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Abstract
Because of gut-barrier defect (gut-leakage) after acute kid-
ney injury (AKI) and higher abundance of Candida albicans in 
human intestines compared with mouse guts, Candida ad-
ministration in renal ischemia reperfusion injury (I/R) mice 
possibly more closely resemble patients with AKI than non-
Candida model. Fungi in feces were detectable only in mice 
with Candida administration. Candida renal-I/R mice, when 
compared with non-Candida I/R, demonstrated more pro-
found injuries, including (i) gut-leakage; FITC-dextran assay 
and serum (1→3)-β-D-glucan (BG), (ii) systemic inflammation 
(serum cytokines), and (iii) neutrophil extracellular traps 
(NETs); gene expression of peptidyl arginase 4 (PAD4) and IL-
1β, nuclear morphology staining by 4′,6-diamidino-2-phe-
nylindole (DAPI) and co-staining of myeloperoxidase (MPO) 
with neutrophil elastase (NE) in peripheral blood neutro-
phils. Although renal excretory function (serum creatinine) 

and renal histology score were nondifferent between renal-
I/R mice with and without Candida, prominent renal NETs 
(PAD4 and IL-1β expression with MPO and NE co-staining) 
was demonstrated in Candida renal-I/R mice. Additionally, 
neutrophil activation by lipopolysaccharide (LPS) plus BG 
(LPS + BG), when compared with LPS alone, caused (i) NETs 
formation; dsDNA, DAPI-stained nuclear morphology and 
MPO with NE co-staining, (ii) inflammatory responses; Spleen 
tyrosine kinase (Syk) and NFκB expression, and (iii) reduced 
cell energy status (maximal respiratory capacity using extra-
cellular flux analysis). Also, LPS + BG-activated NETs forma-
tion was inhibited by a dectin-1 inhibitor, supporting an im-
pact of BG signaling. In conclusion, Candida-renal I/R dem-
onstrated more prominent serum BG and LPS from gut 
translocation that increased systemic inflammation and 
NETs through TLR-4 and dectin-1 activation. The influence of 
gut fungi in AKI should be concerned.
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Introduction

The cross talk between gastrointestinal (GI) tract and 
other systems, partly through gut microbiota and im-
mune responses [1], referred to as gut-renal axis [2] is 
well-known. One of the intestinal influences against oth-
er organs is through the translocation of pathogen-asso-
ciated molecular patterns (PAMPs) from Gram-negative 
bacteria and fungi, the most and second-highest abun-
dant organisms in feces, respectively [2]. Although gram-
negative bacteria are an important source of lipopolysac-
charide (LPS), an endogenous toxin, in gut of both hu-
man and mice, the abundance of fungi, particularly 
Candida albicans which are the source of (1→3)-β-D-
glucan (BG) in gut, of mouse GI tract, is less than in hu-
man [3, 4]. As such, fungi in mouse feces could not be 
detectable by culture different from human stool [3, 4]. 
Due to the difference, several mouse models, especially 
the models with possible GI cross talk, might not appro-
priately represent the human conditions and Candida ad-
ministration in mice might make the models resemble 
more that of human conditions [5–7]. In parallel, acute 
kidney injury (AKI), a common health care problem 
worldwide, is mainly caused by ischemia and renal ische-
mia reperfusion injury (I/R) model is a common repre-
sentative model of AKI [8, 9]. Because of the well-estab-
lished gut-renal axis [2], uremia in regular mice might be 
different from uremia in mice with the presence of Can-
dida in gut. Accordingly, Candida administration wors-
ens uremia-induced gut permeability defect in bilateral 
nephrectomy mice [10], partly through an impact of BG 
on macrophages [7]. However, macrophages are not only 
the immune cells responsible for uremia-induced inflam-
mation and uremia from bilateral nephrectomy, without 
an influence of the injured kidney, might be different 
from the patients with AKI.

As such, renal ischemia induces neutrophil accumula-
tion, as a response to the injury [11–13], and renal cell 
apoptosis (and necrosis) causes the distance impact on 
several organs [14, 15]. Interestingly, neutrophil extracel-
lular traps (NETs) the networks of extracellular DNA fi-
bers, of accumulated neutrophils in kidney is one of the 
important innate immune responses against renal-I/R in-
jury [16]. The program cell death (apoptosis and necro-
sis) in renal parenchymal cells also induces NETs in oth-
er nonrenal organs [16]. Additionally, NETosis (cell 
death after NETs formation) is inducible by either infec-
tion or noninfectious conditions [17] through peptidyl-
arginine deiminase 4 (PAD4) activation [18]. The NETo-
sis pathways, both by NADPH oxidase 2 (NOX2)-depen-

dent and NOX2-independent pathways, enhance 
exposure of nuclear contents [19], including dsDNA (free 
dsDNA), that is recognized as DAMPs by innate immune 
cells and increase pro-inflammatory status [20]. Not only 
apoptosis and necrosis of renal cells, but also cell death of 
the accumulated neutrophils also further enhance sever-
ity of renal I/R [16]. In AKI, NETosis is not only caused 
by DAMPs from renal cells [17] but also inducible by sev-
eral PAMPs (LPS and BG) from uremia-induced gut per-
meability defect [21]. However, gut translocation of BG 
might be more prominent in humans than mice because 
of the prominent presence of Candida in human gut [3, 
4]. Interestingly, both LPS and BG activate NETosis 
through TLR-4 and dectin-1, respectively [21], with a 
possible additive effect by the co-stimulation of LPS and 
BG through TLR-4 and dectin-1 cross-link [22, 23] with 
some important downstream signals, including spleen ty-
rosine kinase (Syk) and nuclear factor kappa-B (NFκB) 
[24, 25]. Because of (i) the presence of LPS and BG in se-
rum from uremia-induced gut permeability defect [10], 
(ii) NETs induction by both LPS and BG [21], and (iii) 
less fungal abundance in mouse guts than human intes-
tines [3, 4], NETs formation was explored in renal I/R 
mice with Candida administration and the stimulations 
by LPS and BG in peripheral blood neutrophils from 
healthy volunteers.

Materials and Methods

Renal I/R Model
The animal study protocol, following the National Institutes 

of Health (NIH, Bethesda, MD, USA), was approved by the Fac-
ulty of Medicine, Chulalongkorn University, Bangkok, Thai-
land, and 8-week-old male mice were purchased from Nomura 
Siam International (Pathumwan, Bangkok, Thailand). To ex-
plore impact of gut fungi in acute uremia, Candida albicans 
from the American Type Culture Collection (ATCC; 90028) 
(Fisher Scientific, Waltham, MA, USA) were administered. As 
such, C. albicans was cultured overnight on Sabouraud dextrose 
broth (Oxoid, Hampshire, UK) at 35°C for 48 h before enumer-
ation using a hemocytometer, and C. albicans at 1 × 106 CFU in 
a 0.5 mL phosphate buffer solution (PBS) or PBS alone was oral-
ly administered daily for 3 days before surgery. Then, renal I/R 
was performed at 6 h after the last dose of fungi by abdominal 
incision according to a previous publication [9]. In brief, bilat-
eral renal arteries were clamped for 35 min through abdominal 
incision under ketamine anesthesia on a 37°C heated operation 
table. In sham surgery, both renal arteries were only identified 
before closing the abdominal wall. Tramadol, 20 mg/kg diluted 
in 0.5 mL normal saline (NSS) was administered subcutane-
ously after surgery and at 6 h post-I/R. Mice were sacrificed at 
24 h after I/R under isoflurane anesthesia for sample collection. 
Serum was kept at −80°C until analysis and organs were pro-
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cessed in 10% formalin or Tissue-Tek O.C.T. Compound (Saku-
ra Finetek, Torrance, CA, USA) or snap frozen and separately 
stored at −80°C.

Mouse Serum and Fecal Sample Analysis
To explore fungi in feces, mouse feces were collected using met-

abolic cages (Hatteras Instruments, Cary, NC, USA). Then, fecal 
samples were suspended with PBS at a ratio of 100 mg feces per 1 
mL PBS, serially diluted onto SDA (Oxoid), and incubated at 35°C 
for 72 h before colony enumeration of fungi. Renal injury was de-
termined by blood urea nitrogen and serum creatinine (Scr) using 
QuantiChrom Urea-assay (DIUR-500) and Creatinine-Assay 
(DICT-500) (BioAssay, Hayward, CA, USA), respectively. Protein-
uria was calculated by spot urine protein creatinine index with the 
equation; urine protein creatinine index = urine protein (mg)/urine 
creatinine (mg/dL). Urine protein and creatinine were measured by 
Bradford Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA) 
and QuantiChrom Creatinine-Assay (DICT-500) (BioAssay), re-
spectively. Serum pro-inflammatory cytokines (TNF-α, IL-6, IL-
10, and IL-1β) and liver enzyme (alanine transaminase) were mea-
sured by enzyme-linked immunosorbent assay (Invitrogen, 
Waltham, MA, USA) and EnzyChrom alanine transaminase assay 
(EALT-100; BioAssay), respectively. For detection of NETs in pe-
ripheral blood neutrophils [21], mouse neutrophils were isolated 
using Polymorph-prep (Alere Technologies AS, Oslo, Norway), ac-
cording to the manufacturer’s instructions and neutrophils were 
resuspended in RPMI 1640 media. Only the samples with >95% 
neutrophils purity by Wright’s stains were further used. Then, 
NETs formation was determined by (i) serum dsDNA using Quant-
iTTM PicoGreen dsDNA Assay Kit (Thermo Scientific, Waltham, 
MA, USA), (ii) nuclear morphology of neutrophils (branching of 
the nuclei) using a blue-fluorescent DNA stain 4′,6-diamidino-
2-phenylindole (DAPI ) (Sigma-Aldrich, St. Louis, MO, USA) and 
(iii) the co-staining of myeloperoxidase (MPO) and neutrophil 
elastase (NE) (Abcam, Cambridge, MA, USA) according to the pre-
vious publication [21]. The fluorescent intensities were analyzed 
with ZEISS LSM 800 (Carl Zeiss, Jena, Germany).

Gut Integrity Determination
Gut permeability defect (gut leakage) was determined by the de-

tection of nonabsorbable carbohydrate (fluorescein isothiocyanate-
dextran; FITC-dextran) in serum after an oral administration and the 
spontaneous serum elevation of gut microbial molecules, including 
LPS (endotoxin) and BG, as previously published [10]. Accordingly, 
FITC-dextran (molecular weight 4.4 kDa; Sigma-Aldrich) at 25 mg/
mL in 0.25 mL PBS was orally administered at 3 h before detecting 
FITC-dextran in serum by fluorospectrometry (Thermo Scientific, 
Wilmington, DE, USA). In parallel, serum LPS and BG were mea-
sured using HEK-blue LPS detection assay (InvivoGen, San Diego, 
CA, USA) and Fungitell (Associates of Cape Cod, Falmouth, MA, 
USA). The values of LPS <0.01 EU/mL and BG <7.8 pg/mL were re-
corded as 0 due to the limitation of the standard curves.

Polymerase Chain Reaction
PAD4 and interleukin-1 beta (IL-1β), the NETs formation as-

sociated genes, were determined from mouse samples using real-
time polymerase chain reaction by a standard protocol [21] with 
the following primers (for mouse genes); PAD4 forward 5′-ACAG-
GTGAAAGCAGCCAGC-3′, reverse 5′-AGTGATGTAGATCAG-
GGCTTGG-3′; IL-1β forward 5′-GAAATGCCACCTTTTGA-

CAGTG-3′, reverse 5′-TGGATGCTCTCATCAGGACAG-3′; Be-
ta-actin (β-actin, an endogenous housekeeping gene) forward 
5′-CGGTTCCGATGCCCTGAGGCTCTT-3′, reverse 5′-CGT-
CACACTTCATGATGGAATTGA-3′. Also, other primers were 
used for detection of human genes as follows: Syk forward 
5′-TGGGAAGCATTCTCCTATGG-3′, reverse 5′-CCACATCG-
TATGTCCAGCAC-3′; nuclear factor kappa B (NFκB) forward 
5′-GCGAGAGGAGCACAGATACC-3′, reverse 5′-CTGATA GC-
CTGCTCCAGGTC-3; and β-actin forward 5′-GGACTTCGAG-
CAAGAGATGG-3′, reverse 5′-AGCACTGTGTTGGCGTACAG- 
3′. The samples were prepared by an RNA-easy mini kit (Qiagen, 
Hilden, Germany), nanodrop 100 spectrophotometer, high-capac-
ity cDNA reverse transcription, and SYBR Green PCR Master Mix 
for quantitative real-time polymerase chain reaction with Quant-
Studio6 Flex Real-time PCR System (Thermo Scientific). The re-
sults were demonstrated in relative quantitation of the compara-
tive threshold method (2−ΔΔCt) as normalized by β-actin.

Histological Analysis and Immunofluorescent Imaging
The semi-quantitative evaluation of renal histology on paraf-

fin-embedded slides was performed after 10% neutral buffered for-
malin fixation, followed by hematoxylin and eosin and periodic 
acid-schiff staining at ×200 magnification in 10 randomly selected 
fields for each animal [26–28]. Renal injury was defined as tubular 
epithelial swelling, loss of brush border, vacuolar degeneration, 
necrotic tubules, cast formation, and desquamation using the fol-
lowing scoring method: 0, area of damage <5%; 1, area of damage 
5–10%; 2, area of damage 10–25%; 3, area of damage 25–50%; and 
4, area of damage >50%. In parallel, immunofluorescent histolog-
ical analysis and in peripheral blood neutrophils were performed 
following previous publications [29–31]. In brief, the internal or-
gans were prepared in Tissue-Tek O.C.T. Compound (Sakura Fi-
netek) and stained for NETs using the co-staining of MPO and NE 
(Abcam) with DAPI color (Sigma-Aldrich). The fluorescent inten-
sities were analyzed with ZEISS LSM 800 (Carl Zeiss).

The in vitro Experiments on Neutrophils and Dectin-1 
Inhibitor
An impact of BG, a main cell wall component of fungi on NE-

Tosis was tested in human neutrophils. As such, heparinized blood 
was collected from healthy donors under an approved protocol by 
the Ethical Institutional Review Board, Faculty of Medicine, Chul-
alongkorn University, according to the Declaration of Helsinki, 
with written informed consent. Neutrophils were isolated by den-
sity centrifugation with PolymorphprepTM (Axis-Shield, Oslo, 
Norway) and were resuspended in RPMI 1640 supplemented with 
10% fetal bovine serum. Human neutrophils (at 1 × 104 cells) were 
placed onto Poly-L-Lysine (Sigma-Aldrich) coated glass coverslips, 
incubated at 37°C, 5% CO2 for 1 h with BG using whole glucan par-
ticle (WGP) (the purified BG from Saccharomyces cerevisiae) (Bio-
thera, Eagan, MN, USA), at 10 μg/mL with or without LPS (Esch-
erichia coli 026: B6) (Sigma-Aldrich) at 10 μg/mL [10, 21, 29, 32–
36]. After 2 h of incubation, the coverslips were fixed with 4% 
formaldehyde, blocked with tris buffered saline in 2% bovine serum 
albumin (Sigma-Aldrich) and permeabilized by tris buffered saline 
with 0.05% Tween 20 (Sigma-Aldrich). Then, NETs formation was 
detected by nuclear morphology DAPI staining, the co-staining of 
MPO and NE fluorescent colors as previously described and free 
dsDNA in supernatant. For the detection of free dsDNA, stimu-
lated neutrophils were incubated with 0.1 M CaCl2 and 0.5 unit (U) 
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of micrococcal nuclease (Sigma-Aldrich) at 37°C, 5% CO2 for 10 
min before stopping the nuclease reaction by 0.5 M ethylenediami-
netetraacetic acid. Then, the supernatant was collected and Quant-
iTTM PicoGreen reagent (Thermo Fisher Scientific) was added to 
measure dsDNA by incubating aqueous working solution in the 
sample for 5 min at room temperature (protected from light). The 
amount of dsDNA in the mixture was measured at 480 nm excita-
tion (520 nm emission) on a fluorescent microplate reader. Fur-
thermore, dectin-1 inhibitor (soluble glucan, a competitive dec-
tin-1 binding agent) (InvivoGen) was used to explore the mecha-
nistic pathway of LPS with BG in FcgRIIb−/− neutrophils. Then, LPS 
(LPS Escherichia coli 026: B6) (Sigma-Aldrich) at 10 μg/mL plus BG 
(WGP) (Biothera) at 10 μg/mL was incubated with human neutro-
phils (at 1 × 104 cells) for 2 h together with dectin-1 inhibitor at 25 
mg/mL or PBS (as a control) before determination of NETs using 
supernatant dsDNA, PAD4 expression, and NETs formation by 
MPO plus NE co-staining as previously mentioned.

Extracellular Flux Analysis
Because the enhanced cell energy might be responsible for the 

increased cell activity, the stimulated human neutrophils by LPS with 
or without BG and control media were analyzed by Seahorse XF An-
alyzers (Agilent, Santa Clara, CA, USA) as previously published [28, 
37]. The energy metabolism profiles are estimated by glycolysis and 
mitochondrial oxidative phosphorylation based on extracellular 
acidification rate and oxygen consumption rate, respectively, on neu-
trophils. Due to the short life span of neutrophils, LPS (Escherichia 
coli 026: B6) (Sigma-Aldrich) at 100 μg/mL with or without BG 
(WGP) (Biothera) at 100 μg/mL were added in neutrophils (1 × 104 
cells per well) right before incubation with the standard reagents of 
Seahorse XF analysis. For mitochondrial stress test, assays were per-
formed in Seahorse XF DMEM medium (Agilent Technologies) sup-
plemented with 2 mM Seahorse XF L-glutamine, 1 mM pyruvate, and 
10 mM XF glucose. Then, cells were sequentially incubated by oligo-
mycin, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone, 
and rotenone/antimycin A (final concentration of 1.5 μM, 1 μM, and 
0.5 μM, respectively). In parallel, glycolysis stress tests were calcu-
lated from the mitochondrial stress test using the wave program of 
Seahorse XF Analyzers (Agilent). Notably, the results in Seahorse 
analysis were normalized by applying the total protein abundance in 
the wave program to measure all parameters.

Statistical Analysis
Statistical differences among groups were examined using the 

unpaired Student’s t test or one-way analysis of variance with 
Tukey’s comparison test for the analysis of experiments with two 
groups or more than two groups, respectively. The data are pre-
sented as the mean ± SE. SPSS 11.5 software (SPSS, Chicago, IL, 
USA) was used for all statistical analyses.

Results

Candida administration enhanced gut leakage, gut 
translocation of BG and systemic inflammation in renal 
I/R, partly through the reduced cell energy status that fa-
cilitated NETs.

Candida Administration Enhanced Systemic 
Inflammation and Neutrophil Extracellular Traps in 
Renal I/R Mice
Culture for fecal fungi was negative in all group with-

out Candida administration and the abundance of fungi 
in feces was similar between sham and renal I/R with fecal 
gavage (Fig. 1a). Because the peak of injury in renal I/R 
injury was at 24 h of the model as previously published 
[8], several parameters were determined at 24 h post-I/R. 
Accordingly, renal function (blood urea nitrogen and 
Scr), renal histology, and liver enzyme were not different 
between renal I/R with or without fungal gavage but pro-
teinuria and gut permeability defect (FITC-dextran assay 
and serum BG but not endotoxemia) were more promi-
nent in renal I/R with Candida compared with I/R injury 
alone (Fig. 1b–j). Notably, proteinuria at 24 h after I/R 
demonstrates an initial consequence of renal ischemia-
induced podocyte damage, despite normal renal excre-
tory function (blood urea nitrogen and Scr) [38, 39]. De-
spite the increase in serum BG, renal I/R with Candida 
had similar serum LPS compared to I/R alone (Fig. 1i, j). 
To demonstrate an impact of neutrophil accumulation in 
kidneys at 24 h post renal-I/R using the hematoxylin and 
eosin-stained renal sections, neutrophils in sediments 
(online suppl. Fig. 1, left; for all online suppl. material, see 
www.karger.com/doi/10.1159/000521633), tubulointer-
stitial area and glomeruli (online suppl. Fig. 1 right) of I/R 
with PBS (which were not different from Candida-ad-
ministered I/R) were demonstrated. However, gut trans-
location of LPS and BG in renal I/R mice with or without 
Candida were severe enough to enhance systemic inflam-
mation (serum cytokines; TNF-α, IL-6, IL-10, and IL-1β) 
(Fig. 2a–c) and NETosis (cell death from NETs forma-
tion); serum dsDNA, PAD4 expression and neutrophils 

Fig. 1. Characteristics of renal I/R with Candida administration (I/R fungi) or I/R PBS or sham with Candida 
administration (Sham fungi) at 24 h after surgery as determined by abundance of fecal fungi (a), renal injury; 
BUN and Scr (b, c), the representative pictures in H&E and PAS (original magnification, ×200) with the histo-
logical score (d, e), proteinuria (protein creatinine index; UPCI) (f), liver injury (serum ALT) (g), and gut leak-
age, serum FITC-dextran assay, endotoxemia, and serum BG (h–j), are demonstrated (n = 6–7/time-point). No-
tably, the sham group without Candida administration is not demonstrated due to the similarity to sham with 
Candida (normal values in all parameters). BUN, blood urea nitrogen; H&E, hematoxylin and eosin.

(For figure see next page.)
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staining (nuclear morphology by DAPI, co-staining of 
MPO with NE) (Fig. 2a–i). Nevertheless, the systemic in-
flammation and NETs formation in blood neutrophils 
were more prominent in Candida-administered I/R mice 

(Fig. 2a–i). Likewise, NETs formation in kidneys, as de-
termined by expression of PAD4 and IL-1β with immu-
nofluorescent of MPO and NE co-staining, were detect-
able in both renal I/R mice with and without Candida but 

Fig. 2. Characteristics of renal I/R with Candida administration (I/R fungi) or I/R PBS or sham with Candida 
administration (Sham fungi) at 24 h after surgery as determined by systemic inflammatory responses as indi-
cated by serum cytokines (TNF-α, IL-6, IL-10, and IL-1β) (a–d) and NETs formation as evaluated by serum ds-
DNA (e) and in peripheral blood neutrophils using gene expression of PAD4 (f), cell morphology in DAPI stain-
ing (blue color) (g), co-staining of MPO and NE (h), with the representative pictures of DAPI staining (original 
magnification, ×200) (i, upper part) and immunofluorescence of MPO/NE (original magnification, ×630) (i, 
lower part) are demonstrated (n = 6–7/group). Notably, the sham group without Candida administration is not 
demonstrated due to the similarity to sham with Candida (normal values in all parameters).

Fig. 3. Characteristics of renal I/R with Candida administration (I/R fungi) or (I/R PBS) or sham with Candida 
administration (Sham fungi) at 24 h after surgery as indicated by NETs in renal tissue as determined by expres-
sion of IL-1β and PAD4 (a, b) and the co-staining of MPO and NE at 24 h post-I/R with the representative im-
munofluorescent pictures of MPO (red), NE (green), and DAPI ( blue nuclear staining) (original magnification, 
×630) (c–e) are demonstrated (n = 6–7/group). Notably, the sham group without Candida administration is not 
demonstrated due to the similarity to sham with Candida (normal values in all parameters).
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more prominent in Candida I/R group (Fig. 3a–e). Nota-
bly, NETs formation could not be demonstrated in sev-
eral internal organs (liver, kidney, and lung) at 6 h post-
I/R (online suppl. Fig. 2) nor in the liver at 24 h post-I/R 
(online suppl. Fig. 3).

The Additive Effect of BG on LPS-Induced NETs 
Possibly through Spleen Tyrosine Kinase Signaling and 
Cell Energy Alteration
Although DAMPs from necrotic renal cells could in-

duce NETosis [40], PAMPs (both LPS and BG from ure-

Fig. 4. Characteristics human neutrophils after activation by LPS with or without (1→3)-β-D-glucan (BG) or 
control PBS at 2 h of the stimulation as evaluated by supernatant dsDNA (a), nuclear morphology after DAPI 
(blue nuclear staining) (b) and the co-staining of MPO and NE (c) with the representative immunofluorescent 
pictures of DAPI staining (d) and the staining of MPO and NE (e) are demonstrated (independent triplicated 
experiments were performed).

Fig. 5. Characteristics human neutrophils after activation by LPS with or without BG or control PBS at  
2 h of the stimulation as evaluated by gene expression of Syk and NFκB (a, b) and the extracellular flux analysis 
as indicated by OCR (mitochondrial function), ECAR (glycolysis activity) and maximal respiration (from OCR 
curve) (c–e) are demonstrated (independent triplicated experiments were performed).
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mia-induced gut translocation) could also induce NETs 
formation and the presence of both LPS and BG might 
have an additive effect on NETs. Indeed, LPS or BG, alone 
or in combination, facilitated NETs formation of human 

neutrophils but NETosis from LPS + BG was more prom-
inent than the activation by either LPS or BG alone as in-
dicated by dsDNA, DAPI, and MPO-NE co-staining 
(Fig. 4a–d). Notably, NETs formation after LPS induction 

Fig. 6. Characteristics human neutrophils after activation by control PBS or LPS + BG with or without dectin-1 
inhibitor at 2 h of the stimulation as evaluated by supernatant dsDNA (a), PAD4 expression (b), nuclear mor-
phology after DAPI (blue nuclear staining) (c) and the co-staining of MPO and NE (d) with the representative 
immunofluorescent pictures of DAPI staining (e) and the co-staining of MPO and NE (f) are demonstrated (in-
dependent triplicated experiments were performed).
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was higher than BG activation as demonstrated by DAPI 
and MPO-NE co-staining, but not dsDNA (Fig. 4a–d). 
Because (i), respectively, and Syk and NFκB are common 
downstream mediators of TLR4 and dectin-1, the recep-
tors of LPS and BG, respectively [24, 41], and (ii) LPS and 
BG induce energy alteration in several cells [25, 34, 42] 
that might be associated with NETosis [43], these factors 
are evaluated. Indeed, LPS + BG up-regulated Syk and 
NFκB expression when compared with the activation by 
LPS or BG alone (nondifference between the stimulation 

by LPS vs. BG) (Fig. 5a, b). Despite a limited number of 
mitochondria in neutrophils [43], LPS + BG reduced mi-
tochondrial function (oxygen consumption rate) as indi-
cated by a reduction of maximal respiration in extracel-
lular flux analysis (Fig. 5c–e). Meanwhile, there was no 
effect of LPS and/or BG on glycolysis activity of neutro-
phils (Fig. 5c–e).

Additionally, the importance of dectin-1 for the addi-
tive effect of BG on LPS activation was demonstrated 
through the inhibitory activity of dectin-1 inhibitor on 

Fig. 7. A picture of the working hypothesis demonstrates NETs formation, nuclear membrane disruption, chro-
matin release and the activation of MPO and NE, from the possible cross talk between dectin-1 and TLR-4 
through the common downstream signaling; Syk and NFκB, with PAD4 activation are demonstrated. While dec-
tin-1 is activated by (1→3)-BG of fungal cell wall, TLR-4 could be stimulated by LPS from Gram-negative bacte-
rial cell wall, DAMPs or free histone DNA (from NETosis of other neutrophils).
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NETs formation as indicated by the reduction of dsDNA, 
PAD4 expression, and NETs formation using DAPI and 
co-staining of MPO and NE (Fig. 6a–e). Hence, the en-
hanced severity of systemic inflammation in Candida-ad-
ministered renal I/R mice over non-Candida mice (Fig. 1–
3) might be due to uremia-induced gut translocation of 
LPS and BG (Fig. 1h–j) with an additive effect of LPS plus 
BG on TLR4 and dectin-1 through Syk and NFκB signal-
ing as demonstrated in a picture of working hypothesis 
(Fig. 7). The previously known crosstalk between TLR4 
and dectin-1 [22, 44, 45] might be responsible for the ad-
ditive effect of BG on LPS-induced NETosis. The differ-
ent abundance of gut fungi between humans and mice in 
several mouse models should be concerned. More studies 
on the influence of gut fungi in AKI are interesting.

Discussion

In comparison with non-Candida, 24 h renal-I/R in 
Candida-administered mice caused prominent NETs (in 
peripheral blood neutrophils and in glomeruli) with sys-
temic inflammation through the profound gut transloca-
tion of LPS and BG.

Gut Translocation of Pathogen Molecules and 
NETosis in Candida-Administered Renal I/R Mice
The increased serum BG (beta-glucanemia) in uremic 

patients which is associated with the severity of uremia 
(uremia-induced inflammation) [46] and beta-glucane-
mia-induced inflammation might partly be responsible 
for systemic inflammation. Because BG is a major mole-
cule of fungal cell wall, beta-glucanemia in patients with 
uremia might be due to gut translocation of BG from fun-
gi in fecal contents. Here, the impact of gut fungi on renal 
I/R is examined using Candida gavage mice because (i) 
there is a lower abundance of fungi in mouse guts than 
the human intestines [3, 4]; (ii) the presence of Candida 
in gut enhances BG level in serum [7, 10, 34, 47, 48]; and 
(iii) serum BG might facilitate NETosis [21]. According-
ly, oral Candida administration was required to raise the 
quantity of fungi to the level that fungal culture in mouse 
feces could be detected. On the other hand, the restora-
tion of renal blood flow after an acute ischemic insult in-
evitably worsens renal injury from inflammatory pro-
cesses and several program cell deaths [49]. Although ap-
optosis, necrosis, and necroptosis in renal parenchymal 
cells following ischemia are well-known [14, 15], the pro-
gram cell death of many immune cells in the kidneys dur-
ing the reactions against renal cell death [11–13] is also 

significant as an early step in the wound healing process 
[50]. Likewise, TLR-4 activation by DAMPs after renal-
I/R causes significant apoptosis in renal cells and accu-
mulated immune cells, especially neutrophils and macro-
phages [51–54]. Among innate immune cells, neutrophils 
are the most prominent cells in blood circulation and rap-
idly transmigrate into the injured organs, especially at the 
acute phase of the injury [55]. Indeed, neutrophil accu-
mulation in renal interstitial area, glomeruli, and in urine 
sediments was demonstrated at 24 h post renal-I/R, re-
gardless of Candida administration, that might be re-
sponsible for excessive acute inflammation, vascular per-
meability defect, and further loss of kidney function, re-
ferred to as “neutrophil-induced organ damage” [55]. 
Neutrophils in these extremely stress microenvironments 
from renal I/R with a high level of DAMPs, are further 
processed onto NETosis (cell death after NETs formation) 
through DAMPs-activated TLR-4 [56–58]. Although 
NETs are one of the important neutrophilic responses 
against DAMPs (either from infection or noninfection) 
that could induce beneficial or harmful inflammation 
[59], too profound NETosis worsen renal injury after I/R 
as indicated by increased proteinuria in Candida I/R mice 
when compared with non-Candida I/R mice.

Despite a well-known neutrophil-accumulation after 
renal I/R injury [60], NETs formation was limited only in 
glomeruli (causing proteinuria) but not at tubulointersti-
tial area. Because the renal injury score depends not only 
on glomerular lesion but also tubulointerstitial damage, 
there was nondifference renal injury score between renal 
I/R mice with versus without Candida administration. 
Likewise, the lack of difference in Scr between Candida 
versus non-Candida I/R mice might be due to the limita-
tions of Scr as a kidney injury biomarker, which takes 
time to accumulate in serum [61, 62]. Additionally, NETs 
could not be found in kidneys and extra-renal organs (liv-
er and lung) at 6 h post-I/R, the time point with the most 
prominent lung injury [63, 64]. Extra-renal NETs could 
be detected after the time-point of maximal kidney dam-
age following renal I/R injury since the transfer of DAMPs 
from the necrotic kidney to other organs for NETs activa-
tion could take time [40], and NETosis is only evident in 
the lung at 24 h after renal I/R [65]. Furthermore, NETs 
are demonstrated in the lung but not in the liver at 24 h 
post renal I/R [65] implying the different reaction be-
tween hepatocytes and lung parenchymal cells (possibly 
be associated with hepatocyte detoxification property) 
[66, 67]. The prominent cell deaths of neutrophils, espe-
cially NETosis, facilitate further renal injury and also in-
duce injury in several remote organs, partly through 
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thrombosis induction from free extracellular DNA and 
inflammation from NETs formation [68, 69]. Likewise, 
NETosis enhances renal tubular necrosis [16, 70, 71] and 
pretreatment of renal-I/R with NETs inhibitors improves 
kidney injury [40]. On the other hand, NETs formation 
is also inducible by LPS and BG which are major cell wall 
components of Gram-negative bacteria and fungi, the 
most and second most abundant organisms in intestine, 
respectively [2]. Although fecal fungi could not be direct-
ly detected by culture, BG could be detected in mouse fe-
ces because of (i) some nonprominent fungi, which could 
be detectable by the more sensitive detection methods 
(gene expression or fecal microbiome analysis) [72], and 
(ii) BG from the mouse chow components (callose; plant 
BG) [73].

Due to the well-known translocation of LPS and BG 
from the gut into the bloodstream as a result of uremia 
(or renal I/R)-induced gut permeability defect (gut leak-
age) [10, 74], both LPS and BG might promote NETs for-
mation from renal-I/R. The serum level of BG was elevat-
ed only in Candida-administered renal I/R mice but not 
in Candida sham mice, suggesting a role for the healthy 
intestinal barrier to prevent gut translocation of BG. On 
the other hand, serum BG in Candida-administered renal 
I/R mice was higher than non-Candida renal-I/R mice, 
implying an influence of gut fungi in renal I/R mouse 
model. Furthermore, NETosis, both in peripheral blood 
neutrophils and in kidneys, of Candida-administered re-
nal-I/R mice was more prominent in non-Candida I/R 
mice supporting an influence of the increased serum BG 
from the escalated BG in gut contents due to Candida ga-
vage. Although Candida gavage did not increase endo-
toxin level in intestines, Candida administration en-
hanced serum LPS, indicating the role of gut fungi in gut 
leakage facilitation. The increase in both LPS and BG in 
serum amplified NETosis and systemic inflammation 
which are well-known worsening factors of AKI and 
chronic kidney disease progression [32].

An Additive Effect of BG on LPS-Induced NETs 
Formation, a Possible Impact of Syk Signaling and the 
Cell Energy Status
Because of the simultaneous presence of LPS and BG in 

serum of renal I/R mice and the property of NETs induction 
through TLR-4 and dectin-1 activation [75, 76], an additive 
effect of LPS plus BG (LPS + BG) on NETosis is possible. As 
such, LPS + BG more prominently induced NETs than LPS 
or BG alone that was possibly mediated through Syk and 
NFκB, the shared downstream signaling of both TLR-4 and 
dectin-1 [24, 25], potentially with the TLR-4 and dectin-1 

cross link [22, 23]. Here, the activity of neutrophil mito-
chondria (maximal respiratory capacity) was lower in LPS 
+ BG activated neutrophils than in LPS or BG activated 
neutrophils; however, the mitochondrial activity of LPS or 
BG activated neutrophils was not different from the con-
trol. Interestingly, only LPS + BG activation, but not each 
molecule alone, was powerful enough to exhaust the cell’s 
energy reserve that was used for NETs formation, resulting 
in a reduced ability to raise maximal respiration. On the 
other hand, LPS and/or BG did not alter glycolysis capacity 
of neutrophils. Additionally, the simultaneously activation 
of TLR-4 and dectin-1 and the cross link between these re-
ceptors might be necessary for the enhanced NETs forma-
tion as a dectin-1 inhibitor blocked NETs formation after 
LPS + BG activation.

Hence, the working hypothesis from all experiments is 
presented in Figure 7 which demonstrates the activation 
on several important processes of NETosis activation 
pathways, including TLR-4 stimulation by LPS (from 
uremia-induced gut translocation), DAMPs (from renal-
I/R) and free histone DNA (from NETosis of other neu-
trophils) [77] together with dectin-1 activation by BG 
(from gut leakage), with the cross link of both receptors 
(TLR-4 and dectin-1) [22, 23]. After that, the descending 
signaling through Syk and NFκB (the shared downstream 
signals of TLR-4 and dectin-1) activate NOX2 dependent 
NETs by the activation on PAD4, MPO, and NE as previ-
ously published [78–80]. Because (i) Syk is a common 
downstream of several NETs inducible pathways, includ-
ing dectin-1 and TLR-4 [78, 81–83], and (ii) Syk inhibi-
tors are clinically available [84–88] with NETosis block-
ing activity [89]. Syk inhibitor might be a useful drug for 
the prevention of renal injury in patients. Future studies 
are of interest.

In conclusion, there was a more prominent NETs in 
Candida-administered renal I/R mice compared with 
non-Candida group due to gut permeability defect-in-
duced gut translocation of pathogen molecules that fa-
cilitated TLR-4/dectin-1 cross link. The higher NETs in 
Candida-administered renal I/R mice might be more re-
semblance to patients with AKI, at least in term of the 
presence of fungi in feces, that caused more severe renal 
NETs and systemic inflammation then the non-Candida 
renal I/R model.
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