli mortality, vascular
smooth muscle
proliferation,
tubulointerstitial
fibrosis
Indole-3-acetic 175 | Clostridium Tryptophan Glomerulo-sclerosis
acid®? sporogenes, and interstitial
Clostridium fibrosis, predictors of
bartlettii, mortality and CV

Escherichia coli

events in CKD,
oxidative stress,
systemic

inflammation
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Uremic toxins ?IA)\:; Related organism Source Adverse reactions
Phenylacetic 136 |Clostridium, Tryptophan Gl irritation,
acid® Bacteroides spp. convulsion, oxidative
stress, osteoclast
dysfunction. Immune
dysregulation
Hippuric acid® 179 |Clostridia spp Aromatic Anion gap metabolic
compounds, |acidosis, impaired
polyphenols  |erythropoiesis and
platelet COX activity,
glucose intolerance

Manipulation of microbiome composition and its effects

As the dysbiosis of the gut microbiome causes various adverse consequences,
several therapeutic trials were conducted in order to re-generate symbiosis, including
pro- and prebiotics. Probiotics are the diet or supplements that contain beneficial
organisms (symbionts), while prebiotics contain food for normal flora. Both probiotics

and prebiotics target on normalization of the gut flora compositions.®

Prebiotics

The Food and Agriculture Organization of the United Nations and the World
Health Organization (FAO/WHO) defined prebiotics as “a non-viable food component
that confers a health benefit on the host associated with modulation of the

microbiota.”%¢ Prebiotics are mainly the non-digestible high fiber-containing diet, the



23

so-called non-digestible oligosaccharides (NDOs), such as galacto-oligosaccharides,
fructo-oligosaccharides, polyphenols (flavonols and quercetin), polydextrose, zinc,
conjugated linoleic acid, L-carnitine, choline, sphingomyelin, and ellagitannins. Foods
with high contents of prebiotics include wheat, onion, and garlic. The main effect of
prebiotics is to promote the growth of the beneficial Lactobacilli and Bifidobacteria
spp.®” The first available prebiotics for human are the human milk oligosaccharides
(HMO), which is associated with the development and maturation of the immune
system, gastrointestinal tract, and gut microbiota diversity in newborns.®® NDOs

regulate the immune responses to vaccines, ¢

allergic reactions, and the pro-
inflammatory responses against systemic infection by stimulating the immune
development and functions.” Galacto-oligosaccharides can reduce the diarrhea
manifestation in chronic inflammatory bowel disease, especially irritable bowel
syndrome.” Recent meta-analysis of Wilson et al’? showed the increase in total
abundance of Bifidobacteria spp. after treatment of prebiotics in patients with
irritable bowel syndrome or functional bowel disorders. However, the effects on the
quality of life or gastrointestinal symptoms are comparable to the placebo. Fructo-
oligosaccharides are shown to induce satiety by increasing the secretion of satiety-
inducible peptide YY and decreasing appetite-induced ghrelin, and subsequently
control calory intake and induce weight loss in obese patients.” Long-chain fructo-

oligosaccharides supplementation enhances gastrointestinal calcium absorption and

was shown to improve bone mineralization in adolescents.” Moreover, prebiotics
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reduced the markers of colonic cancer in rats’ but was failed to show benefits on

overall risk for colorectal cancer in human.”

Probiotics

In 2001, The Food and Agriculture Organization of the United Nations and the
World Health Organization (FAO/WHO) defined prebiotics as “live microorganisms
which when administered in adequate amounts confer a health benefit on the
host.”® The available probiotics include the major bacterial species, Bifidobacterium
spp. (B. adolescentis, B. animalis, B. bifidum, B. breve, and B. longum), Lactobacillus
spp. (L. acidophilus, L. casei, L. fermentum, L. ¢asseri, L. johnsonii, L. paracasei, L.
plantarum, L. rhamnosus, L. salivarius), and Saccharomyces spp. (S. boulardii, S.
thermophilus) with an adequate amount of 1x10° colony-forming units (CFU) per
serving.”’

Administration of probiotics has proven benefits on chronic inflammatory
gastrointestinal diseases, such as Clostridium difficile diarrhea, inflammatory bowel
disease, and irritable bowel syndrome.” The meta-analysis of Goldenberg, et al.”
proved the efficacy of probiotics in the prevention and the additional benefits on the
treatment outcomes in combination with standard antibiotics in Clostridium difficile
diarrhea patients without severe deteriorated features or immunocompromise. In
combination with gluten-free diets, probiotics can improve the severity of Celiac

disease through the restoration of symbiosis and suppression of autoimmunity.% &
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Probiotics also were effective in reducing the severity and diarrhea symptoms of
irritable bowel syndrome.®2 L. rhamnosus GG and L. reuteri were effective in treating
pediatric patients with irritable bowel syndrome.® According to the Australian and
New Zealand Neonatal Network (ANZNN) data, probiotics could prevent the
incidence of severe necrotizing enterocolitis and the occurrence of late-onset sepsis
in the high-risk preterm newborns.#* A systematic review of Oak, et al. showed the
overall benefits of the probiotics on lactose intolerance and metabolic syndrome.®
Multiple large-scale studies and meta-analyses demonstrated the effects of
probiotics on chronic skin allergy, food allergy, and atopic diseases.?¢®

Gut microbiota can alter the levels of circulating tryptophan, serotonin, and
short-chain fatty acids, which are the gut-derived toxins that affect brain glial cells
and blood-brain barrier, so-called the gut-brain axis.®? Recently, probiotics showed
the potential therapeutic effects on the Alzheimer’s disease,® neurodegenerative
diseases,’ anxiety,*? autism spectrum disorder,? Parkinson’s disease,” major

depressive disorder,” and other behavioral and neuropsychiatric disorders.”® *’

Effects of probiotics and prebiotics on CKD

Uremia-induced gut leakage increases endotoxin and GDUTs in the blood
circulation,® ! facilitates inflammatory reactions®® and, consequently, accelerates CKD
progression. Thus, there is a vicious cycle in that CKD causes uremic toxin

accumulation and gut dysbiosis, and the latter two factors further induce gut leakage,
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leading to worsening of CKD, the so-called gut-kidney axis (figure 5, 6).!4** The use of
probiotics was reported to have beneficial effects on CKD hosts when administered
in proper quantities in clinical and experimental studies (table 2, 3). Several studies
showed the benefits of probiotics on the reduction of GDUTs and inflammatory
cytokines.? 2! However, there are only a few small studies that illustrate an effects
of probiotics on delaying kidney fibrosis by histopathology.? ?* The recent meta-
analysis and systematic review demonstrated the effects of probiotics on significant
reduction of blood urea levels in non-dialysis CKD patients. However, the benefits on
clinical outcomes or reduction of uremic toxins in end-stage kidney disease could

not be proved.”®
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Table 2 Previous studies of gut microbiota in CKD patients
Studies Probiotics N Methods Results
Single-center RCT,
Lactobacillus,
cross-over lp—cresol, not IS
Rossi et al.?° Bifidobacteria,
37 CKD G4-5 Modified stool
(CJASN 2016) S. genera
6 weeks, microbiomes
+prebiotics
washout 4 weeks
Viramontes-Homer
L. acidophilus Multicenter RCT lGI symptoms,
D et al.” 42
B. lactis + prebiotics 2 months trend to lCRP
(J Ren Nutr 2015)
B. bifidum,
Wang et al.” Single-center RCT
B. catenulatum, JTNF-a, IL5, IL6, LPS
(Benef Microbes 39 PD
B. longum, L preserve RRF
2015) 6 months
plantarum
TBiﬁdobacteria
Cruz-Mora J et al. Double-blinded,
L. acidophilus in feces
100 18 |placebo-controlled
B. lactis + prebiotics lLactobacilLi in feces
(J Ren Nutr 2014) HD
lGI symptoms
Pavan et al.?® Single-center RCT
(Minerva Urol Nefrol| Prebiotic+Probiotic | 24 CKD G3-4 lCKD progression
2014) 12 months
Guida et al.?! Single-center RCT,
Lactobacillus,
(Nutr Metab cross-over
Bifidobacteria + | 30 Ip-cresol
Cardiovasc Dis CKD G3-4
prebiotics
2014) 4 weeks
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Studies Probiotics N Methods Results
Single-center RCT,
Natarajan et al.'! | S. thermophilus,
cross-over TQOL,
(BioMed Res Int L acidophilus, 22
HD trend to | IGRCRP
2014) B. longum
8 weeks
Single-center RCT,
Miranda Alatriste et
cross-over
al.'%% (Nutr Hosp L. casei shirota | 30 Jurea by 11%
CKD G3-4
2014)
8 weeks
Nakabayashi Single-center
L. casei shirota,
et al.'®® observational | pcresol
B. breve 9
(Nephrol Dial HD normalize bowel habit
+prebiotics
Transplant 2010) 4 weeks
Multicenter RCT,
Ranganathan S. thermophilus,
cross-over
et al.1% L acidophilus, | 46 TQoL, | BUN
CKD G3-4
(Adv Ther 2010) B. longum
6 months
Single-center RCT,
Ranganathan S. thermophilus,
cross-over
etal. ' (Curr Med | L acidophilus, | 16 TQOL, |BUN, Juric level
CKD G3-4
Res Opin 2009) B. longum
6 months
Single-center
Taki et al.*%® controlled trial
B. longum 27 | Hemocysteine, IS, TG
(J Ren Nutr 2005) HD
12 weeks
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Studies Probiotics N Methods Results
Single-center
Takayama et al.!%’ controlled trial
B. longum 22 lIS
(AJKD 2003) HD
5 weeks
Single-center
Ando et al.'%®
observational
(Nihon Jinzo Gakkai B. longum 27 lCKD progression
All staged CKD
Shi 2003)
6 months
Single-center
B. infantis,
Hida et al.'” observational lIndican in feces&serum
L. acidophilus, 25
(Nephron 1996) HD | p-cresolin feces
E. faecalis
4 weeks
Single-center
Simenhoff et al.**
observational |} Dimethylamine,
(Miner Electrolyte L. acidophilus 8

Metab 1996)

HD

1 course

lNitrosodimethyLamine
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Table 3 Previous studies of gut microbiota in CKD animal model
Studies Probiotics Methods Results
Genetically Uremic rats
Prakash et al.!*
engineered (5/6 nephrectomy)| | Plasma urea
(Nat Med 1996)
E. coli with urease 35 days
Ranganathan
Uremic rats
et al.'*? Various
(5/6 nephrectomy)| flifespan, |BUN
(Curr Med Res combinations
16 weeks
Opin 2005)
Ranganathan Uremic rats
Sporosacina
et al.!’? (5/6 nephrectomy)| lifespan, | BUN
pasteurii

(ASAIO J 2006)

16 weeks

Andrade-Oliveira
et al.!* (JASN

2015)

B. adolescentis,

B. longum

Bilateral IR-injury

2 weeks

TAcetate
production
Protect from IR

injury
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Assessment of kidney fibrosis by histopathology

The significant histopathologic findings in CKD are tubulointerstitial fibrosis,
tubular atrophy, global glomerulosclerosis, and capillary loss. Among these, the
severity of interstitial fibrosis has the most association with a progressive decline of
kidney functions and prediction of long-term outcomes.!™ ¢ The gold standard in
assessing kidney fibrosis is to measure the extension of a fibrotic area in kidney
histopathology. The composition in the kidney fibrotic scar consists of the
accumulation of extracellular matrix (ECM), which includes glycosaminoglycans, type
|, type Ill, and type IV collagen, and fibronectin.'!" Fibroblasts, fibrocytes, pericytes,

dendritic cells, and mast cells are known to aggravate tubulointerstitial fibrosis.'*®

In addition to conventional histologic stains (hematoxylin and eosin; H&E,
Periodic acid-Schiff; PAS, Jone’s Silver Methenamine), the visual measurement using
the Masson-trichrome staining is currently the standard stain to detect the area
fibrosis, where the collagen and fibrins are dyed blue.!’ Masson-trichrome staining
has the highest correlation with eGFR decline with the most reproducibility. However,
it has some limitations in detecting milder fibrosis.?? Sirius red (or Picrosirius red)
staining can also dye the collagen type I and Il in red, but with some discrepancies
between under light and polarized microscopes. Therefore, it is not commonly

used.'?! Collagen type Il immunohistochemistry is developed to assess fibrosis.
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However, it lacks availability and clinical validation. It also cannot detect other types

of collagen or extracellular matrix substances.*?

Expression of some biomarkers, including Kidney Injury Molecule-1 (KIM-1),
neutrophil gelatinase-associated lipocalin (NGAL), SRY-box 9, WAP four-disulfide core
domain 2, and NK6 homeobox 2, in the kidney histopathology is also associated with
the severity of tubulointerstitial fibrosis and chronic renal injuries.'®> However, such

biomarkers can also be elevated in the context of acute kidney injury.



Figure 7 The histopathologic staining for kidney fibrosis, including Masson-
trichrome (A), Sirius red (B), and Collagen type Il immunohistochemistry (C)

34
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CHAPTER Il

MATERIALS AND METHODS

Animal study

Animals and animal model

Animal care and experiments were performed according to the National
Research Council Guide for the Care and Use of Laboratory Animals.'?* The study
protocol was approved by the Institutional Animal Care and Use Committee of the
Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand (CU-ACUP No.
018/2562). Eight-week-old male C57BL/6 mice were purchased from Nomura Siam,
Pathumwan, Bangkok, Thailand. The 5/6 Nx was performed via flank approach under
isoflurane anesthesia.'® Briefly, the upper and lower poles of the left kidney were
removed. One week thereafter, a right nephrectomy was performed. Renal capsules
were peeled off before the nephrectomy to avoid injury to the adrenal gland. To
ascertain the optimal resected kidney mass for the CKD development model, only
mice with a weight of resected left kidney in a ratio of 0.55-0.72 to removed right
kidney were selected.’® Then, 5/6 Nx mice were divided into 2 groups by block of
four randomizations with allocation concealment, the probiotics gavage (5/6 Nx-L34)
group and the phosphate buffer solution (PBS) gavage (5/6 Nx-PBS) control. Another
group of mice were undergone sham surgery (Sham group). Study personnel involving
clinical assessment, data collection, and data analysis were blinded to the treatment.

At 6 weeks post-surgery, 50 pL of blood was collected through tail vein nicking, and
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urine was collected in metabolic cages (Hatteras Instruments, NC, USA). At 20 weeks
post-surgery, urine and feces were collected in metabolic cages (Hatteras
Instruments, NC, USA). Blood samples were collected via cardiac puncture from all

mice under isoflurane anesthesia. The animals were sacrificed thereafter.

Sample size calculation

n = 1+2C (s/d)?

Tail = One

QL err prob = 0.05
Power (1-B err prob) = 0.90

C = 10.51

sd = 1.05 x 10°
difference =2x10°

(Ref. Tan RZ, et al. Ren Fail. 2019; 41(1):555-66.)

then n = 1+21 (1.05 x 10%/2 x 10%?
=7

To compare the treatment effects in between the 5/6 Nx-L34 and 5/6 Nx-
control group, a minimum number of mice needed is 7 mice per group to obtain
statistical significance of p < 0.05. With dropout rate of 30%, 10 mice per group were
needed to maintain the power of this study. In this study, 20 mice were enrolled.

They were divided into 2 groups: the 5/6 Nx-L34 group (n=10) and the 5/6 Nx-PBS



control group (n=10). Another group was enrolled and served as the sham control

(n=5).

Animal Care
All animal procedures will be performed according to the US National
Research Council (NRC) Guide for the Care and Use of Laboratory Animals (revision

2011).

1. Husbandry

- Housing: stainless-steel shoebox-shaped cage, solid bottom, open top

size 19 x 28.5 x 13 cm with 4 animals / cage

- Bedding: wood shavings with weekly replacement

- Temperature: 23 + 2 °C

- Relative humidity: 60-65 %

- Light: standard fluorescent

- Light intensity: 130-250 lux

- Diurnal cycle: light/dark = 12/12 hours

- Noise frequency: less than 85 decibels

2. Feeding

37
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- Ad libitum food feeding with commercial diets (average of 5-7 grams per

day)

- Ad libitum water feeding with all-day provide of uncontaminated drinking

water in bottles with drinking tube (8-10 ml per day)

Probiotic administration

L34 from the stock was cultured on deMan-Rogosa-Sharpe (MRS) agar
(Oxoid™, Hampshire, UK) under anaerobic conditions (10% CO,, 10% H,, and 80% N,)
using gas generation sachets (AnaeroPack®-Anaero; Mitsubishi Gas Chemical, Tokyo,
Japan) at 37°C for 24- 48 hours before use. Commencing at 6 weeks after the right
nephrectomy or sham operation, L34 at 1x10° colony-forming unit (CFU) in 0.25 mL
PBS were gavaged 3 times a week for 14 consecutive weeks until 1 day before

sacrifice (figure 8).
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Lactobacillus rhamnosus L34
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resection of Lt kidney
or sham surgery
Blood Sacrifice
Urine
Figure 8 Schema of the mouse experiments

Observational measurements

1. Independent variable

- Probiotic administration (L34 or vehicle).

2. Dependent variables

- Kidney injuries and uremic characteristics: area of kidney fibrosis by
histopathology, plasma levels of gut derived uremic toxins (indoxyl
sulfate, p-cresol sulfate, and TMAO), serum creatinine, 24-hour urine
volume, 24-hour urine protein, anemia, and body weight gain.

- Gut microbiome analysis.
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- Gut permeability: plasma levels of endotoxin, fluorescein isothiocyanate
dextran (FITC)-dextran assay, detection of tight junction molecules in
colonic pathology.

- Serum level of TNF-QL

Mouse sample analysis

Hematocrit was measured by the microhematocrit method with the Coulter
Counter (Hitachi 917; Boehringer Mannheim GmbH, Mannheim, Germany). Serum
creatinine and albuminuria were measured using the colorimetric method
(QuantiChrom™ Creatinine Assay Kit, BioAssay System, Hayward, CA, USA) and
enzyme-linked immunosorbent assay (ELISA) (Albuwell M, Exocell™, Philadelphia, PA,
USA), respectively. Serum TMAO was determined by liquid chromatography-mass
spectrometry (LC-MS/MS) using silica column (Luna® silica; 00G-4274-EQ,
Phenomenex®, Torrance, CA, USA).!% Various concentrations of non-isotopically
labelled TMAO standards were spiked into control serum to construct calibration
curves. Internal standard d9-TMAO was used for quantification and calculating the
recovery rate of TMAO. Serum IS was determined by high-performance liquid
chromatography (HPLC Alliance® 2695; Waters, Zellik, Belgium).’?" Serum TNF-QL

were evaluated by ELISA (PeproTech™, Cranbury, NJ, USA).'?8
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Renal histopathologic studies

After sacrifice, the remaining kidneys were fixed in 10% formalin, paraffin-
embedded, and stained with Masson’s trichrome method.*® Area of kidney fibrosis
was determined by computerized image analysis software (ImageJ®software,

Bethesda, MD, USA) in a 200x magnification field with 10 fields per sample.

Gut permeability determination and immunofluorescent

Three different methods proven to indicate gut leakage were determined: i)
FITC-dextran assay, i) spontaneous endotoxemia, and iii) detection of tight junction
molecule in intestinal tissues. The detection of FITC-dextran (intestinal non-
absorbable molecule) in serum after oral administration or spontaneous serum
elevation of endotoxin without systemic inflammation indicate gut leakage.® '#**3! |n
the FITC-dextran assay, 12.5 mg of FITC-dextran (4.4 kDa) (FD4; Sigma-Aldrich®, St.
Louis, MO, USA) was gavaged. At 3 hours thereafter, serum FITC-dextran was
measured by Fluorospectrometer (NanoDrop™ 3300; Thermo Fisher Scientific™,
Wilmington, DE, USA). Serum lipopolysaccharide (LPS or endotoxin) was evaluated by
HEK-Blue LPS Detection Kit 2 (InvivoGen™, San Diego, CA, USA). Due to the lower
limit of the standard curve of the test, the value <0.01 EU/ mL was recorded as 0. To
examine intestinal tight junction, the section of cecum and colon obtained post-

sacrifice were embedded in Cryogel (Leica Biosystems, Richmond, IL, USA). The 5 iUm

thick frozen sections were fixed in acetone, blocked by blocking buffer, stained with
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fluorescent antibody against Occludin-1, an intestinal tight junction molecule, and
labelled with secondary antibody in green (Alexa Fluor® 488; Life Technologies,
Carlsbad, CA, USA). The detection of the green fluorescent color area of the tight
junction at 630x from histological images were performed by the software of ZEISS®
LSM 800 (Carl Zeiss AG, Jena, Germany) using 10 different fields per slide and

presented as the percentage of tight junction area.

Fecal microbiome analysis

Feces (0.25 ¢ per mouse) were collected from the mice in different cages per
group to avoid the influence of allocoprophagy. Fecal microbiome analysis was
performed.” Metagenomic DNA was extracted from prepared samples using DNAeasy
Kit (Qiagen, Hilden, Germany) with DNA quality assessment using Nanodrop
spectrophotometry. Universal prokaryotic primers 515F (5’-
GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGT WTCTAAT-3’) with
appended 50 Illumina adapter and 30 Golay barcode sequences were used for 16S
rRNA gene V4 library construction. The abundance of total Gram-negative bacteria in
feces was determined by calculating the bacterial abundance in the microbiome

analysis on the phylum level.
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In vitro study

1. The in vitro experiments of Lactobacillus rhamnosus | 34-conditioned media

To examine the possible direct effect of probiotics on the intestine and
kidney, IS, a water-soluble form of indoxyl, a molecule converted from Tryptophan
amino acid by gut bacteria,’* was used as a representative GDUT. The Caco-2 (ATCC
HTB-37), and HK2 renal proximal tubular cells (ATCC CRL-2190) (American Type
Culture Collection, Manassas, VA, USA), were used as representative of intestinal and
kidney cells, respectively. The LCM, a representative of secreted molecules from the
probiotics, was prepared.? Briefly, L34 at OD600 of 0.1 were incubated anaerobically
for 48 hours before centrifugation for cell-free supernatants. Then, the supernatants
were concentrated by speed vacuum drying at 40°C for 3 hours (Savant Instruments).
The cell-free concentrated pellets were resuspended in an equal volume of DMEM,
stored at -20°C until use. Caco-2 (at 2x10° cells/well) or HK2 cells (at 5x10*
cells/well) maintained in Dulbecco’s modified Eagle medium (DMEM) were incubated
with IS (Sigma-Aldrich) at 500 pM/well (200 pL),?® with or without 5% v/v LCM under
5% CO, at 37°C for 24 hours before determination of supernatant cytokines and the
expression of several genes. To investigate the size of the potentially protective
molecules in LCM, 3 fractions of LCM separated by 3 kDa filter (the finest
commercially available filter) (Minisart®; Sartorius Stedim Biotech GmbH, Gottingen,
Germany), including <3kDa, >3kDa and non-filtered LCM were used in the Caco-2 cell

experiment.
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Intestinal tight junction defect in uremic gut allows translocation of toxins
with lower molecular weight (MW) into the systemic circulation, including endotoxin.
To explore the effect of LCM with lower MW exclusively on renal tubular cells, LCM
was filtered through a 3kDa membrane filter (Minisart®; Sartorius Stedim Biotech
GmbH, Goéttingen, Germany) in the HK2 cell experiment. After incubation with DMEM
with LCM or DMEM alone (see details above), the supernatant was determined for
cytokine (IL-8) and expression of several genes with ELISA method (Quantikine
Immunoassay; R&D Systems, Minneapolis, MN, USA), and expression of selected
genes related to fibrosis with quantitative reverse transcription-polymerase chain
reaction (QRT-PCR).!>> The gRT-PCR of several genes in relative to B-actin (a house-

keeping gene) with the 27887

method was determined using cDNA
(SuperScript™Vilo™ cDNA synthesis assay, Invitrogen™, Waltham, MA, USA) prepared
from 50 ng of TRIzol-extracted total RNA (invitrogen™, Waltham, MA, USA) by a gPCR
machine (LightCycler® 2.0, Roche Diagnostics, Indianapolis, IN, USA) with several

primers, including TNF-Q,, IL-6, IL-8, Nuclear Factor kappa B (NF-KB), Collagen (type |,

lll, IV), Fibronectin I, and Hypoxia-inducible factor (HIF-10X) (table 4).'*

The effect of GDUTs on intestinal integrity was determined by Transepithelial
electrical resistance (TEER)."* To establish confluent monolayer, Caco-2 cells at
5x10% cells per well were seeded onto the upper compartment of 24-well Boyden

chamber trans-well, using DMEM-high glucose supplemented with 20% Fetal Bovine
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Serum (FBS), 1% N-hydroxyethylpiperazine-N-ethanesulfonate (HEPES), 1% sodium
pyruvate, and 1.3% Penicillin/Streptomycin for 15 days. TEER, in ohm (Q) xcm?, was
measured with epithelial volt-ohm meter (EVOM2™, World precision instruments,
Sarasota, FL, USA) by placing electrodes in the supernatant at basolateral and in
apical chambers. TEER values in media culture without Caco-2 cells was used as a

blank and was subtracted from other measurements (figure 9).
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Table 4 Primer sequences used for gRT-PCR in the in vitro experiments

Name

Forward primer

Reverse primer

Tumor necrosis

factor-Ql (TNF-OY)

5’-CTCTTCTGCCTGCTGCACTTTG -3’

5’- ATGGGCTACAGGCTTGTCACTC -3’

Interleukin-6 (IL-6)

5’- ATGAACTCCTTCTCCACAAGC -3’

5-G CTGCCAGTGCCTCTTTG -3’

Interleukin-8 (IL-8)

5’- TGGCTCTCTTGGCAGCCTTC -3’

5’- TGCACCCAG CCTTGGG -3’

Nuclear Factor

kappa B (NF-KB)

5’- CTTCCTCAGCCATGGTACCTCT -3’

5’- CAAGTCTTCATCAGCATCAAACTG -3’

Collagen type |

5’-CGATGGATTCCAGTTCGAGT-3’

5’- GAGGGGGTTCAGTTTG-3’

Collagen type Il

5’-GTCCTATTGGTCCTCCTGGC-3’

5’-ACCAGGGAAACCAGCAGG-3’

Collagen type IV

5’-ATGGGGCCCCGGCTCAGC-3’

5’-ATCCTCTTTCACCTTTCAATAGC-3’

Fibronectin |

5’-CCGTGGGCAACTCTGTC-3’

5’-TGCGGCAGTTGTCACAG-3’

Hypoxia-inducible
factor (HIF-1Qt)

5’-TTCACCTGAGCCTAATAGTCC-3’

5’-CAAGTCTAAATCTGTGTCCTG-3’

B-actin

5’-CCTGGCACCCAGCACAAT-3’

5’-GCCGATCCACACGGAGTACT-3’
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2. Characterization of the active anti-inflammatory molecules of LCM

The preliminary identification of active substances from LCM (<3kDa fraction)
on anti-inflammation of HK2 cells® was performed (Figure 10). As such, the
neutralization of LCM (<3kDa fraction) anti-inflammatory properties (attenuation in
uremic toxin-induced TNF-QL production by HK2 cells) after processing (enzyme
inactivation and heat) before utilization indicated the biochemical properties of LCM.
Accordingly, the enzyme sensitivity of LCM was tested by incubation with one of the
various enzymes (Sigma-Aldrich), including Ql-amylase, lipase, proteinase K, and
lysozyme. At a concentration of 1 mg/ml of LCM, each enzyme was incubated at
37°C (25°C for amylase and lysozyme) for 6 h and heated in a 100°C water bath for
10 min for enzyme inactivation. For thermal stability, the LCM was exposed to a
100°C water bath for 0.25, 0.5, 1, or 2 h before use. Then, processed LCM was tested
for the suppressive activity on TNF-Q production using HK2 cells (ATCC CRL-2190) as

described above.

Statistical analysis

Analyzed data are presented as mean + standard error (SE) using GraphPad
Prism version 9.0 (La Jolla, CA, USA). Comparisons among groups were determined by
one-way analysis of variance (ANOVA) after proving the three assumptions; normal

distribution using Shapiro-Wilk test, homogeneity of variance using Bartlett’s test, and
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independence, followed by Tukey’s analysis for multiple pairwise comparisons.
Tukey’s analysis would prevent the inflation of type | error and control the family-
wise error rate (FWER) at specified level of 0.05 across such multiple pairwise
comparisons. Any pair with t-score above the critical value was considered as having
the Honestly Significant Difference (HSD). Comparison of resected kidney mass
between the two 5/6 Nx groups was determined by an unpaired t-test. A p-value of

<0.05 was considered statistically significant.



CHAPTER IV

RESULTS

Lactobacillus rhamnosus L34 attenuated kidney injury and kidney fibrosis in
CKD mice

All mice were survived at 20 weeks of the observation. The weight of
resected kidneys performed 6 weeks before initiation of the treatment, between
the 5/6Nx-L34 group and the 5/6Nx-control group, did not differ significantly (figure
11). The uremic characteristics of 5/6 Nx mice were demonstrated by retardation
of weight gain, anemia, increased serum creatinine and proteinuria at 6 and 20
weeks after surgery compared with sham controls (figure 12A-D). At 20 weeks after
surgery, the percentage of weight gain and hematocrit (Hct) reduction in sham
control and 5/6Nx mice were 43.85+11% versus 10.7+12%, and 3.74+11% and
19+12%, respectively (figure 12E-F). The changes in serum creatinine and
proteinuria from baseline in sham control and 5/6 Nx mice were -0.04+0.07 versus
0.56+0.3 meg/dL, and 2.5+2.83 versus 31.9+9 mg/day, respectively (figure 12G, H).
The renal histopathology showed more prominent fibrosis in the 5/6 Nx mice
(figure 13A, B). These characteristics supported the CKD progression, the major

feature of CKD in our 5/6 Nx model.!?

After L34 administration for 14 weeks, the 5/6 Nx-L34 mice demonstrated

less serum creatinine (0.60+0.15 versus 0.94+0.41 mg/dL, p=0.033) and proteinuria
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(26.91+8.29 versus 36.9+8.38 mg/day, p=0.015) (figure 12C, D). L34 administration
also attenuated area of kidney fibrosis (9.29+2.67 versus 16.01+6.23 %, p=0.004)
(figure 13A, B) and percentage of global glomerulosclerosis (15.56+18.22 versus

41.67+11.11 %, p=0.013), when compared with 5/6 Nx-PBS mice.
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Figure 11 The weight of total resected kidney in each group
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Figure 13 The characteristics of Sham control, 5/6 nephrectomy mice with
phosphate buffer solution (5/6 Nx+PBS) or with Lactobacillus rhamnosus L34 (5/6
Nx+L34) as indicated by the area of kidney fibrosis with the representative Masson’s
Trichrome stained kidney histopathology (original magnification 200x, 400x) (A, B)
(n=5in Sham control, n=10 in 5/6 Nx+PBS and 5/6+L34 groups).



Lactobacillus rhamnosus L34 attenuated gut dysbiosis, gut leakage, and
systemic inflammation in CKD mice

At 20 weeks post 5/6 Nx, there were i) gut leakage, as indicated by
endotoxemia, FITC-dextran assay, and the reduction of Occludin, in the uremic
cecum and colon (figure 14A-D), despite the normal intestinal histology
(represented by caecum) (figure 14E) and ii) systemic inflammation (serum TNF-QL)
(figure 14F). L34 attenuated such gut leakage and systemic inflammation and

decreased TMAO and IS (figure 14G-H).
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Figure 14 The characteristics of Sham control, 5/6 nephrectomy mice
with phosphate buffer solution (5/6 Nx+PBS) or with Lactobacillus rhamnosus L34
(5/6 Nx+L34) as indicated by gut permeability defect (endotoxemia, FITC-dextran
assay and area of Occludin tight junction molecule) with the representative
fluorescent stained histology from cecum and colon (original magnification at 200x)
(A-D), are demonstrated. The inset picture focuses on an apical area of the colon,
showing the linear and granular fluorescent staining on Sham and 5/6 Nx mice,
respectively. Additionally, the representative Hematoxylin & Eosin staining pictures
(B), systemic inflammation (serum TNF-QU) (F) and gut-derive uremic toxins;
Trimethylamine N-oxide (TMAO) and indoxyl sulfate (G, H) (n=5 in Sham control,
n=10 in 5/6 Nx+PBS and 5/6+L34 groups).

Fecal microbiome analysis in 5/6 Nx mice showed an increase in
Bacteroides species, the most abundant Gram-negative anaerobes with potential
pathogenicity,®! with a decrease in Firmicutes species, the highest Gram-positive

anaerobes in a healthy gut,'*

without alteration in Proteobacteria species
(pathogenic bacteria) (figure 15A-E), and total Gram-negative bacteria (data not
shown) when compared with sham controls. L34 administration attenuated
uremia-induced gut dysbiosis as indicated by increased Firmicutes and reduced
Bacteroides and total abundance of Gram-negative bacteria without affecting

Proteobacteria (figure 15A-E). Notably, the alpha diversity and observed taxonomy

units (OTUs) were not different among groups (figure 15F).
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Figure 15 The fecal microbiome analysis of Sham control, 5/6
nephrectomy mice with phosphate buffer solution (5/6 Nx+PBS) or with Lactobacillus
rhamnosus L34 (5/6 Nx+L34) as indicated by the relative abundance in phylum (A)
and in genus (B), the average relative abundance in phylum (C) and in genus (D), and
the graph presentation of relative abundance in phylum levels (E) and the alpha
diversity (Shannon and Chao estimation) with total observed taxonomy units (OTUs)

(F)

Lactobacillus rhamnosus L34 attenuated uremia-induced injury on enterocytes
and renal proximal tubular cells

After incubation of IS in Caco-2 cells, there were increased inflammatory
markers (supernatant IL-8 and expression of /L-8 and NF-kB) and decreased cell
integrity (TEER) (figure 16A-D). It is possible that L34 produce both low MW
molecules that might pass through uremic gut to kidneys and higher MW
molecules that might affect enterocytes. Thus, LCM with or without filtration by
3kDa cut-off filter was used for in vitro experiments. Accordingly, all fractions of
LCM (<3kDa, >3kDa, and non-filtered LCMs) attenuated GDUT-induced effects on
Caco-2 enterocytes (pro-inflammation and TEER) (figure 16A-D). Because of the
possible delivery of low MW molecules from LCM during gut leakage, only <3kDa-
filtered LCM was tested in the HK2 cell experiment. The addition of IS to HK2 cells
caused increased inflammatory responses (supernatant TNF-QU and IL-6) (figure

17A, B), and upregulated expression of pro-inflammatory genes and pro-fibrotic

genes, including TNF-Q, IL-6, Collagen type Il and type 1V, fibronectin, and
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Hypoxia-inducible factor (HIF-1Q), but not Collagen type | (figure 17C-I).
Interestingly, incubation of <3kDa-filtered LCM attenuated such IS-induced HK2-
cell injuries (figure 17A-1). To explore the chemical nature of the active molecule
from <3kDa-filtered LCM on IS-induced HK2 cells, the anti-inflammatory properties
of LCM after several treatments were determined. Interestingly, the structure of
active molecules against IS in <3kDa-filtered LCM were heat-labile polysaccharides
and protein (possibly the glycoproteins) because the anti-inflammatory property
was neutralized by either amylase and proteinase enzymes or heat exposure

(figure 17J, K).
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including TNF-Q,, IL-6, collagen type lll and type IV, fibronectin, and hypoxia-inducible
factor 1-0 (HIF-1a), (C-H)
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CHAPTER V

DISCUSSION

Gut dysbiosis, gut leakage, systemic inflammation, and CKD progression in 5/6
Nx mice

After 5/6 Nx, mice developed retardation of weight gain, anemia, azotemia,
proteinuria, and significant renal fibrosis that supported advanced stage of CKD.'#
Alteration in gut microbiome in these mice, including decreased bacterial flora and
increased pathogenic bacteria, supported CKD-induced gut dysbiosis.*® Moreover, 5/6
Nx mice demonstrated loss of Occludin and increased FITC-dextran uptake. There
was an increase in circulating GDUTs and endotoxin through impaired renal clearance
and uremia-induced gut leakage (gut translocation of large MW toxins), respectively.
Increased serum TNF-QL level also indicated enhanced systemic inflammatory
responses. Although our results support CKD induced gut dysbiosis and gut leakage,
gut bacterial translocation, using 16S ribosomal DNA (16S rDNA) in blood, and the
association between GDUTs and CKD staging could not be demonstrated in

patients.”*® 7 Further studies on the gut-kidney axis are still in need.



64

Lactobacillus rhamnosus L34 attenuated uremia-induced gut dysbiosis and CKD
progression in 5/6 Nx mice

Administration of L34 in 5/6Mx mice attenuated i) uremia-induced gut
dysbiosis and gut leakage, ii) systemic inflammation (GDUTs in serum, endotoxemia,
and inflammatory markers), and iii) CKD progression (azotemia, proteinuria, and
kidney fibrosis). These data supported the benefits of probiotics in patients with CKD,
as previously published.'*® ** In addition, in vitro adverse effects of IS on Caco-2 and
HK2 cells were minimized in LCM. Although our findings were similar to previous
observations that advanced CKD induces gut dysbiosis,” gut leakage,® ? circulating
GDUTs, endotoxemia,® ' and inflammatory markers'® resulting in the accelerated
CKD progression,'? an effect of L34 on improved renal histology implied a prominent
effect of L34 on CKD, which were different from other studies. Increased intestinal
excretion of accumulated uremic toxins in CKD could induce gut dysbiosis by
promoting the growth of pathogenic bacteria. Increased GDUTs and enhanced
systemic inflammation exert injuries to vascular endothelium®® and renal
parenchymal cells.”® These effects cause a vicious cycle of uremic toxin-induced gut
dysbiosis, and dysbiosis further enhances GDUTs, worsening gut leakage, systemic

inflammation, and CKD progression.

Although probiotic has been proven to reduce certain GDUTs in animal

112,113 20, 21, 104, 105, 141, 142 20, 98

experiments, clinical studies, and in meta-analysis, only a

few studies?! demonstrated capacity of delaying CKD progression. Interestingly, the



65

beneficial effects of L34 were strong enough to delay CKD progression in 5/6 Nx
mice, as indicated by decreased severity in renal histopathology. Although
mechanisms of L34 in attenuation of CKD progression and kidney fibrosis is unclear, it
is possible to be associated with the anti-inflammatory effect of L34 on gut dysbiosis
and direct effects on intestinal and renal parenchymal cells. With probiotics-
attenuated gut dysbiosis, reduction in GDUT production and subsequent decrease in
circulating GDUTs were observed (figure 14G, H). Attenuation of endotoxemia (figure
14A) without alteration in total fecal Gram-negative bacteria after probiotic
administration suggested the limited gut translocation of endotoxin (MW 50-100 kDa),
but not the reduced endotoxin in gut contents. Likewise, L34 attenuated gut leakage
as indicated by reduced intestinal absorption of FITC-dextran, improved tight junction
molecule (figure 14B-D), and strengthened enterocyte barriers as indicated by TEER
(figure 16A). These findings support the concept of probiotic-attenuating gut leakage
in CKD.%® L34 also reduce the level of some toxins, which are small enough to pass

through normal intestinal tight junction (<0.6 kDa).'?

Anti-inflammatory effect of Lactobacillus rhamnosus L34 against uremia-
induced cell injury in enterocytes and renal tubular cells
Several uremic toxins induce systemic inflammation, uremic enteropathy, and

CKD progression.* ' IS reduced Caco-2 cell integrity (TEER) through pro-inflammatory
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responses (supernatant IL-8) from up-regulated NF-KB transcriptional factor that

might be responsible for gut leakage in CKD mice. Although IS activation on Caco-2
cells may differ from IS impact in mice because IS is converted from indole by the
liver and distributed to enterocytes through blood circulation, possibly only at the

basolateral side of the cells,”

our findings provide proof of concept on the uremia-
induced intestinal injury. In parallel, IS activated inflammation, including NF-KB and
HIF-1 expression, and facilitated collagen production in HK2 cells as demonstrated
by up-regulation of several pro-fibrotic genes as a previous publication.!** While
ischemia up-regulated HIF-10 (a key molecule for cell survival after injury) in
proximal tubular cells,'* IS also accelerates HIF-10 levels here. On the other hand,
an elevation of HIF-2 in peritubular interstitial fibroblast-like cells facilitated
Erythropoietin (EPO) production that maintains Hct!'* and IS dysregulates oxygen
metabolism (and possibly HIF-2 production) that might lead to renal anemia.* %
Moreover, IS also influence other molecules, including aryl hydrocarbon receptor
(Ahr) and EPO production,'* %8 which might be affected by LCM. Hence, more

exploration on the effect of LCM on IS-induced injury in other aspects (such as Ahr

and anemia) in the proper cells will be interesting.

Additionally, IS promotes the production of reactive oxygen species that
directly induce cell damage and apoptosis. Reduction in supernatant pro-

inflammatory cytokines in Caco-2 cells and decrease in cytokine production and pro-
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fibrotic genes in HK2 cell experiment after addition of LCM indicated the therapeutic
effect of L34 on IS-induced cytotoxicity to intestinal and renal epithelial cells. All
fractions of LCM (<3 kDa, >3k Da, or non-filtered fractions) attenuated IS-induced
inflammatory responses in Caco-2 cells, implying the production of anti-inflammatory
substances in varying MW.?> Although gut translocation of probiotics-derived
substances with MW >3 kDa (endotoxin) is possible in 5/6 Nx mice, the majority of
molecules that enter systemic circulation (and kidneys) would preferentially be <3
kDa. Despite a technical limitation in verifying the molecular sizes of the filtrated-
LCM, LCM with the <3kDa fraction reduced IS-induced HK2 cell damage (up-
regulation of cytokines and pro-fibrotic genes), suggesting proof of concept for the
potential benefits of small molecules produced from L34, which might be the
molecules with polysaccharide and protein (or glycoproteins) structure. Because the
anti-inflammatory molecules for LPS-activated enterocytes from non-filtered LCM
were carbohydrate molecules'® and benefits of heat-killed probiotics are also
mentioned,'*" ! the effective molecules of probiotics might depend on the insults
and the specific fractions of probiotics. Hence, the extraction and utilization of the
beneficial molecules from the proper fraction of probiotics are interesting for further
exploration as the new chemical drugs which are easier and less expensive for

clinical usage than the viable probiotics.

Hence, increased systemic inflammation and kidney fibrosis through uremia-

induced gut leakage in 5/6 Nx mice and attenuation by L34 supported a causal
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relationship between gut dysbiosis (and gut leakage) with inflammation-induced
kidney fibrosis. Our working hypothesis of the beneficial effect of probiotics on CKD
(figure 17) consists of the effects on attenuation of uremia-induced gut leakage and
GDUTSs,'® and the possible delivery of probiotics-producing anti-fibrotic substances to
the kidney through gut leakage. Although gut leakage initiates gut translocation of
several harmful pathogen molecules, taking advantage of gut leakage as an
additional delivery method of some beneficial molecules or by some other
interventions might be a captivating strategy. Also, some other available probiotics
might also directly produce anti-fibrotic substances, the combination of such

probiotics or extraction of anti-fibrotic molecules is interesting.
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Uremic toxin accumulation in CKD leads to an increase in pathogenic bacteria and a

decrease in bacterial flora, so-called gut dysbiosis. The pathogenic bacteria induce

the production of gut-derived uremic toxins (GDUTSs). Both gut dysbiosis and gut-

derived uremic toxins impair intestinal tight junction integrity, so-called gut leakage,

which leads to translocation of GDUTs and endotoxin into the systemic circulation.

Circulating GDUTs and endotoxin stimulate macrophages to activate NF-kB

transcription factor, which would induce pro-inflammatory reactions. Subsequently,

the expression of pro-fibrotic genes was upregulated. The worsening of renal

parenchymal fibrosis is characterized as the progression of CKD, continuing the

vicious cycle. Administration of probiotics reduce gut dysbiosis and release low

molecular weight substances (LMWS), which inhibit pro-inflammatory reaction and

expression of pro-fibrotic genes, leading to disruption of the vicious cycle before

proceeding to the progression of CKD. IS, indoxyl sulfate; PS, p-cresol
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In CKD mice, the population is uniform, and all the confounders that would
affect the progression of kidney fibrosis are considered and controlled. However,
there are many more contributable factors and variations among the human
population, such as the etiologies of CKD, lifestyle, adherence to the treatments, and
environmental factors. Finding the proper prescription, which consists of the
appropriate dose and the adequate duration of therapy, would yield further benefits
after maximizing the necessary treatments with low adverse effects and low costs.
Thus, despite the benefits of L34 in vivo and in vitro from the current data, clinical
studies for a potential application in CKD and further mechanistic studies to explore

other reno-protective mechanisms of probiotics-derived molecules are warranted.

Conclusion

Lactobacillus rhamnosus L34, derived from the Asian population, attenuated
GDUTSs, gut leakage, and systemic inflammation that provided the reno-protective
effects in the CKD model. For the L34 benefits on renal tubular cells, L34 seems to
have both direct renal impact (anti-inflammation on HK2 cells with <3kDa LCM
fraction) and indirect renal influence through endotoxemia attenuation, partly
through improved dysbiosis and reduced endotoxin in fecal contents (decrease in
total Gram-negative bacteria). Hence, probiotics would have an important therapeutic

role in retarding CKD progression in the future.



REFERENCES

1. Collaboration GBDCKD. Global, regional, and national burden of chronic kidney
disease, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017.
Lancet 2020;395:709-33.

2. Tang WH, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X, et al. Intestinal microbial
metabolism of phosphatidylcholine and cardiovascular risk. N Engl J Med
2013;368:1575-84.

3. Aronov PA, Luo FJ, Plummer NS, Quan Z, Holmes S, Hostetter TH, et al. Colonic
contribution to uremic solutes. J Am Soc Nephrol 2011;22:1769-76.

4. Graboski AL, Redinbo MR. Gut-Derived Protein-Bound Uremic Toxins. Toxins (Basel)
2020;12.

5. Mishima E, Fukuda S, Mukawa C, Yuri A, Kanemitsu Y, Matsumoto Y, et al. Evaluation
of the impact of gut microbiota on uremic solute accumulation by a CE-TOFMS-based
metabolomics approach. Kidney Int 2017;92:634-45.

6. Vangay P, Johnson AJ, Ward TL, Al-Ghalith GA, Shields-Cutler RR, Hillmann BM, et al.
US Immigration Westernizes the Human Gut Microbiome. Cell 2018;175:962-72 e10.

7. Vaziri ND, Wong J, Pahl M, Piceno YM, Yuan J, DeSantis TZ, et al. Chronic kidney
disease alters intestinal microbial flora. Kidney Int 2013;83:308-15.

8. Meijers B, Farre R, Dejongh S, Vicario M, Evenepoel P. Intestinal Barrier Function in
Chronic Kidney Disease. Toxins (Basel) 2018;10.

9. McIntyre CW, Harrison LE, Eldehni MT, Jefferies HJ, Szeto CC, John SG, et al.
Circulating endotoxemia: a novel factor in systemic inflammation and cardiovascular
disease in chronic kidney disease. Clin J Am Soc Nephrol 2011;6:133-41.

10. Panpetch W, Kullapanich C, Dang CP, Visitchanakun P, Saisorn W, Wongphoom J, et
al. Candida Administration Worsens Uremia-Induced Gut Leakage in Bilateral
Nephrectomy Mice, an Impact of Gut Fungi and Organismal Molecules in Uremia.
mSystems 2021;6.

11. Tang WH, Wang Z, Kennedy DJ, Wu Y, Buffa JA, Agatisa-Boyle B, et al. Gut
microbiota-dependent trimethylamine N-oxide (TMAO) pathway contributes to both



72

development of renal insufficiency and mortality risk in chronic kidney disease. Circ Res
2015;116:448-55.

12. Amornphimoltham P, Yuen PST, Star RA, Leelahavanichkul A. Gut Leakage of
Fungal-Derived Inflammatory Mediators: Part of a Gut-Liver-Kidney Axis in Bacterial
Sepsis. Dig Dis Sci 2019;64:2416-28.

13. Evenepoel P, Poesen R, Meijers B. The gut-kidney axis. Pediatr Nephrol
2017;32:2005-14.

14. Yang T, Richards EM, Pepine CJ, Raizada MK. The gut microbiota and the brain-gut-
kidney axis in hypertension and chronic kidney disease. Nat Rev Nephrol 2018;14:442-
56.

15. Andrade-Oliveira V, Foresto-Neto O, Watanabe IKM, Zatz R, Camara NOS.
Inflammation in Renal Diseases: New and Old Players. Front Pharmacol 2019;10:1192.
16. Vanholder R, Schepers E, Pletinck A, Nagler EV, Glorieux G. The uremic toxicity of
indoxyl sulfate and p-cresyl sulfate: a systematic review. J Am Soc Nephrol
2014,25:1897-907.

17. Wu IW, Hsu KH, Lee CC, Sun CY, Hsu HJ, Tsai CJ, et al. p-Cresyl sulphate and indoxyl
sulphate predict progression of chronic kidney disease. Nephrol Dial Transplant
2011;26:938-47.

18. Meijers BK, De Preter V, Verbeke K, Vanrenterghem Y, Evenepoel P. p-Cresyl sulfate
serum concentrations in haemodialysis patients are reduced by the prebiotic
oligofructose-enriched inulin. Nephrol Dial Transplant 2010;25:219-24.

19. Wang IK, Wu YY, Yang YF, Ting IW, Lin CC, Yen TH, et al. The effect of probiotics on
serum levels of cytokine and endotoxin in peritoneal dialysis patients: a randomised,
double-blind, placebo-controlled trial. Benef Microbes 2015;6:423-30.

20. Rossi M, Johnson DW, Morrison M, Pascoe EM, Coombes JS, Forbes JM, et al.
Synbiotics Easing Renal Failure by Improving Gut Microbiology (SYNERGY): A
Randomized Trial. Clin J Am Soc Nephrol 2016;11:223-31.

21. Guida B, Germano R, Trio R, Russo D, Memoli B, Grumetto L, et al. Effect of short-
term synbiotic treatment on plasma p-cresol levels in patients with chronic renal
failure: a randomized clinical trial. Nutr Metab Cardiovasc Dis 2014;24:1043-9.

22.Yang J, Lim SY, Ko YS, Lee HY, Oh SW, Kim MG, et al. Intestinal barrier disruption



73

and dysregulated mucosal immunity contribute to kidney fibrosis in chronic kidney
disease. Nephrol Dial Transplant 2019;34:419-28.

23. Pavan M. Influence of prebiotic and probiotic supplementation on the progression
of chronic kidney disease. Minerva Urol Nefrol 2016;68:222-6.

24. Boonma P, Spinler JK, Qin X, Jittaprasatsin C, Muzny DM, Doddapaneni H, et al. Draft
genome sequences and description of Lactobacillus rhamnosus strains L31, L34, and
L35. Stand Genomic Sci 2014;9:744-54.

25. Panpetch W, Chancharoenthana W, Bootdee K, Nilgate S, Finkelman M, Tumwasorn
S, et al. Lactobacillus rhamnosus L34 Attenuates Gut Translocation-Induced Bacterial
Sepsis in Murine Models of Leaky Gut. Infect Immun 2018;86.

26. Leelahavanichkul A, Panpetch W, Worasilchai N, Somparn P, Chancharoenthana W,
Nilgate S, et al. Evaluation of gastrointestinal leakage using serum (1-->3)-beta-D-glucan
in a Clostridium difficile murine model. FEMS Microbiol Lett 2016;363.

27. Ellis RJ, Small DM, Ng KL, Vesey DA, Vitetta L, Francis RS, et al. Indoxyl Sulfate
Induces Apoptosis and Hypertrophy in Human Kidney Proximal Tubular Cells. Toxicol
Pathol 2018;46:449-59.

28. Huang Y, Zhou J, Wang S, Xiong J, Chen Y, Liu Y, et al. Indoxyl sulfate induces
intestinal barrier injury through IRF1-DRP1 axis-mediated mitophagy impairment.
Theranostics 2020;10:7384-400.

29. Ondee T, Pongpirul K, Visitchanakun P, Saisorn W, Kanacharoen S, Wongsaroj L, et
al. Lactobacillus acidophilus LA5 improves saturated fat-induced obesity mouse model
through the enhanced intestinal Akkermansia muciniphila. Sci Rep 2021;11:6367.

30. Chancharoenthana W, Leelahavanichkul A, Taratummarat S, Wongphom J,
Tiranathanagul K, Eiam-Ong S. Cilostazol attenuates intimal hyperplasia in a mouse
model of chronic kidney disease. PLoS One 2017;12:e0187872.

31. Panpetch W, Sawaswong V, Chanchaem P, Ondee T, Dang CP, Payungporn S, et al.
Corrigendum: Candida Administration Worsens Cecal Ligation and Puncture-Induced
Sepsis in Obese Mice Through Gut Dysbiosis Enhanced Systemic Inflamsnmation, Impact
of Pathogen-Associated Molecules From Gut Translocation and Saturated Fatty Acid.
Front Immunol 2020;11:613095.

32. Panpetch W, Somboonna N, Palasuk M, Hiengrach P, Finkelman M, Tumwasorn S, et



74

al. Oral Candida administration in a Clostridium difficile mouse model worsens disease
severity but is attenuated by Bifidobacterium. PLoS One 2019;14:e0210798.

33. KDIGO CKD Work Group. KDIGO 2012 clinical practice guideline for the evaluation
and management of chronic kidney disease. Kidney Int Suppl 2013;3:1-150.

34. Ingsathit A, Thakkinstian A, Chaiprasert A, Sangthawan P, Gojaseni P, Kiattisunthorn K,
et al. Prevalence and risk factors of chronic kidney disease in the Thai adult population:
Thai SEEK study. Nephrol Dial Transplant 2010;25:1567-75.

35. Cha'on U, Wongtrangan K, Thinkhamrop B, Tatiyanupanwong S, Limwattananon C,
Pongskul C, et al. CKDNET, a quality improvement project for prevention and reduction
of chronic kidney disease in the Northeast Thailand. BMC Public Health 2020;20:1299.
36. Chuasuwan A PK. Thailand renal replacement therapy: Year 2016-2019. Available

from: https://www.nephrothai.org/wp-content/uploads/2021/01/1.TRT-Annual-report-
2016-2019.pdf.

37. Foreman KJ, Marquez N, Dolgert A, Fukutaki K, Fullman N, McGaughey M, et al.
Forecasting life expectancy, years of life lost, and all-cause and cause-specific mortality
for 250 causes of death: reference and alternative scenarios for 2016-40 for 195
countries and territories. Lancet 2018;392:2052-90.

38. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al. Diversity
of the human intestinal microbial flora. Science 2005;308:1635-8.

39. Hooper LV, Gordon JI. Commensal host-bacterial relationships in the gut. Science
2001;292:1115-8.

40. Cebra JJ. Influences of microbiota on intestinal immune system development. Am J
Clin Nutr 1999;69:10465-515.

41. Hill MJ. Intestinal flora and endogenous vitamin synthesis. Eur J Cancer Prev 1997;6
Suppl 1:543-5.

42. Hylemon PB, Harder J. Biotransformation of monoterpenes, bile acids, and other
isoprenoids in anaerobic ecosystems. FEMS Microbiol Rev 1998;22:475-88.

43, Gibson SA, McFarlan C, Hay S, MacFarlane GT. Significance of microflora in
proteolysis in the colon. Appl Environ Microbiol 1989;55:679-83.

44. ed. NRCUCftUotGftCaUoLAt. Guide for the Care and Use of Laboratory Animals.
National Academies Press (US) 2011.


https://www.nephrothai.org/wp-content/uploads/2021/01/1.TRT-Annual-report-2016-2019.pdf
https://www.nephrothai.org/wp-content/uploads/2021/01/1.TRT-Annual-report-2016-2019.pdf

75

45. Bammens B, Verbeke K, Vanrenterghem Y, Evenepoel P. Evidence for impaired
assimilation of protein in chronic renal failure. Kidney Int 2003;64:2196-203.

46. Anders HJ, Andersen K, Stecher B. The intestinal microbiota, a leaky gut, and
abnormal immunity in kidney disease. Kidney Int 2013;83:1010-6.

47. Zmora N, Suez J, Elinav E. You are what you eat: diet, health and the gut
microbiota. Nat Rev Gastroenterol Hepatol 2019;16:35-56.

48. Ramezani A, Massy ZA, Meijers B, Evenepoel P, Vanholder R, Raj DS. Role of the Gut
Microbiome in Uremia: A Potential Therapeutic Target. Am J Kidney Dis 2016;67:483-98.
49. Gillet LC, Navarro P, Tate S, Rost H, Selevsek N, Reiter L, et al. Targeted data
extraction of the MS/MS spectra generated by data-independent acquisition: a new
concept for consistent and accurate proteome analysis. Mol Cell Proteomics
2012;11:0111 016717.

50. Sun CY, Chang SC, Wu MS. Uremic toxins induce kidney fibrosis by activating
intrarenal renin-angiotensin-aldosterone system associated epithelial-to-mesenchymal
transition. PLoS One 2012;7:e34026.

51. Watanabe H, Miyamoto Y, Honda D, Tanaka H, Wu Q, Endo M, et al. p-Cresyl sulfate
causes renal tubular cell damage by inducing oxidative stress by activation of NADPH
oxidase. Kidney Int 2013;83:582-92.

52. Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, et al. Gut flora
metabolism of phosphatidylcholine promotes cardiovascular disease. Nature
2011;472:57-63.

53. Zhou H, Cheruvanky A, Hu X, Matsumoto T, Hiramatsu N, Cho ME, et al. Urinary
exosomal transcription factors, a new class of biomarkers for renal disease. Kidney Int
2008;74:613-21.

54. Layden BT, Angueira AR, Brodsky M, Durai V, Lowe WL, Jr. Short chain fatty acids
and their receptors: new metabolic targets. Transl Res 2013;161:131-40.

55. Rios-Covian D, Ruas-Madiedo P, Margolles A, Gueimonde M, de Los Reyes-Gavilan
CG, Salazar N. Intestinal Short Chain Fatty Acids and their Link with Diet and Human
Health. Front Microbiol 2016;7:185.

56. Richardson AJ, McKain N, Wallace RJ. Ammonia production by human faecal

bacteria, and the enumeration, isolation and characterization of bacteria capable of



76

growth on peptides and amino acids. BMC Microbiol 2013;13:6.

57. Yokozawa T, Mo ZL, Oura H. Comparison of toxic effects of methylguanidine,
guanidinosuccinic acid and creatinine in rats with adenine-induced chronic renal failure.
Nephron 1989;51:388-92.

58. Perna AF, Ingrosso D, Lombardi C, Cesare CM, Acantora F, Satta E, et al.
Homocysteine in uremia. Am J Kidney Dis 2003;41:5123-6.

59. Oh MS, Phelps KR, Traube M, Barbosa-Saldivar JL, Boxhill C, Carroll HJ. D-lactic
acidosis in @ man with the short-bowel syndrome. N Engl J Med 1979;301:249-52.

60. Turkmen K, Erdur FM. The relationship between colonization of Oxalobacter
formigenes serum oxalic acid and endothelial dysfunction in hemodialysis patients:
from impaired colon to impaired endothelium. Med Hypotheses 2015;84:273-5.

61. Dou L, Bertrand E, Cerini C, Faure V, Sampol J, Vanholder R, et al. The uremic
solutes p-cresol and indoxyl sulfate inhibit endothelial proliferation and wound repair.
Kidney Int 2004;65:442-51.

62. Dou L, Sallee M, Cerini C, Poitevin S, Gondouin B, Jourde-Chiche N, et al. The
cardiovascular effect of the uremic solute indole-3 acetic acid. J Am Soc Nephrol
2015;26:876-87.

63. Schmidt S, Westhoff TH, Krauser P, lgnatius R, Jankowski J, Jankowski V, et al. The
uraemic toxin phenylacetic acid impairs macrophage function. Nephrol Dial Transplant
2008;23:3485-93.

64. Mitch WE, Brusilow S. Benzoate-induced changes in glycine and urea metabolism in
patients with chronic renal failure. J Pharmacol Exp Ther 1982;222:572-5.

65. Dubin RF, Rhee EP. Proteomics and Metabolomics in Kidney Disease, including
Insights into Etiology, Treatment, and Prevention. Clin J Am Soc Nephrol 2020;15:404-
11.

66. Pineiro M, Asp NG, Reid G, Macfarlane S, Morelli L, Brunser O, et al. FAO Technical
meeting on prebiotics. J Clin Gastroenterol 2008;42 Suppl 3 Pt 2:5156-9.

67. Slavin J. Fiber and prebiotics: mechanisms and health benefits. Nutrients
2013;5:1417-35.

68. Vael C, Desager K. The importance of the development of the intestinal microbiota

in infancy. Curr Opin Pediatr 2009;21:794-800.



14

69. Vos AP, Knol J, Stahl B, M'Rabet L, Garssen J. Specific prebiotic oligosaccharides
modulate the early phase of a murine vaccination response. Int Immunopharmacol
2010;10:619-25.

70. Arslanoglu S, Moro GE, Boehm G. Early supplementation of prebiotic
oligosaccharides protects formula-fed infants against infections during the first 6 months
of life. J Nutr 2007;137:2420-4.

71. Drakoularakou A, Tzortzis G, Rastall RA, Gibson GR. A double-blind, placebo-
controlled, randomized human study assessing the capacity of a novel galacto-
oligosaccharide mixture in reducing travellers' diarrhoea. Eur J Clin Nutr 2010;64:146-52.
72. Wilson B, Rossi M, Dimidi E, Whelan K. Prebiotics in irritable bowel syndrome and
other functional bowel disorders in adults: a systematic review and meta-analysis of
randomized controlled trials. Am J Clin Nutr 2019;109:1098-111.

73. Parnell JA, Reimer RA. Weight loss during oligofructose supplementation is
associated with decreased ghrelin and increased peptide YY in overweight and obese
adults. Am J Clin Nutr 2009;89:1751-9.

74. Abrams SA, Griffin IJ, Hawthorne KM, Liang L, Gunn SK, Darlington G, et al. A
combination of prebiotic short- and long-chain inulin-type fructans enhances calcium
absorption and bone mineralization in young adolescents. Am J Clin Nutr 2005;82:471-
6.

75. Qamar TR, Igbal S, Syed F, Nasir M, Rehman H, Igbal MA, et al. Impact of Novel
Prebiotic Galacto-Oligosaccharides on Various Biomarkers of Colorectal Cancer in Wister
Rats. Int J Mol Sci 2017;18.

76. Lanza E, Yu B, Murphy G, Albert PS, Caan B, Marshall JR, et al. The polyp prevention
trial continued follow-up study: no effect of a low-fat, high-fiber, high-fruit, and -
vegetable diet on adenoma recurrence eight years after randomization. Cancer
Epidemiol Biomarkers Prev 2007;16:1745-52.

77. Guarner F, Khan AG, Garisch J, Eliakim R, Gangl A, Thomson A, et al. World
Gastroenterology Organisation Global Guidelines: probiotics and prebiotics October
2011. J Clin Gastroenterol 2012;46:468-81.

78. Cristofori F, Dargenio VN, Dargenio C, Miniello VL, Barone M, Francavilla R. Anti-

Inflammatory and Immunomodulatory Effects of Probiotics in Gut Inflammation: A Door



78

to the Body. Front Immunol 2021;12:578386.

79. Goldenberg JZ, Yap C, Lytvyn L, Lo CK, Beardsley J, Mertz D, et al. Probiotics for the
prevention of Clostridium difficile-associated diarrhea in adults and children. Cochrane
Database Syst Rev 2017;12:CD006095.

80. Francavilla R, Piccolo M, Francavilla A, Polimeno L, Semeraro F, Cristofori F, et al.
Clinical and Microbiological Effect of a Multispecies Probiotic Supplementation in Celiac
Patients With Persistent IBS-type Symptoms: A Randomized, Double-Blind, Placebo-
controlled, Multicenter Trial. J Clin Gastroenterol 2019;53:e117-e25.

81. Olivares M, Castillejo G, Varea V, Sanz Y. Double-blind, randomised, placebo-
controlled intervention trial to evaluate the effects of Bifidobacterium longum CECT
7347 in children with newly diagnosed coeliac disease. Br J Nutr 2014;112:30-40.

82. Didari T, Mozaffari S, Nikfar S, Abdollahi M. Effectiveness of probiotics in irritable
bowel syndrome: Updated systematic review with meta-analysis. World J Gastroenterol
2015;21:3072-84.

83. Guarino A, Canani RB. Probiotics in Childhood Diseases: From Basic Science to
Guidelines in 20 Years of Research and Development. J Pediatr Gastroenterol Nutr
2016;63 Suppl 1:51-2.

84. Meyer MP, Chow SSW, Alsweiler J, Bourchier D, Broadbent R, Knight D, et al.
Probiotics for Prevention of Severe Necrotizing Enterocolitis: Experience of New
Zealand Neonatal Intensive Care Units. Front Pediatr 2020;8:119.

85. Oak SJ, Jha R. The effects of probiotics in lactose intolerance: A systematic review.
Crit Rev Food Sci Nutr 2019;59:1675-83.

86. Cuello-Garcia CA, Brozek JL, Fiocchi A, Pawankar R, Yepes-Nunez JJ, Terracciano L,
et al. Probiotics for the prevention of allergy: A systematic review and meta-analysis of
randomized controlled trials. J Allergy Clin Immunol 2015;136:952-61.

87.Yu Y, Dunaway S, Champer J, Kim J, Alikhan A. Changing our microbiome: probiotics
in dermatology. Br J Dermatol 2020;182:39-46.

88. Mennini M, Arasi S, Artesani MC, Fiocchi AG. Probiotics in food allergy. Curr Opin
Allergy Clin Immunol 2021;21:309-16.

89. Margolis KG, Cryan JF, Mayer EA. The Microbiota-Gut-Brain Axis: From Motility to
Mood. Gastroenterology 2021;160:1486-501.



79

90. Kesika P, Suganthy N, Sivamaruthi BS, Chaiyasut C. Role of gut-brain axis, gut
microbial composition, and probiotic intervention in Alzheimer's disease. Life Sci
2021;264:118627.

91. Quigley EMM. Microbiota-Brain-Gut Axis and Neurodegenerative Diseases. Curr
Neurol Neurosci Rep 2017;17:94.

92. Liu RT, Walsh RFL, Sheehan AE. Prebiotics and probiotics for depression and anxiety:
A systematic review and meta-analysis of controlled clinical trials. Neurosci Biobehav
Rev 2019;102:13-23.

93. Mangiola F, laniro G, Franceschi F, Fagiuoli S, Gasbarrini G, Gasbarrini A. Gut
microbiota in autism and mood disorders. World J Gastroenterol 2016;22:361-8.

94. Mulak A, Bonaz B. Brain-gut-microbiota axis in Parkinson's disease. World J
Gastroenterol 2015;21:10609-20.

95. Reininghaus EZ, Platzer M, Kohlhammer-Dohr A, Hamm C, Morkl S, Bengesser SA, et
al. PROVIT: Supplementary Probiotic Treatment and Vitamin B7 in Depression-A
Randomized Controlled Trial. Nutrients 2020;12.

96. Generoso JS, Giridharan VV, Lee J, Macedo D, Barichello T. The role of the
microbiota-gut-brain axis in neuropsychiatric disorders. Braz J Psychiatry 2021;43:293-
305.

97. Hsiao EY, McBride SW, Hsien S, Sharon G, Hyde ER, McCue T, et al. Microbiota
modulate behavioral and physiological abnormalities associated with
neurodevelopmental disorders. Cell 2013;155:1451-63.

98. Tao S, Tao S, Cheng Y, Liu J, Ma L, Fu P. Effects of probiotic supplements on the
progression of chronic kidney disease: A meta-analysis. Nephrology (Carlton)
2019;24:1122-30.

99. Viramontes-Horner D, Marquez-Sandoval F, Martin-del-Campo F, Vizmanos-Lamotte
B, Sandoval-Rodriguez A, Armendariz-Borunda J, et al. Effect of a symbiotic gel
(Lactobacillus acidophilus + Bifidobacterium lactis + inulin) on presence and severity of
gastrointestinal symptoms in hemodialysis patients. J Ren Nutr 2015;25:284-91.

100. Cruz-Mora J, Martinez-Hernandez NE, Martin del Campo-Lopez F, Viramontes-
Horner D, Vizmanos-Lamotte B, Munoz-Valle JF, et al. Effects of a symbiotic on gut

microbiota in Mexican patients with end-stage renal disease. J Ren Nutr 2014;24:330-5.



80

101. Natarajan R, Pechenyak B, Vyas U, Ranganathan P, Weinberg A, Liang P, et al.
Randomized controlled trial of strain-specific probiotic formulation (Renadyl) in dialysis
patients. Biomed Res Int 2014;2014:568571.

102. Miranda Alatriste PV, Urbina Arronte R, Gomez Espinosa CO, Espinosa Cuevas Mde
L. Effect of probiotics on human blood urea levels in patients with chronic renal failure.
Nutr Hosp 2014;29:582-90.

103. Nakabayashi I, Nakamura M, Kawakami K, Ohta T, Kato I, Uchida K, et al. Effects of
synbiotic treatment on serum level of p-cresol in haemodialysis patients: a preliminary
study. Nephrol Dial Transplant 2011;26:1094-8.

104. Ranganathan N, Ranganathan P, Friedman EA, Joseph A, Delano B, Goldfarb DS, et
al. Pilot study of probiotic dietary supplementation for promoting healthy kidney
function in patients with chronic kidney disease. Adv Ther 2010;27:634-47.

105. Ranganathan N, Friedman EA, Tam P, Rao V, Ranganathan P, Dheer R. Probiotic
dietary supplementation in patients with stage 3 and 4 chronic kidney disease: a 6-
month pilot scale trial in Canada. Curr Med Res Opin 2009;25:1919-30.

106. Taki K, Takayama F, Niwa T. Beneficial effects of Bifidobacteria in a gastroresistant
seamless capsule on hyperhomocysteinemia in hemodialysis patients. J Ren Nutr
2005;15:77-80.

107. Takayama F, Taki K, Niwa T. Bifidobacterium in gastro-resistant seamless capsule
reduces serum levels of indoxyl sulfate in patients on hemodialysis. Am J Kidney Dis
2003;41:5142-5.

108. Ando Y, Miyata Y, Tanba K, Saito O, Muto S, Kurosu M, et al. [Effect of oral intake
of an enteric capsule preparation containing Bifidobacterium longum on the progression
of chronic renal failure]. Nihon Jinzo Gakkai Shi 2003;45:759-64.

109. Hida M, Aiba Y, Sawamura S, Suzuki N, Satoh T, Koga Y. Inhibition of the
accumulation of uremic toxins in the blood and their precursors in the feces after oral
administration of Lebenin, a lactic acid bacteria preparation, to uremic patients
undergoing hemodialysis. Nephron 1996;74:349-55.

110. Simenhoff ML, Dunn SR, Zollner GP, Fitzpatrick ME, Emery SM, Sandine WE, et al.
Biomodulation of the toxic and nutritional effects of small bowel bacterial overgrowth

in end-stage kidney disease using freeze-dried Lactobacillus acidophilus. Miner



81

Electrolyte Metab 1996;22:92-6.

111. Prakash S, Chang TM. Microencapsulated genetically engineered live E. coli DH5
cells administered orally to maintain normal plasma urea level in uremic rats. Nat Med
1996;2:883-7.

112. Ranganathan N, Patel B, Ranganathan P, Marczely J, Dheer R, Chordia T, et al.
Probiotic amelioration of azotemia in 5/6th nephrectomized Sprague-Dawley rats.
ScientificWorldJournal 2005;5:652-60.

113. Ranganathan N, Patel BG, Ranganathan P, Marczely J, Dheer R, Pechenyak B, et al.
In vitro and in vivo assessment of intraintestinal bacteriotherapy in chronic kidney
disease. ASAIO J 2006;52:70-9.

114. Andrade-Oliveira V, Amano MT, Correa-Costa M, Castoldi A, Felizardo RJ, de
Almeida DC, et al. Gut Bacteria Products Prevent AKI Induced by Ischemia-Reperfusion.
J Am Soc Nephrol 2015;26:1877-88.

115. Park WD, Griffin MD, Cornell LD, Cosio FG, Stegall MD. Fibrosis with inflammation at
one year predicts transplant functional decline. J Am Soc Nephrol 2010,21:1987-97.
116. Cosio FG, Grande JP, Wadei H, Larson TS, Griffin MD, Stegall MD. Predicting
subsequent decline in kidney allograft function from early surveillance biopsies. Am J
Transplant 2005;5:2464-72.

117. Zeisberg EM, Potenta SE, Sugimoto H, Zeisberg M, Kalluri R. Fibroblasts in kidney
fibrosis emerge via endothelial-to-mesenchymal transition. J Am Soc Nephrol
2008;19:2282-7.

118. Boor P, Ostendorf T, Floege J. Renal fibrosis: novel insights into mechanisms and
therapeutic targets. Nat Rev Nephrol 2010;6:643-56.

119. Moreso F, Lopez M, Vallejos A, Giordani C, Riera L, Fulladosa X, et al. Serial
protocol biopsies to quantify the progression of chronic transplant nephropathy in
stable renal allografts. Am J Transplant 2001;1:82-8.

120. Farris AB, Alpers CE. What is the best way to measure renal fibrosis?: A
pathologist's perspective. Kidney Int Suppl (2011) 2014;4:9-15.

121. Grimm PC, Nickerson P, Gough J, McKenna R, Stern E, Jeffery J, et al. Computerized
image analysis of Sirius Red-stained renal allograft biopsies as a surrogate marker to

predict long-term allograft function. J Am Soc Nephrol 2003;14:1662-8.



82

122. Farris AB, Adams CD, Brousaides N, Della Pelle PA, Collins AB, Moradi E, et al.
Morphometric and visual evaluation of fibrosis in renal biopsies. J Am Soc Nephrol
2011;22:176-86.

123. Nakagawa S, Nishihara K, Miyata H, Shinke H, Tomita E, Kajiwara M, et al. Molecular
Markers of Tubulointerstitial Fibrosis and Tubular Cell Damage in Patients with Chronic
Kidney Disease. PLoS One 2015;10:e0136994.

124. In: th, editor. Guide for the Care and Use of Laboratory Animals. The National
Academies Collection: Reports funded by National Institutes of Health. Washington
(DO)2011.

125. Leelahavanichkul A, Yan Q, Hu X, Eisner C, Huang Y, Chen R, et al. Angiotensin ||
overcomes strain-dependent resistance of rapid CKD progression in a new remnant
kidney mouse model. Kidney Int 2010;78:1136-53.

126. Gessner A, di Giuseppe R, Koch M, Fromm MF, Lieb W, Maas R. Trimethylamine-N-
oxide (TMAO) determined by LC-MS/MS: distribution and correlates in the population-
based PopGen cohort. Clin Chem Lab Med 2020;58:733-40.

127. Thammathiwat T, Tiranathanagul K, Limjariyakul M, Chariyavilaskul P,
Takkavatakarn K, Susantitaphong P, et al. Super high-flux hemodialysis provides
comparable effectiveness with high-volume postdilution online hemodiafiltration in
removing protein-bound and middle-molecule uremic toxins: A prospective cross-over
randomized controlled trial. Ther Apher Dial 2021;25:73-81.

128. Obeidova L, Seeman T, Fencl F, Blahova K, Hojny J, Elisakova V, et al. Results of
targeted next-generation sequencing in children with cystic kidney diseases often
change the clinical diagnosis. PLoS One 2020;15:e0235071.

129. Bhunyakarnjanarat T, Udompornpitak K, Saisorn W, Chantraprapawat B,
Visitchanakun P, Dang CP, et al. Prominent Indomethacin-Induced Enteropathy in Fcgriib
Defi-cient lupus Mice: An Impact of Macrophage Responses and Immune Deposition in
Gut. Int J Mol Sci 2021;22.

130. Sae-Khow K, Charoensappakit A, Visitchanakun P, Saisorn W, Svasti S, Fucharoen S,
et al. Pathogen-Associated Molecules from Gut Translocation Enhance Severity of Cecal
Ligation and Puncture Sepsis in Iron-Overload beta-Thalassemia Mice. J Inflamm Res

2020;13:719-35.



83

131. Visitchanakun P, Saisorn W, Wongphoom J, Chatthanathon P, Somboonna N, Svasti
S, et al. Gut leakage enhances sepsis susceptibility in iron-overloaded beta-thalassemia
mice through macrophage hyperinflammatory responses. Am J Physiol Gastrointest
Liver Physiol 2020;318:G966-G79.

132. Leong SC, Sirich TL. Indoxyl Sulfate-Review of Toxicity and Therapeutic Strategies.
Toxins (Basel) 2016;8.

133. Issara-Amphorn J, Somboonna N, Pisitkun P, Hirankarn N, Leelahavanichkul A. Syk
inhibitor attenuates inflammation in lupus mice from FcgRIlb deficiency but not in
pristane induction: the influence of lupus pathogenesis on the therapeutic effect.
Lupus 2020;29:1248-62.

134. Putt KK, Pei R, White HM, Bolling BW. Yogurt inhibits intestinal barrier dysfunction
in Caco-2 cells by increasing tight junctions. Food Funct 2017;8:406-14.

135. Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano GAD, Gasbarrini A, et al.
What is the Healthy Gut Microbiota Composition? A Changing Ecosystem across Age,
Environment, Diet, and Diseases. Microorganisms 2019;7.

136. Olivier V, Dunyach-Remy C, Corbeau P, Cristol JP, Sutra T, Burtey S, et al. Factors of
microinflammation in non-diabetic chronic kidney disease: a pilot study. BMC Nephrol
2020;21:141.

137. Gryp T, De Paepe K, Vanholder R, Kerckhof FM, Van Biesen W, Van de Wiele T, et
al. Gut microbiota generation of protein-bound uremic toxins and related metabolites is
not altered at different stages of chronic kidney disease. Kidney Int 2020;97:1230-42.
138. Liu T, Wang X, Li R, Zhang ZY, Fang J, Zhang X. Effects of Probiotic Preparations on
Inflammatory Cytokines in Chronic Kidney Disease Patients: A Systematic Review and
Meta-Analysis. Curr Pharm Biotechnol 2021;22:1338-49.

139. Wang IK, Yen TH, Hsieh PS, Ho HH, Kuo YW, Huang YY, et al. Effect of a Probiotic
Combination in an Experimental Mouse Model and Clinical Patients With Chronic
Kidney Disease: A Pilot Study. Front Nutr 2021;8:661794.

140. Chuang CL, Chang CC, Hsu SJ, Huang HC, Lee FY, Huang LJ, et al. Endotoxemia-
enhanced renal vascular reactivity to endothelin-1 in cirrhotic rats. Am J Physiol
Gastrointest Liver Physiol 2018;315:G752-G61.

141. Dehghani H HF, Mozaffari-Khosravi H, Nouri-Majelan N, Dehghani A. Synbiotic



84

Supplementations for Azotemia in Patients With Chronic Kidney Disease: A Randomized
Controlled Trial. Iran J Kidney Dis 2017;11:392.

142. Poesen R, Evenepoel P, de Loor H, Delcour JA, Courtin CM, Kuypers D, et al. The
Influence of Prebiotic Arabinoxylan Oligosaccharides on Microbiota Derived Uremic
Retention Solutes in Patients with Chronic Kidney Disease: A Randomized Controlled
Trial. PLoS One 2016;11:e0153893.

143. Mutsaers HA, Stribos EG, Glorieux G, Vanholder R, Olinga P. Chronic Kidney Disease
and Fibrosis: The Role of Uremic Retention Solutes. Front Med (Lausanne) 2015;2:60.
144. Conde E, Alegre L, Blanco-Sanchez |, Saenz-Morales D, Aguado-Fraile E, Ponte B, et
al. Hypoxia inducible factor 1-alpha (HIF-1 alpha) is induced during reperfusion after
renal ischemia and is critical for proximal tubule cell survival. PLoS One 2012;7:e33258.
145. Farsijani NM, Liu Q, Kobayashi H, Davidoff O, Sha F, Fandrey J, et al. Renal
epithelium regulates erythropoiesis via HIF-dependent suppression of erythropoietin. J
Clin Invest 2016;126:1425-37.

146. Asai H, Hirata J, Watanabe-Akanuma M. Indoxyl slucuronide, a protein-bound
uremic toxin, inhibits hypoxia-inducible factordependent erythropoietin expression
through activation of aryl hydrocarbon receptor. Biochem Biophys Res Commun
2018;504:538-44.

147. Chiang CK, Tanaka T, Inagi R, Fujita T, Nangaku M. Indoxyl sulfate, a representative
uremic toxin, suppresses erythropoietin production in a HIF-dependent manner. Lab
Invest 2011;91:1564-71.

148. Wu CJ, Chen CY, Lai TS, Wu PC, Chuang CK, Sun FJ, et al. The role of indoxyl
sulfate in renal anemia in patients with chronic kidney disease. Oncotarget
2017;8:83030-7.

149. Visitchanakun P, Panpetch W, Saisorn W, Chatthanathon P, Wannigama DL, Thim-
Uam A, et al. Increased susceptibility to dextran sulfate-induced mucositis of iron-
overload beta-thalassemia mice, another endogenous cause of septicemia in
thalassemia. Clin Sci (Lond) 2021;135:1467-86.

150. Komano Y, Shimada K, Naito H, Fukao K, Ishihara Y, Fujii T, et al. Efficacy of heat-
killed Lactococcus lactis JCM 5805 on immunity and fatigue during consecutive high

intensity exercise in male athletes: a randomized, placebo-controlled, double-blinded



85

trial. J Int Soc Sports Nutr 2018;15:39.
151. Arai S, Iwabuchi N, Takahashi S, Xiao JZ, Abe F, Hachimura S. Orally administered
heat-killed Lactobacillus paracasei MCC1849 enhances antigen-specific IgA secretion

and induces follicular helper T cells in mice. PLoS One 2018;13:e0199018.



FWIAINTAUNNIINY 1Y
CHuLALONGKORN UNIVERSITY



VITA

NAME Somkanya Tungsanga
DATE OF BIRTH 17 July 1987
PLACE OF BIRTH Bangkok, Thailand

INSTITUTIONS ATTENDED  Chulalongkorn University
HOME ADDRESS 220 Sukhumvit 49/12, Vadhana, Bangkok, Thailand 10110

PUBLICATION 1. Tungsanga S, Katavetin P, Panpetch W, Visitchanakun P,
Saisorn W, Praditpornsilpa K, Eiam-Ong S, Tungsanga K,
Tumwasorn S, Leelahavanichkul A. Lactobacillus
rhamnosus L34 Derived from Thai Population Reduced
Gut-derived Uremic Toxins and Attenuate Chronic Kidney
Disease Progression in 5/6 Nephrectomy Mouse Model.
Nephrol Dial Transplant. 2022;gfac032.

2. Tungsanga S, Panpetch W, Bhunyakarnjanarat T,
Udompornpitak K, Katavetin P, Chancharoenthana W,
Chatthanathon P, Somboonna N, Tungsanga K,
Tumwasorn S, Leelahavanichkul A. Uremia-induced gut
barrier defect in 5/6 nephrectomized mice is worsen by
Candida administration through a synergy of uremic toxin,
lipopolysaccharide, and (13)—B-D-gtucan, but is attenuated
by Lacticaseibacillus rhamnosus L34. Int J Mol Sci.
2022;23:2511.

3. Kulvichit W, Sarnvanichpitak K, Peerapornratana S,
Tungsanga S, Lumlertgul N, Praditpornsilpa K, Tungsanga K,
Eiam-Ong S, Kellum JA, Srisawat N. In-hospital Mortality of
Critically IWl Patients with Interactions of Acute Kidney
Injury and Acute Respiratory Failure in the Resource-

limited Settings: Results from SEA-AKI Study. J Crit Care.



88

2022. (Under revision)

4. Cheawchanwattana A, Kanjanabuch T, Puapatanakul P,
Narenpitak S, Halue G, Tungsanga K, Tatiyanupanwong S,
Lorvinitnun P, Sritippayawan S, Chieochanthanakij R,
Tungsanga S, Thamcharoen N, Pongpirul K; Shen Ji,
Johnson DW, Davie SJ, Finkelstein FO, Perl J, Robinson B,
on behalf of Thailand PDOPPS Steering Groups. Spiritual
Well-Being and Its Relationship with Patient Characteristics
and Other Patient-Reported Outcomes in Peritoneal
Dialysis Patients: Findings from the PDOPPS. Nephrology.
2022. (Accepted manuscript)

5. Udompornpitak K, Charoensappakit A,
Bhunyakarnjanarat T, Sae-Khow K, Dang CP, Saisorn W,
Visitchanakun P, Phuengmaung P, Ritprajak P, Tungsanga S,
Leelahavanichkul A. Prominent obesity-induced systemic
inflamlnmation exacerbates lupus activity and organ
damages in Fc gamma receptor llb deficient lupus mice,
impacts of saturated fatty acid and gut barrier defect.
(Under revision)

6. Srichan S, Phannajit J, Tungsanga S, Jaimchariyatam N.
The NH-OSA Score in Prediction of Clinically Significant
Obstructive Sleep Apnea Among Thai Population:
Derivation and Validation Studies. Sleep. 2022. (Accepted
manuscript)

7. Loymak T, Tungsanga S, Abramov I, Jubran J, Houlihan
LM, Preul MC. Extradural anterior clinoidectomy versus
endoscopic transplanum-transcavernous approach to the
paraclinoid region: quantitative anatomical exposure
analysis. Acta Neurochirurgica. 2022. (Accepted
manuscript)

8. Loymak T, Tungsanga S, Abramov |, Sarris CE, Little AS,



89

Preul MC. Comparison of anatomical exposure after
petrosectomy using anterior transpetrosal and endoscopic
endonasal approaches: experimental cadaveric study.
World Neurosurg. 2022;51878-8750(22)00223-6.

9. Loymak T, Belykh E, Abramov I, Tungsanga S, Sarris CE,
Little AS, Preul MC. Comparative Analysis of Surgical
Exposure among Endoscopic Endonasal Approaches to
Petrosectomy: An Experimental Study in Cadavers. J
Neurol Surg B Skull Base. 2022. DOI: 10.1055/5-0041-
1741067.

10. Peerapornratana S, Sirivongrangson P, Tungsanga S,
Tiankanon K, Kulvichit W, Putcharoen O, Kellum JA,
Srisawat N. Endotoxin Adsorbent Therapy in Severe COVID-
19 Pneumonia. Blood Purif. 2021;15;1-8.

11. Vutthikraivit N, Kiatamornrak P, Chatikrai C, Pisitkun T,
Komolpis K, Puthong S, Lumlertgul N, Peerapornratana S,
Thanawattano C, Tungsanga S, Praditpornsilpa K,
Tungsanga K, Eiam-Ong S, Srisawat N. Development and
validation of point-of-care testing of albuminuria for early
screening of chronic kidney disease. J Clin Lab Anal.
2021;16;e23729.

12. Kittiskulnam P, Chuengsaman P, Kanjanabuch T,
Katesomboon S, Tungsanga S, Tiskajornsiri K,
Praditpornsilpa K, Eiam-Ong S. Protein-Energy Wasting and
Mortality Risk Prediction Among Peritoneal Dialysis
Patients. J Ren Nutr. 2021;51051-2276(20)30290-9.

13. Sirivongrangson P, Kulvichit W, Payungporn S, Pisitkun
T, Chindamporn A, Peerapornratana S, Pisitkun P,
Chitcharoen S, Sawaswong V, Worasilchai N, Kampunya S,
Putcharoen O, Thawitsri T, Leelayuwatanakul N,

Kongpolprom N, Phoophiboon V, Sriprasart T,



90

Samransamruajkit R, Tungsanga S, Tiankanon K, Lumlertgul
N, Leelahavanichkul A, Sriphojanart T, Tantawichien T,
Thisyakorn U, Chirathaworn C, Praditpornsilpa K,
Tungsanga K, Eiam-Ong S, Sitprija V, Kellum JA, Srisawat N.
Endotoxemia and circulating bacteriome in severe COVID-
19 patients. Intensive Care Med. 2020;8(1):72.

14. Srisawat N, Kulvichit W, Tungsanga S, Vorasitchai S,
Tangkanakul C, Lumlertgul N, Peerapornratana S,
Komaenthammasophon C, Praditpornsilpa K, Tungsanga K,
Eiam-Ong S. The Role of Neutrophil Chemotaxis Activity as
an Immunologic Biomarker to Predict Mortality in
Critically-ill Patients with Severe Sepsis. Crit Care.
2020;56:215-21.

15. Thammathiwat T, Tungsanga S, Tiankanon K|
Torvorapanit P, Chumpangern W, Udomkarnjananun S,
Avihingsanon Y, Sriprasart T, Srisawat N, Jutivorakool K,
Paitoonpong L. A case of successful treatment of severe
COVID-19 pneumonia with favipiravir and tocilizumab in
post—kidney transplant recipient. Transplant Infectious
Disease. 2020;25:e13388.

16. Jaimchariyatam N, Na-Rungsri K, Tungsanga S,
Lertmaharit S, [s:'é}]Lohsoonthom V, Totienchai S.
Obstructive Sleep Apnea As A Risk Factor for
Preeclampsia-eclampsia. Sleep Breath. 2019;23(2):687-693.
17. Srisawat N, Tungsanga S, Lumlertgul N,
Komaenthammasophon C, Peerapornratana S,
Thamrongsat N, Tiranathanagul K, Praditpornsilpa K, Eiam-
Ong S, Tungsanga K, Kellum JA. The Effect of Polymyxin-B
Hemoperfusion on Modulation of Human Leukocyte

Antigen-DR in Severe Sepsis Patients. Crit Care.



AWARD RECEIVED

91

2018;22(1):279.
18. Tungsanga S, Wangsomboonsiri W, Sungkanuparph S.
Case reporting: Chronic Melioidosis Mimicking

Tuberculosis. J Infect Dis Antimicrob Agents. 2015;32:55-9.
- Young Investigator Award, {s:IE:P}I'he 19th Asia Pacific
Congress of Nephrology 2021, ES:E:P}Asia Pacific Society of
Nephrology.

- Excellent Award in the category of MSc/PhD students,
[s:EHGraduate Research Competition 2020, Graduate Affairs,
Faculty of Medicine, Chulalongkorn University, Bangkok,
Thailand.

- Chief Fellow, Division of Nephrology, Department of
Medicine, [s:E:P}FacuLty of Medicine, Chulalongkorn
University, Bangkok, Thailand.

- Oral presentation: session of acute kidney injury

ASN Kidney Week 2019, San Diego, American Society of
Nephrology.

- Best oral presentation of nephrology session, Royal
College Physicians of Thailand 2018.

- Best research oral presentation of residents, Department
of Medicine, Faculty of Medicine, Chulalongkorn
University, Bangkok, Thailand 2018.

- Very good award in the category of Residents, Graduate
Research Competition 2018, Graduate Affairs, Faculty of
Medicine, Chulalongkorn University, Bangkok, Thailand.

- Chief Resident, Department of Medicine, Faculty of
Medicine, Chulalongkorn University, Bangkok, Thailand.

- Chief Intern, Sawanpracharak hospital, Nakhon Sawan,

Thailand



	ABSTRACT (THAI)
	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	CHAPTER I  BACKGROUND AND RATIONALE
	Background
	Research question
	Objectives
	Hypothesis
	Research design
	Conceptual framework

	CHAPTER II  REVIEW OF LITERATURE
	Chronic kidney disease
	Gut microbiota
	Gut-Kidney axis
	Gut-derived uremic toxins

	CHAPTER III MATERIALS AND METHODS
	Animal study
	Animals and animal model
	Sample size calculation
	Animal Care
	Probiotic administration
	Observational measurements
	Mouse sample analysis
	Renal histopathologic studies
	Gut permeability determination and immunofluorescent
	Fecal microbiome analysis
	In vitro study
	Statistical analysis

	CHAPTER IV RESULTS
	Lactobacillus rhamnosus L34 attenuated kidney injury and kidney fibrosis in CKD mice
	Lactobacillus rhamnosus L34 attenuated gut dysbiosis, gut leakage, and systemic inflammation in CKD mice
	Lactobacillus rhamnosus L34 attenuated uremia-induced injury on enterocytes and renal proximal tubular cells

	CHAPTER V DISCUSSION
	Gut dysbiosis, gut leakage, systemic inflammation, and CKD progression in 5/6 Nx mice
	Lactobacillus rhamnosus L34 attenuated uremia-induced gut dysbiosis and CKD progression in 5/6 Nx mice
	Anti-inflammatory effect of Lactobacillus rhamnosus L34 against uremia-induced cell injury in enterocytes and renal tubular cells
	Conclusion

	REFERENCES
	VITA

