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Objectives. The effects of Kluyveromyces marxianus on high-fat diet- (HFD-) induced kidney injury (KI) were explored. Methods.
HFD-induced KI model was established using male C57BL/6 mice and treated with K. marxianus JLU-1016 and acid-resistant
(AR) strain JLU-1016A. Glucose tolerance was evaluated via an oral glucose tolerance test (OGTT). KI was measured using
Hematoxylin and Eosin (H&E) staining and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis.
The chemical indexes were analyzed, including lipid profiles, inflammatory cytokines, and creatinine. The levels of Toll-like
receptor 4 (TLR4)/nuclear factor kappa B (NF-κB) or phospho-NF-κB p65 (Ser536) and alpha inhibitor of NF-κB (IκBα) were
measured using qPCR and Western blot. The gut microbiota was sequenced using high-throughput sequencing. Results. HFD
induction increased OGTT value, KI severity, oxidative stress, inflammatory cytokines, oxidative stress, apoptotic rate,
creatinine levels, and the expression of TLR4/NF-κB, phospho-NF-κB p65 (Ser536), and IκBα deteriorated lipid profiles
(P < 0:05) and reduced gut microbiota abundance. K. marxianus treatment ameliorated HFD-induced metabolic disorders and
reversed these parameters (P < 0:05). Compared with the control, HFD induction increased the proportion of Firmicutes but
reduced the proportion of Bacteroidetes and Lactobacillus. K. marxianus JLU-1016 and AR strain JLU-1016A treatments
improved gut microbiota by reducing the proportion of Firmicutes and increasing the proportion of Bacteroidetes and
Lactobacillus in the KI model (P < 0:0001). Helicobacter has been identified with many infectious diseases and was increased
after HFD induction and inhibited after K. marxianus JLU-1016 and AR strain JLU-1016A treatments. The strain JLU-1016A
exhibited better results possibly with acid-tolerance properties to pass through an acidic environment of the stomach.
Conclusions. K. marxianus may have a beneficial effect on KI by improving gut microbiota and inhibiting TLR4/NF-κB
pathway activation.

1. Introduction

High-fat diet (HFD) often results in the incidence of chronic
kidney disease (CHD), which may be associated with the
changes of gut microbiota [1] and induction of oxidative
stress and inflammation [2]. Regulation of gut microbiota
may be an effective approach to prevent the progression
and development of CHD. Although public health has been
paid much attention to the relationship between gut micro-
biota and kidney injury (KI) [3, 4], there is no effective way
approved for kidney disease yet.

Kluyveromyces marxianus exhibits potential probiotic
characters by improving immune response and human gut
microbiota in an in vitro colonic model system [5]. Oral
intake of K. marxianus and Lactobacillus species was found
to mitigate symptoms by reducing the cases of gastrointesti-
nal pyrosis and abdominal pain and musculoskeletal pain in
COVID-19 patients [6]. The fermented milk containing K.
marxianus and Bifidobacterium lactis alleviated symptoms
(abdominal pain, bloating, and bowel movement distur-
bances) in irritable bowel syndrome (IBS) patients [7]. K.
marxianus exerts anti-inflammatory properties, regulates
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cellular oxidative stress, and protects the nematodes from
oxidative stress by affecting the transcription factor
skinhead-1 (SKN-1) via the DAF-2 (dauer formation protein
2, an insulin-like receptor modulating lifespan and stress
resistance) [8]. Antioxidant peptides from K. marxianus
have the highest 2,2-diphenyl-1-picrylhydrazyl (DPPH) rad-
ical, 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) radical cation scavenging and ferric reducing capac-
ities, which has a function of cytoprotective properties
against Caco2 cells under H2O2-modulated oxidative stress
by activating the Kelch-like ECH-associated protein 1-
nuclear factor erythroid 2-related factor 2 (Keap1-Nrf2) sig-
naling pathway and increasing the activity of antioxidants,
such as catalase (CAT), superoxide dismutase (SOD), and
glutathione peroxidase (GPX) [9]. The cell wall fractions of
K. marxianus have antioxidant and immunostimulatory
properties [10]. However, the effects of K. marxianus on
KI and the related molecular mechanism remain unclear.

Toll-like receptor 4 (TLR4) belongs to the family of pat-
tern recognition receptors (PRRs) and plays an important
role in the host-innate immune system associated with the
inflammatory response via autophagy and oxidative stress
[11]. Myeloid differentiation factor 88 (NF-κB), which is
an indispensable adaptor molecule for most TLRs, induces
the production of inflammatory cytokines via nuclear factor
κB (NF-κB) [12], and whose signaling is related to the
inflammatory response of KI [13]. TLR4/NF-κB signaling
plays a crucial role in inflammation development of KI,
and the regulation of the pathway will be beneficial to reduce
KI [14, 15]. Alpha inhibitor of NF-κB (IκBα) is the member
of the IκB family which binds to NF-κB dimers and sterically
blocks its function [16] and shows protective function for KI
[17]. Given that TLR4/NF-κB signaling is a chief regulator of
inflammation in KI development, its inhibition may be an
effective approach to control KI progression. Gastric acidity
varies with pH normally between 1.5 and 3.5 and inhibits the
viability of probiotics. Acid-resistant (AR) probiotics have
more chances to pass through stomach with certain activities
when compared with non-acid-resistant strains [18]. The
pH of 0.25M of acetic acid is 2.67, and K. marxianus CICC
1727-5 can grow well in the medium with 0.25M acetic acid
[19]. Fortunately, we isolated a strain of K. marxianus which
can grow well in the medium with pH 2.0. Herein, we used
HFD-induced KI mouse model to test the hypothesis that
K. marxianus or AR strain (which has better acid resistance
to pass through stomach) contributes to the protective renal
function in the KI model.

2. Materials and Methods

2.1. Animal Grouping. Thirty-two C57BL/6J male mice (4-5
weeks, 18-22 g, n = 8 for each group) were purchased from
the animal center (China-Japan Union Hospital of Jilin Uni-
versity, Changchun, China) and housed in a light/dark cycle
(12/12 h). After a one-week acclimatization period, the ani-
mals were fed with HFD diet (20% protein (casein and
methionine), 36% fat (lard), 4% ash, <5% moisture, 34% car-
bohydrate (maltodextrin and sucrose), 2.5% minerals and
vitamin mix, and 60% calories from fat; Research Diets,

Xietong Biotechnology Company, Nanjing, China) for 4
weeks to induce KI. Low-fat diet (20% protein (casein and
methionine), 6% fat (lard), 4% ash, <5% moisture, 64% car-
bohydrate (maltodextrin, cornstarch, and sucrose), 2.5%
minerals and vitamin mix, and 14% calories from fat) was
used as a control. All K. marxianus strains were resuspended
with saline (pH = 7:0) before administration. Then, the mice
were evenly divided into four groups, and the mice were
orally administered with K. marxianus JLU-1016 (0:5 × 108
to 1 × 108 cells/mL in saline solution, 0.5mL/day; the strain
grew in the YPD medium with pH7.0, MG group) or equal
volume of AR K. marxianus JLU-1016A (0:5 × 108 to 1 × 108
yeast cells/mL in saline solution, 0.5mL/day; the strain grew
in the YPD medium with pH 2.0, AG group) for 4 weeks.
The other two groups received saline as the normal control
(CG) and HFD-induced group (HG) (Figure 1). After the
experiment, body weight was measured. In the end, the mice
were fasted for 8 h, anesthetized using isoflurane, and sacri-
ficed to obtain blood and tissues. Other experiments were
performed as Figure 1 showed. All experiments were
approved by the Animal Research Ethics Committees of
China-Japan Union Hospital of Jilin University.

2.2. Oral Glucose Tolerance Test (OGTT).We performed glu-
cose tolerance tests after 4-week oral administration of the
probiotics (Figure 1). The mice were fasted overnight and
then orally administered with D-glucose by gavage (2 g/kg,
n = 3 for each group) [20, 21], which was dissolved in
20mM PBS (10% D-glucose, pH 7.0). Blood glucose levels
were measured by using a blood glucose meter (Yicheng,
Beijing, China). Blood glucose was measured from the tail
vein at 0, 15, 30, 60, 90, and 120min after the oral load of
glucose. The area under the ROC curve (AUC) of OGTT
was plotted by using GraphPad Prism.

2.3. Hematoxylin and Eosin (H&E) Staining of KI Tissues. KI
tissues were fixed in 4% formalin solution for fixation. Sub-
sequently, the tissues were dehydrated, immersed in wax,
embedded in paraffin to prepare four μm paraffin sections,
and collected on slides and processed according to a previ-
ous report [22]. The pathological changes of KI were con-
firmed under a light microscope. Histopathology scoring
was used according to the reported standard [22]. The
average scores were calculated by randomly selecting five
different eye fields, which reflected tubular necrosis, cast for-
mation, lack of brush border, and tubular dilatation follows:
1 (less than 10%), 2 (11-25%), 3 (26-45%), 4 (46-75%), and 5
(more than 75%).

2.4. Terminal Deoxynucleotidyl Transferase (TdT) dUTP
Nick End Labeling (TUNEL) Assay. The apoptosis index of
KI tissues was analyzed by using TUNEL Cell Apoptosis
Detection Kit (Cat. No. C1091, Beyotime, China). Five ran-
dom fields of view for each KI tissue were observed under
an inverted Olympus microscope with an original magnifi-
cation ×200 (Olympus, Tokyo, Japan). The amounts of
TUNEL-positive cells were calculated by using ImageJ
software (NIH, Bethesda, MD, USA). Apoptotic rate = 100
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× ðthe amounts of TUNEL − positive cells ∕ total number of
cell presentÞ.

2.5. Lipid Profile Analysis. Zero point three mL of blood was
obtained from each mouse by heart puncture, and serum
was isolated via a centrifuge (2000 g, 15min, and 4°C).
Serum triglycerides (TG), total cholesterol (TC), high-
density lipoprotein cholesterol (HDL-c), and low-density
lipoprotein cholesterol (LDL-c) were measured spectropho-
tometrically by using the kits from Ruixin Biotechnology
Company (Quanzhou, China).

2.6. Measurement of Oxidative Stress Marker. Zero point
three mL of blood was obtained from each mouse by heart
puncture, and serum was isolated via a centrifuge (2000 g,
15min, and 4°C). The indexes of serum SOD, serum gluta-
thione (GSH), and serum lipid peroxidation marker malon-
dialdehyde (MDA) were measured using the assay kit from
Ruixin Biotechnology Company (Quanzhou, China) accord-
ing to the manufacturer’s instructions.

2.7. Measurement of Inflammatory Cytokines. Fifty mg kid-
ney was obtained and grounded with a glass homogenizer
in 1mL of PHB buffer (20mM, 50mM NaCl, and a cocktail
of proteinase inhibitors, pH 7.0). The mixture was centri-
fuged at 10,000 g for 10min at 4°C, and supernatant was
collected. The indexes of IL-1β, IL-6, and TNF-α were mea-
sured using the assay kit from Ruixin Biotechnology Com-
pany (Quanzhou, China) according to the manufacturer’s
instructions.

2.8. Measurement of Urine and Serum Creatinine. Twenty-
four-hour urine samples were collected by using metabolic
cages at the end of 4-week treatment. Urine and serum cre-
atinine were measured by using a Mouse Albumin ELISA
quantitation kit (Cat. No. D799853-0096, Shanghai Sangon
Biological Engineering Technology and Services Company
Ltd., Shanghai, China).

2.9. qPCR. The total RNA from kidney tissue was extracted
with a TRIzol extraction kit (Cat. No. B511311-0025,
Shanghai Sangon Biological Engineering Technology and
Services Company Ltd., Shanghai, China). The reverse tran-
scription was performed with the BeyoRT™ II cDNA Syn-
thesis Kit (Cat. No. D7170M, Beyotime Biotechnology
Company, Shanghai, China). Quantitative assay of gene
expressions was carried out by using BeyoFast™ SYBR Green
qPCR Mix (Cat. No. D7260, Beyotime Biotechnology Com-
pany, Shanghai, China) and a CFX96 Touch real-time PCR
system (Bio-Rad, Hercules, CA, USA). The gene expression
was normalized to the GAPDH and analyzed via the
2–ΔΔCT method. The primers of GAPDH, Toll-like receptor
4 (TLR4), nuclear factor kappa B (NF-κB), and alpha inhib-
itor of NF-κB (IκBα) were synthesized according to the pre-
vious reports [23–26].

2.10. Western Blot. After the isolation of kidney issues, 50mg
of tissues was obtained and grounded with a glass homoge-
nizer in 1mL of PHB buffer (20mM, 50mM NaCl, and a
cocktail of proteinase inhibitors, pH 7.0). Protein was iso-
lated by using the cell membrane protein and cytoplasmic
protein extraction kit (Cat. No. P0033, Beyotime Biotechnol-
ogy Company, Shanghai, China). The protein concentration
was determined using a bicinchoninic acid (BCA) assay via
the Protein Concentration Assay Kit (Cat. No. P0010, Beyo-
time Biotechnology Company, Shanghai, China) before
SDS-PAGE and Western blot studies. Twenty to 40μg pro-
tein was separated using 12% SDS-PAGE and transferred
to the polyvinylidene fluoride membranes, which were incu-
bated with 100μL primary antibodies for anti-TLR4 mAb
(1 : 1000, Cat. No. 66350-1-Ig, Proteintech, Wuhan, China),
anti-IκBα mAb (1 : 1000, Cat. No. 10268-1-AP, Proteintech,
Wuhan, China), rabbit anti-phospho-NF-κB p65 (Ser536)
(1 : 1000, Cat. No. AN371, Beyotime Biotechnology, Beijing,
China), and anti-GAPDH polyclonal antibody (1 : 1000, Cat.
No. 10494-1-AP, Proteintech, Wuhan, China) in Tris–HCl
buffer saline with 5% BSA at 4°C overnight and followed

pH2
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Saline solution Saline solution

4 weeks

OGTT Oxidative
stress Inflammatory Creatinine TUNEL H&E Lipid profile qPCR WB

Non-HFD
(CG)

HFD
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(AG)

Gut microbiota
analysis

Figure 1: The flow chart of this study. n = 8 for each group.
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by incubation with 100μL horseradish enzyme-labeled goat
antirabbit IgG (1 : 2000, Cat. No. D110058-0100, Shanghai
Sangon Biological Engineering Technology and Services
Company Ltd., Shanghai, China) or horseradish enzyme-
labeled goat antimouse IgG (1 : 2000, Cat. No. SPA131, Sole-
bol, Beijing, China). The intensity of protein bands was
quantified using Bio-Rad ChemiDoc XRS+ Imaging System
(Bio-Rad, Hercules, CA, USA).

2.11. Gut Microbiota Analysis. For gut microbiota analysis,
the feces of mice were collected in a sterile two-mL-tube
and stored in a -80°C freezer until next step. DNA was iso-
lated and purified from the feces using the UNIQ-10 Spin
kit (Shenggong Biotechnology Co., Ltd., Shanghai, China).
Thermal cycling was carried out with the CFX 96 Real-
Time system (Bio-Rad) by using DNA polymerase
(Shenggong Biotechnology Co., Ltd., Shanghai, China) with
the following reaction conditions: initial denaturation at
95°C for 4min; 10 cycles of denaturation at 95°C for 30 s,
annealing at 50°C for 30 s, and extension at 72°C for 30 s;
final extension at 72°C for 5min. The amplified PCR prod-
ucts were purified by using the UNIQ-10 PCR-clean-up kit
(Shenggong Biotechnology Co., Ltd., Shanghai, China). The
quality of PCR production was evaluated by using a Bioana-
lyzer 2100 (Agilent, Palo Alto, Ca, USA) via a DNA 7500
chip. The amplicons were collected for sequencing by using
Illumina MiSeq PE300 platform (Illumina, USA). The PE
reads obtained by next-generation sequencing were firstly
spliced according to the overlap relationship, and the
sequence quality was controlled and filtered after the sam-
ples were distinguished, and then, OTU clustering analysis
and taxonomic analysis were performed. Based on OTU
clustering analysis results, OTU was analyzed for diversity
index and sequencing depth detection; based on taxonomic
information, statistical analysis of community structure
was performed at each taxonomic level. Beta diversity was
used to compare the diversity among different groups and
was used to express the response of gut microbiota to
environmental heterogeneity. To assess alpha diversity,
Shannon’s index was used to calculate community evenness,
Chao1 was used for genus richness, and Simpson’s diversity
index was used to evaluate the number of genus and the rel-
ative abundance of each genus. Alpha diversity and beta
diversity were analyzed by using microbiome R package
[27], dplyr R package [28], and vegan R package [29]. Rank
abundance curve was plotted by using Biodiversity R pack-
age [30] to reflect relative genus abundance, richness, and
evenness. Venn diagram was plotted by using VennDiagram
R package [31] to show the number of exclusive and shared
genus among different groups. Circos collinearity was plot-
ted by using RCircos package [32] and circlize R package
[33] to compare the shared genus distribution in different
groups. The dendrogram of the taxonomic system of all
groups was plotted, and function was analyzed by using phy-
loseq R package [34].

2.12. Statistical Analysis. All values were showed as mean
± standard deviation (S.D.). Statistical analysis was carried
out via GraphPad Prism, and P < 0:05 was considered signif-

icant. A Student’s t-test was used to compare the differences
between the two groups, and analysis of variance (ANOVA)
was used to compare the statistical significance among dif-
ferent groups. Each experiment was performed triplicated.

3. Results

3.1. K. Marxianus Prevented Weight Gain and Improved
Glucose Tolerance of the Mice. The weight of the mice in
the HG group increased significantly when compared to
the CG group (Figure 2(a), P < 0:0001) after 4-week model
establishment. After 4-week K. marxianus treatment, the
weight was significantly reduced when compared with the
mice from the HG group, and AR strain JLU-1016A reduces
the weight more than the wild one (Figure 2(a), P < 0:0001
vs. P < 0:001). During the OGTT test, blood glucose levels
in the HG group were significantly higher than the CG
group (Figure 2(b), P < 0:01). However, K. marxianus JLU-
1016 and AR strain JLU-1016A treatments did not cause a
significant decrease in blood glucose (Figure 2(b), P > 0:05).
AUC analysis of OGTT showed that there was significant dis-
crimination between the CG and HG groups (AUC = 0:76),
but weak discrimination between the MG or AG and HG
groups (AUC = 0:60 for both) (Figure 2(c)). Taken together,
these data showed that K. marxianus treatment reduces the
mouse weight but cannot improve glucose tolerance in the
HFD-challenged mice yet.

3.2. K. Marxianus Alleviated HFD-Induced KI. At the end of
the experiment, HFD diet induced the thickened glomerular
basement membrane, and vacuolated tubules and glomeru-
lomegaly were considerably created in the mouse model
when compared with the CG group (Figure 3(a)). The dam-
aged morphology was remarkably improved in the mouse
model after K. marxianus JLU-1016 or AR strain JLU-
1016A treatment (Figure 3(a)). HFD induction increased
the H&E staining scores when compared to those in the
CG group (Figure 3(b), P < 0:0001). K. marxianus JLU-
1016 or AR strain JLU-1016A treatment reduced the scores
in the model, and latter strain showed more reduction in
the scores (Figure 3(b), P < 0:01 vs. P < 0:001).

3.3. K. Marxianus Reduced the Apoptotic Rate in HFD-
Induced KI Model. HFD diet increased the apoptotic rate
in the mouse model when compared with the CG group
(Figures 4(a) and 4(b), P < 0:0001). The apoptotic rates were
reduced in the mouse model after K. marxianus JLU-1016 or
AR strain JLU-1016A treatment, and the latter strain
showed more reduction in the apoptotic rate (Figures 4(a)
and 4(b), P < 0:001 vs. P < 0:001). The results suggest that
K. marxianus can control the apoptosis in the mouse model
while the AR strain JLU-1016A shows better results.

3.4. K. Marxianus Improved the Lipid Profile in HFD-
Induced KI Model. HFD diet increased the levels of TG,
TC, and LDL-c and reduced HDL-c in the mouse model
when compared with the CG group (Figure 5(a), P <
0:0001; Figure 5(b), P < 0:01; Figure 5(c), P < 0:0001;
Figure 5(d), P < 0:05). The levels of TG, TC, and LDL-c were
reduced, and the level of HDL-c was increased after K.
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marxianus JLU-1016 or AR strain JLU-1016A treatment
(Figure 5(a), P < 0:0001 for both; Figure 5(b), P > 0:05 and
P < 0:01; Figure 5(c), P < 0:001 for lower vs. P < 0:0001 for
higher; Figure 5(d), P < 0:05 and P < 0:01). The results sug-
gest that K. marxianus can improve the lipid profile, and
AR strain JLU-1016A showed better results.

3.5. K. Marxianus Improved Antioxidant Properties in HFD-
Induced KI Model. HFD diet reduced the activities of serum
SOD (Figure 6(a), P < 0:01) and serum GSH (Figure 6(b),
P < 0:0001) but no changes in the concentration of serum
MDA (Figure 6(c), P > 0:05). K. marxianus JLU-1016
increased the activities of serum SOD (Figure 6(a), P < 0:01)
but no change for serum GSH (Figure 6(b), P > 0:05) and
the concentration of serum MDA (Figure 6(c), P > 0:05).
The AR K. marxianus JLU-1016A increased the activities of
serum SOD (Figure 6(a), P < 0:01) and serum GSH
(Figure 6(b), P < 0:001), and no change for the concentration
of serumMDA (Figure 6(c), P > 0:05). The results suggest that
K. marxianus improves antioxidant properties in the KI
model.

3.6. K. Marxianus Improved the Anti-Inflammatory
Properties in the KI Model. HFD diet increased the levels
of kidney IL-1β (Figure 7(a), P < 0:01), kidney IL-6
(Figure 7(b), P < 0:0001), and kidney TNF-α (Figure 7(c),
P < 0:0001) when compared with the CG group. In con-
trast, K. marxianus JLU-1016 and AR strain JLU-1016A
treatments reduced the levels of kidney IL-1β (Figure 7(a),
P < 0:0001), kidney IL-6 (Figure 7(b), P < 0:0001), and kid-
ney TNF-α (Figure 7(c), P < 0:001). The results suggest that
K. marxianus improves the anti-inflammatory properties in
the KI model by reducing the levels of kidney IL-1β, IL-6,
and TNF-α.

3.7. Acid-Resistant K. Marxianus Reduced Creatinine Levels
in the KI Model. HFD diet increased the levels of urine cre-
atinine (Figure 8(a), P < 0:001) and serum creatinine
(Figure 8(b), P < 0:05) when compared with the CG group.
In contrast, K. marxianus JLU-1016 treatment did not
change the levels of urine creatinine (Figure 8(a), P > 0:05)
and serum creatinine (Figure 8(b), P > 0:05) when compared
with the HG group. The AR strain JLU-1016A reduced the
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Figure 2: The effects of Kluyveromyces marxianus on mouse weight and glucose tolerance. (a) The weight of the mice. n = 8 for each group.
(b) An oral glucose tolerance test (OGTT) for glucose tolerance. n = 3 for each group. (c) The area under the ROC curve (AUC) of OGTT.
∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 vs. the HG group.
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levels of urine creatinine (Figure 8(a), P < 0:001) and serum
creatinine (Figure 8(b), P < 0:01) when compared with the
HG group. The results suggest that AR strain JLU-1016A
can improve the creatinine levels but not for the non-acid-
resistant strain JLU-1016.

3.8. K. Marxianus Reduced TLR4, NF-κB, and IκBα Levels in
HFD-Induced KI Model. HFD diet increased the relative
mRNA levels of TLR4 (Figure 9(a), P < 0:0001) and NF-κB
(Figure 9(b), P < 0:0001) and reduced IκBα (Figure 9(c),
P < 0:05) when compared with those molecules in the CG
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Figure 3: Hematoxylin and Eosin (H&E) staining of the kidney injury. (a) H&E-stained glomeruli or renal tubules. (b) H&E-stained
histological scores. Magnification: 100x; scale bar: 50 μm. n = 3 for each group, and ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 vs. the
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Figure 4: Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis of apoptotic cells in kidney tissue. (a) The
imaging results using TUNEL Cell Apoptosis Detection Kit. (b) Apoptotic rate measured by the percent of TUNEL-positive cells.
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group. In contrast, K. marxianus JLU-1016 and AR strain JLU-
1016A treatments reduced the relative mRNA levels of TLR4
(Figure 9(a), P < 0:0001) and NF-κB (Figure 9(b), P < 0:001)
and increased IκBα (Figure 9(c), P < 0:001) when compared
with those molecules in the HG group. Similarly, HFD diet
increased the relative protein levels of TLR4 (Figures 9(d) and
9(e), P < 0:0001) and NF-κB (Figures 9(d) and 9(f), P <
0:0001) and reduced IκBα (Figures 9(d) and 9(g), P < 0:0001)
when compared with those molecules in the CG group. In con-
trast, K. marxianus JLU-1016 and AR strain JLU-1016A treat-
ments reduced the relative protein levels of TLR4
(Figures 9(d), and 9(e) P < 0:0001) and NF-κB (Figures 9(d)

and 9(f), P < 0:0001) and increased IκBα (Figures 9(d) and
9(g), P < 0:001) when compared with those molecules in the
HG group. The results suggest that K. marxianus treatments
affect TLR4/NF-κB inflammatory signaling in the KI model.

3.9. K. Marxianus Treatment Affected the Gut Microbiota in
HFD-Induced KI Model. Shannon’s diversity index shows
the overall community heterogeneity and genus richness.
HFD diet reduced the richness and evenness of gut microbi-
ota when compared with the CG group (Figure 10(a), P <
0:0001). K. marxianus JLU-1016 and the AR strain JLU-
1016A treatments did not increase the richness and evenness
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Figure 5: The effects of Kluyveromyces marxianus on lipid profiles. (a) TG. (b) TC. (c) HDL-c. (d) LDL-c. n = 3 for each group, and
nsP > 0:05, ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 vs. the HG group.
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of gut microbiota when compared with the HG group
(Figure 10(a), P > 0:05). Chao1 index shows the genus rich-
ness. HFD diet reduced the genus richness of gut microbiota
when compared with the CG group (Figure 10(b), P < 0:01).
On the other hand, the AR strain JLU-1016A treatments but
not non-acid-resistant K. marxianus increased the genus
richness of gut microbiota when compared with the HG
group (Figure 10(b), P < 0:01). Simpson’s diversity index is
used to evaluate the number of genus and the relative abun-
dance of each genus, both of which increase and the diversity
will increase. HFD diet reduced the diversity of gut microbi-
ota when compared with the CG group (Figure 10(c), P <
0:0001). On the other hand, the AR strain JLU-1016A treat-
ments but not non-acid-resistant K. marxianus JLU-1016
increased the diversity of gut microbiota (Figure 10(c), P <
0:01). Principal coordinate analysis (PCoA) based on Bray-
Curtis (Figure 10(d)) and Jaccard (Figure 10(e)) distances
demonstrated that the overall gut microbiota structures of
the HG group were distinct from the CG, AG, and MG
groups with AG clustering closer to the CG group. PCoA
also showed small fraction of the total variance between
Bray-Curtis (Figure 10(d)) and Jaccard (Figure 10(e)) dis-
tances. The rank abundance curve shows the gut microbiota
diversity and dominance patterns. HFD diet reduced the
diversity of gut microbiota and the dominance pattern when
compared with the CG group (Figure 10(f), P < 0:0001). On
the other hand, K. marxianus JLU-1016 and AR strain JLU-

1016A treatments increased gut microbiota diversity and the
dominance genus when compared with HG group
(Figure 10(f), P < 0:0001). Venn diagram showed the similar
changing trend for the species diversity (HG, 211 species;
CG, 260 species; MG, 237 species; AG, 258 species) with
the results analyzed by rank abundance curve (Figures 10(f)
and 10(g)). Circos collinearity plot shows the shared genus
distribution among different groups and indicated that Bacter-
oidetes are the dominant genus, and Firmicutes are a small
fraction of the gut microbiota in the CG group while HFD
induction reduced the Bacteroidetes significantly and
increased the proportion of Firmicutes (Figure 10(h)). On
the other hand, K. marxianus JLU-1016 and AR strain JLU-
1016A treatments reduced the proportion of Firmicutes but
increased the proportion of Bacteroidetes when compared
with HG group (Figure 10(h), P < 0:0001). Furthermore, Sac-
charibacteria, which is an extremely small coccus and not pre-
viously observed in human-associated microbes, appeared in
the HG, AG, and MG groups. The dendrogram of the taxo-
nomic system showed the genus of all groups at a genus level.
Actinobacteria, Bacteroidetes, Lactobacillus, Barnesiella, Prevo-
tella, Alloprevotella, Olsenella, and Parasutterella are the pre-
dominant genera in the CG group. HFD induction reduced
the proportion of Lactobacillus and Bacteroidetes while K.
marxianus JLU-1016 and AR strain JLU-1016A treatments
reversed the reduction in these genera (Figure 10(i)). Many
novel Helicobacter have been identified with human in many
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Figure 7: The levels of inflammatory cytokines. (a) IL-1β. (b) IL-6. (c) TNF-α. n = 3 for each group, and nsP > 0:05 and ∗∗∗∗P < 0:0001 vs.
the HG group.
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infection diseases [35–37] and are increased in the HG, and
the genera were inhibited after K. marxianus JLU-1016 and
AR strain JLU-1016A treatments (Figure 10(i)). Function
analysis showed that HFD induction reduced the levels of
the protein involved with multiple sugar transport system,
polar amino acid transport system, and peptide transport sys-
tem and increased the protein involved with antibiotic trans-
port system, beta-galactosidase, and iron complex outer-
membrane receptor while K. marxianus and the AR strain
reversed all these parameters (Figure 10(j)).

4. Discussion

HFD is closely associated with the progression and develop-
ment of kidney failure [38]. HFD induces obesity associated
with gut microbiota and increased body weight [39], which
plays an important role in the obesity-related kidney
diseases [40, 41]. In this study, HFD induction increased the

body weight, apoptotic rate, oxidative stress, creatinine levels,
inflammation levels, and expression of the inflammation-
related TLR4/NF-κB signaling pathway and reduced the
glucose tolerance. K. marxianus JLU-1016 and AR strain
JLU-1016A treatments improved these parameters except of
oxidative stress. Furthermore, HFD induction increased the
proportion of Firmicutes but reduced the proportion of Bac-
teroidetes and Lactobacillus. K. marxianus JLU-1016 and AR
strain JLU-1016A treatments improved gut microbiota by
reducing the proportion of Firmicutes and increasing the pro-
portion of Bacteroidetes and Lactobacillus when compared
with the KI model group. Helicobacter was increased after
HFD induction, and the genus was inhibited after K. marxia-
nus and AR strain treatments (Figure 10(g)). HFD induction
prevents the expression of the protein responsible for the
transport of multiple sugar, polar amino acid, and peptide
and increased the protein responsible for antibiotic transport
system, beta-galactosidase, and iron complex outer-membrane
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Figure 9: The levels of TLR4, NF-κB, and IκBα. (a) Relative mRNA levels of TLR4. (b) Relative mRNA levels of NF-κB. (c) Relative mRNA
levels of IκBα. (d) Western Blot. (e) Relative protein levels of TLR4. (f) Relative protein levels of phospho-NF-κB p65 (Ser536). (g) Relative
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receptor while K. marxianus JLU-1016 and AR strain JLU-
1016A reversed all these parameters (Figure 10(h)). The related
molecular mechanisms remain unclear. These results suggest
that K. marxianus may be a potential probiotic in the preven-
tion of the development of KI.

Apoptosis is the pathogenetic mechanism of KI, and
attenuating apoptosis is an effective approach to prevent
KI development [42]. K. marxianus also attenuated the apo-
ptotic situation of the KI model in the present study. How-
ever, the exact mechanism has yet not been well
understood. K. marxianus has seldom been reported to have

the effects on the apoptosis, but it can affect the richness of
Lactobacillus, which may be a potential strain to control
the apoptosis development in kidney diseases [43]. Creati-
nine is an important biomarker during the pathogenesis of
kidney disease and also affected by K. marxianus treatment,
which may also be caused by the regulation of Lactobacillus
[44]. KI implies danger signaling and a response by the
release of mature IL-1β, which is a central element of
inflammation and in turn promotes KI progression [45].
IL-6 signaling plays an important role in acute and CHD
[46, 47]. K. marxianus treatment reduced the inflammatory
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Figure 10: Diversity analysis of gut microbiota among four groups. (a) Shannon’s index. (b) Chao1. (c) Simpson’s diversity index. (d)
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cytokine levels of IL-1β and IL-6, which is consistent with
the report that K. marxianus has anti-inflammatory poten-
tial [44], and its treatment may be beneficial to improve
gut inflammation since gut is a source of inflammation in
CHD [48]. The inflammatory TLR4/NF-κB axis promotes
KI development and progression [14, 49], and the inhibition
of the signaling pathways has been widely reported to con-
trol KI development [15, 50]. The present findings also
approved that K. marxianus treatment shows protective
function for KI by downregulating the expression of TLR4/
NF-κB (Figure 9). Gut microbiota mediates TLR4/NF-κB
signaling pathway [51], and Lactobacillus also affects the
pathway [52]. K. marxianus possibly affects the expression
of TLR4/NF-κB via the modulation of gut microbiota. To
prove that, much work still needs to be done in the future.

There were some limitations to the present study. OGTT
test was not performed strictly for a small size (n = 3 for each
group) although the plasma glucose levels reached the peak
at 15min after the oral load of glucose, and differences were
insignificant among the four groups at the most time, sug-
gesting that the results were stable with little random errors.
Anti-inflammatory properties were not measured in our
study, although a similar scenario was conceivable from
the poor induction of kidney IL-1β, IL-6, and TNF-α. All
these important issues should be solved in the future work.

4.1. Future Studies. K. marxianus JLU-1016 and JLU-1016A
dietary supplement are protected against metabolism-related
KI and apoptosis. Apoptosis is a complicated process by reg-
ulating the destruction of kidney cells. Pro and antiapoptotic
markers such as Bax (a proapoptotic factor) [53], Bcl-2 (an
antiapoptotic factor) [54], cytochrome c (an antiapoptotic
factor) [55], caspase-3 (a proapoptotic factor) [56], and
mothers against decapentaplegic homolog 3 (SMAD3) (a
cellular apoptosis inducer) [57] were involved with the com-
plex processes of KI. However, the antiapoptotic activities of
the strains were justly roughly evaluated via a TUNEL anal-
ysis (Figure 4). All these marker genes and protein expres-
sion studies should be performed in the KI model.
Furthermore, AR strain JLU-1016A showed the higher
improvement in KI severity, apoptosis, lipid profile, and cre-
atinine levels when compared with the non-acid-resistant
strain JLU-1016. AR strain JLU-1016A may be more effica-
cious than the non-acid-resistant strain supplements
because of gastric-acid resistant and better survival. Strong
acid-resistant strains were found in the fecal flora of healthy
adults when compared with the patients with ulcerative coli-
tis (UC), suggesting that such acid-resistant strains may
reduce inflammatory symptoms [58]. The other acid-
resistant probiotics showed higher efficiency in lipid and
carbohydrate metabolism [59]. All the relevant experiments
have not been tested by using the present acid-resistant
strain in the KI model yet. The exact molecular mechanisms
should be explored in the future work.

5. Conclusions

K. marxianus JLU-1016 and AR strain JLU-1016A diets
protected against metabolism-related KI, apoptosis, glucose

tolerance, inflammation, and downregulation of the
inflammation-related TLR4/NF-κB signaling pathway.
HFD induction increased the proportion of Firmicutes but
reduced the proportion of probiotics Bacteroidetes and Lac-
tobacillus. K. marxianus JLU-1016 and JLU-1016A strain
treatments reduced the proportion of Firmicutes and
increased the proportion of Bacteroidetes and Lactobacillus
in the KI model. K. marxianus diet might have a beneficial
effect on KI by improving anti-inflammatory, antiapoptosis,
and glucose tolerance properties and increasing the propor-
tion of probiotics.
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