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Abstract: Acute kidney injury (AKI) is a sudden episode of kidney damage that commonly occurs
in patients admitted to hospitals. To date, no ideal treatment has been developed to reduce AKI
severity. Oligo-fucoidan (FC) interferes with renal tubular cell surface protein cluster of differentiation
44 (CD44) to prevent renal interstitial fibrosis; however, the influence of oligosaccharides on AKI
remains unknown. In this study, FC, galacto-oligosaccharide (GOS), and fructo-oligosaccharide (FOS)
were selected to investigate the influence of oligosaccharides on AKI. All three oligosaccharides
have been proven to be partially absorbed by the intestine. We found that the oligosaccharides dose-
dependently reduced CD44 antigenicity and suppressed the hypoxia-induced expression of CD44,
phospho-JNK, MCP-1, IL-1β, and TNF-α in NRK-52E renal tubular cells. Meanwhile, CD44 siRNA
transfection and JNK inhibitor SP600125 reduced the hypoxia-induced expression of phospho-JNK
and cytokines. The ligand of CD44, hyaluronan, counteracted the influence of oligosaccharides on
CD44 and phospho-JNK. At 2 days post-surgery for ischemia–reperfusion injury, oligosaccharides
reduced kidney inflammation, serum creatine, MCP-1, IL-1β, and TNF-α in AKI mice. At 7 days
post-surgery, kidney recovery was promoted. These results indicate that FC, GOS, and FOS inhibit
the hypoxia-induced CD44/JNK cascade and cytokines in renal tubular cells, thereby ameliorating
AKI and kidney inflammation in AKI mice. Therefore, oligosaccharide supplementation is a potential
healthcare strategy for patients with AKI.

Keywords: acute kidney injury; cluster of differentiation 44; fructo-oligosaccharide; galacto-
oligosaccharide; oligo-fucoidan; inflammation

1. Introduction

Acute kidney injury (AKI) is characterized by a sudden decrease in glomerular filtra-
tion rate and a consequent increase in serum creatinine. This damage is common in patients
admitted to hospitals and intensive care units, especially the elderly. Ischemia, sepsis,
and nephrotoxicity are the main causes of AKI that often co-exist and, thus, complicate
diagnosis and treatment [1]. Severe AKI places discharged patients at risk of adverse events,
such as chronic kidney disease, cardiovascular events, cancer, and infections [2]. AKI has a
rapid development, and no effective treatment is available to avoid or reduce its severity.
Intake of specific nutrients can reduce renal tubular injury in AKI [3]. Therefore, studying
the influence of specific nutrition on AKI will aid in ameliorating AKI and accompanying
risks faced by discharged patients.
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Inflammation and leukocyte recruitment are key mediators of AKI. Kidneys, especially
renal tubular cells, generate inflammatory cytokines during AKI, such as IL-1, IL-6, mono-
cyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor-α (TNF-α) [4,5]. These
cytokines further induce systemic inflammation and leukocyte recruitment. Although
several leukocyte subsets exert protective effects on AKI (such as T-regulatory cells), most
neutrophils, monocytes, and dendritic cells are harmful to AKI recovery [6]. Systemic in-
flammation is also detrimental to recovery from AKI because of the high cytokine levels [7].
Among the cytokines secreted by the kidney, MCP-1 is mainly responsible for leukocyte
recruitment, responds to various cytokines, including IL-1α and TNF-α [8,9], and plays
an important role in the pathogenesis of different kidney injuries [10]. In human proximal
tubular cells HK-2, hypoxia-induced MCP-1 expression is mediated by the c-Jun NH2-
terminal kinase (JNK) pathway [11]. The p38 pathway is also involved in albumin-induced
MCP-1 expression in renal tubular epithelial cells [12]. Therefore, the regulation of JNK
and p38 pathways may influence inflammation and leukocyte recruitment in AKI.

Oligosaccharides are saccharide polymers containing 3–10 monosaccharides that are
indigestible and constitute a major component of total available prebiotics as dietary
additives [13]. Most fructo-oligosaccharides (FOSs) ingested in the human body are
completely fermented by colonic flora, and a small fraction is recovered in urine [14].
Galacto-oligosaccharides (GOSs) can be absorbed in the blood and subsequently excreted
in urine [15]. The same situation applies to fucoidan in brown marine algae [16]. Absorbed
oligosaccharides can influence biochemical reactions and cell recognition [17]. Our pre-
vious study reveals that oligo-fucoidan (FC) interferes with the interaction between the
renal tubular cell surface protein CD44 and its extracellular ligands, thereby preventing
renal interstitial fibrosis [18]. The interaction between CD44 and its extracellular ligands
promotes the JNK signaling pathway [19]. Therefore, the daily ingestion of oligosaccharides
might reduce kidney inflammation in patients with AKI. However, the influence of these
polymers on AKI remains unknown. This study investigated the effect of FC, FOS, and
GOS on hypoxia-treated renal tubular cells and AKI mice with ischemia–reperfusion injury
(IRI). Results showed that the three oligosaccharides suppressed CD44-mediated renal
immune responses and reduced post-AKI severity. Therefore, the use of these polymers as
a nutritional supplement presents a new AKI treatment strategy.

2. Materials and Methods
2.1. Materials

FOS (average degree of polymerization < 10), GOS (average degree of polymeriza-
tion < 8), and FC (average degree of polymerization < 5) were obtained from Sigma-Aldrich
(St. Louis, MO, USA, Cat. No. F8052), Carbosynth (Berkshire, UK, Cat. No. OG32134),
and Hi-Q Marine Biotech International (Taipei, Taiwan), respectively. Oligosaccharides
were dissolved in double-distilled H2O and filtered using 0.22 µm sterile filters (Merck
Millipore, Darmstadt, Germany). Hyaluronan (HA) and all other chemicals of reagent
grade were obtained from Sigma. Antibodies against JNK (sc-7345), phospho-JNK (sc-6254),
MCP-1 (sc-52701), IL-1β (sc-12742), and TNF-α (sc-52746) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Antibodies against p38 (9212) and phospho-p38 (9211)
were obtained from Cell Signaling Technology (Danvers, MA, USA). Antibodies against
Ly6G (ab25377) and F4/80 (ab100790) were purchased from Abcam (Cambridge, UK). Anti-
bodies against HIF-1α (NB100-105) were purchased from Novus Biologicals (Centennial,
CO, USA).

2.2. Cell Culture

Rat proximal renal tubular cells (NRK-52E) and mouse macrophage line RAW264.7
were purchased from the Food Industry Research and Development Institute (Hsinchu,
Taiwan); cultured in DMEM supplemented with antibiotic/antifungal solution and 10%
fetal calf serum; and kept at 37 ◦C and 95% humidity in a CO2 incubator. After reaching 70%
confluence, the cells were cultured in serum-free medium and incubated overnight prior to
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the experiment. For hypoxia experiment, NRK-52E cells and Anaero Pack (Mitsubishi Gas
Chemical America, New York, NY, USA) were deposited into rectangular jars (Mitsubishi
Gas Chemical America), and the entire setup was placed in a 37 ◦C incubator for 4 h. The
cells were then cultured overnight under normal conditions.

2.3. Western Blot Analysis

In brief, 15 µg of NRK-52E protein lysate was applied to each lane, and the results
were analyzed by Western blot. Relative protein band levels were quantified from five
independent experiments by Quantiscan software from Biosoft (Cambridge, UK).

2.4. Short Interfering (si)RNA Transfection of CD44

Rat CD44 siRNA (4390771) was purchased from Thermo Scientific (Waltham, MA,
USA). After growing to 70% confluence, the cells were transfected with siRNA using
Lipofectamine 2000 transfection reagent (Thermo Scientific) in accordance with the manu-
facturer’s instructions.

2.5. Cell Proliferation Assay

After hypoxic NRK-52E cells were cultured for 24 h, the same medium was used to
culture RAW264.7 cells in a 96-well plate (2000 cells/well). After 24 h of incubation, the
proliferation of RAW264.7 cells was analyzed by using an SRB Assay Kit (Abcam, Cat.
No. ab235935) in accordance with the manufacturer’s instructions.

2.6. CD44 Antigenicity Tests

Recombinant rat CD44 was obtained from R&D Systems (Minneapolis, MN, USA,
Cat. No. 6577-CD) and employed to produce a binding reaction with HA in accordance
with the manufacturer’s instructions. In brief, 20 ng/mL recombinant rat CD44 was mixed
with different concentrations of FC, FOS, or GOS for 10 min to investigate the influence of
oligosaccharides on CD44 antigenicity. The mixtures were analyzed using CD44 ELISA kit
(Abcam, Cat. No. ab213928) in accordance with the manufacturer’s instructions.

2.7. Experimental Animals and Renal IRI

Eight-week-old male 129S1/SvImJ mice were purchased from Lasco Technology
(Taipei, Taiwan). All animal experiments were approved by the Taipei Medical University
Committee of Experimental Animal Care and Use (approval No. LAC-2019-0511) and per-
formed in accordance with the NIH Guide for the Care and Use of Laboratory Animals. For
IRI induction, mice (weighing 21–23 g) were subjected to bilateral renal pedicle clamping
for 30 min by conducting flank incision [20]. Mice were anesthetized by inhalant anesthesia
with isoflurane preoperatively. Sham-operated mice underwent a similar operation, except
for the clamping of renal pedicles. All mice were fed with oligosaccharides through oral
gavage from 1 day before to 2 days after IRI surgery. The experimental mice were divided
into the following five groups with n = 8 for the results on day 3 and day7: (1) sham group;
(2) AKI group; (3) AKI group fed with FC (10 mg/kg/day); (4) AKI group fed with FOS
(10 mg/kg/day); and (5) AKI group fed with GOS (10 mg/kg/day). Mice were sacrificed
3 or 7 days after the surgery, and blood was collected and analyzed using biochemical
analyzer and ELISA kits. The serum creatinine level of each mouse was analyzed to assess
the development of AKI. Kidney morphology was examined by periodic acid–Schiff (PAS)
staining and immunohistochemistry staining (IHC) in formalin-fixed 2 µm paraffin sections.

2.8. Immunohistochemistry Staining

Kidney tissues were fixed with 4% buffered paraformaldehyde, embedded in paraffin,
and cut into 2 µm sections for staining with UltraVision Quanto Detection System HRP
DAB kits (Thermo Scientific, Fremont, CA, USA) and hybridizing with the prime antibody
in accordance with the manufacturer’s instructions.
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2.9. PAS Staining

Kidney sections were stained with a PAS Stain Kit (Abcam, Cat. No. ab150680) in
accordance with the manufacturer’s instructions.

2.10. ELISA Assay

The cultured medium of NRK-52E cells and the serum samples of the experimental
mice were collected and analyzed using the MCP-1 ELISA kit (Abcam, Cat. No. ab208979)
and IL-1β ELISA kit (Abcam, Cat. No. ab197742). The serum samples were also analyzed
using TNF-α ELISA kit (R&D Systems, Cat. No. MTA00B) and neutrophil gelatinase-
associated lipocalin (NGAL) ELISA kit (R&D Systems, Cat. No. MLCN20) in accordance
with the manufacturer’s instructions.

2.11. Statistical Tests

Significant differences between two groups were determined using Student’s t-test.
Differences were considered significant for p values <0.05.

3. Results
3.1. Oligosaccharides Inhibit the Increase in CD44 and Cytokines in Hypoxic NRK-52E Cells

CD44 expression in NRK-52E cells treated with FC, FOS, and GOS was first monitored
to evaluate the influence of oligosaccharides on renal tubular cells. Hypoxia-induced CD44
expression was inhibited by all three oligosaccharides in the range of 0.05–0.5 mg/mL
(Figure 1A). Therefore, the oligosaccharide dosage of 0.1 mg/mL was used in the following
cell experiments. In the prepared system, hypoxia treatment remarkably induced the
expression of hypoxia marker HIF-1α in NRK-52E cells, indicating that the cells were in a
hypoxia state (Figure 1B). Hypoxia upregulated the levels of phosphorylated JNK, MCP-1,
IL-1β, and TNF-α but not in the cells treated with oligosaccharides (Figure 1B,C). JNK ex-
pression increased in hypoxic cells but not in FC-treated or FOS-treated cells. GOS did not
affect JNK expression in hypoxic cells but suppressed the upregulation of phosphorylated
JNK. Therefore, oligosaccharides can inhibit hypoxia-induced JNK signaling transduction
and cytokine expression in renal tubular cells. Although FC and GOS upregulated phos-
phorylated p38 in hypoxic cells, the expression of this protein did not increase in hypoxic
cells. This finding indicates that p38 does not play a key role in hypoxia-induced responses
in NRK-52E cells.

3.2. CD44 and JNK Play a Critical Role in Cytokine Increase in Hypoxic NRK-52E Cells

The expression of CD44, phosphorylated JNK, and cytokines in renal tubular cells
were all affected by oligosaccharides, but their association remains to be elucidated. In
order to investigate the role of CD44 in JNK signaling transduction and cytokine expression
in hypoxic cells, NRK-52E cells were transfected with different doses of CD44 siRNA.
CD44 siRNA at 50 and 100 pM efficiently blocked hypoxia-increased CD44 expression and
significantly inhibited hypoxia-induced increase in the levels of phosphorylated JNK, MCP-
1, IL-1β, and TNF-α (Figure 2A). The influence of CD44 blocking on JNK expression was
related to siRNA doses. JNK expression in hypoxic cells was induced by CD44 siRNA at
50 pM but inhibited at 100 pM. Both doses suppressed the upregulation of phosphorylated
JNK. The selective inhibitor for JNK, SP600125, significantly reduced the expression of
MCP-1, IL-1β, and TNF-α in hypoxic NRK-52E cells (Figure 2B). These results suggest that
the inhibitory effect of CD44 siRNA transfection on hypoxia-induced cytokines is attributed
to a reduction in phosphorylated JNK.
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Figure 1. Inhibitory effect of oligosaccharides on CD44 signal transduction in hypoxic NRK-52E cells.
The cells were pretreated with FC, FOS, or GOS for 30 min and then subjected to hypoxic culture.
Protein expression was analyzed by Western blotting. (A) Dose-dependent effects of oligosaccharides
on CD44 expression. (B) Effect of oligosaccharides on CD44-related signals. Oligosaccharide concen-
tration was set as 0.1 mg/mL. Relative increases in protein bands are also presented in bar chart form
(C). Results are expressed as mean ± SD (n = 4).
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Figure 2. Role of CD44 and JNK in hypoxia-induced inflammatory responses in NRK-52E cells.
Protein expression was analyzed by Western blot. (A) Inhibitory effect of CD44 siRNA transfection
on phosphorylated JNK and cytokines. (B) Inhibitory effect of SP600125 on cytokines. The cells were
pretreated with 20 µM SP600125 for 30 min prior to hypoxia treatment. Relative increases in protein
bands are also presented in bar chart form. Results are expressed as mean ± SD (n = 4).

3.3. Hypoxia-Induced Cytokine Secretion in Renal Tubular Cells Promotes Macrophage Proliferation

Inflammation is a mediator of renal injury in AKI. Hence, the influence of oligosaccha-
rides on leukocytes was examined. Figure 3A shows that FC, FOS, and GOS did not influ-
ence the proliferation of macrophage RAW264.7 cells. The proliferation of RAW264.7 cells
was promoted by the 24 h culture medium for hypoxic NRK-52E cells (Figure 3B) but not
by the medium for hypoxic NRK-52E cells treated with oligosaccharides. The former had
higher MCP-1 and IL-1β levels than the latter (Figure 3C,D). All three oligosaccharides
significantly reduced MCP-1 and IL-1β in the culture medium of hypoxic NRK-52E cells.
Therefore, FC, FOS, and GOS can reduce the expression and secretion of cytokines in
hypoxic renal tubular cells and, consequently, diminish inflammation caused by injured
renal tubular cells.
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3.4. Oligosaccharides Reduce CD44 Antigenicity

Given that FC interferes with the interaction between CD44 and its ligands, such as
HA and osteopontin, a potential interaction might occur between oligosaccharides and
CD44. For confirmation, the influence of FC, FOS, and GOS on CD44 antigenicity was
examined by ELISA. FC and GOS dose-dependently reduced the level of recombinant
human CD44 protein (Figure 4A). FOS at 10 ng/mL also reduced the detected levels of
CD44; however, its effects were minimal at concentrations lower (1 ng/mL) and higher
(100 ng/mL) than 10 ng/mL. Therefore, all three oligosaccharides at appropriate doses can
affect CD44 antigenicity. HA was then added to the cells treated with oligosaccharides to
observe whether oligosaccharides compete with HA in interacting with CD44. As shown in
Figure 4B, HA blocked the inhibitory effect of FC on hypoxia-induced CD44 and phospho-
JNK and even promoted the expression of CD44 and phospho-JNK in hypoxic cells but not
in normal cells. This finding indicates that the interaction between HA and CD44 induces
JNK signal transduction in hypoxic renal tubular cells. The same result was also found in
cells treated with FOS or GOS (Figure 4B). Therefore, all three oligosaccharides compete
with HA in interacting with CD44 in renal tubular cells.

Figure 3. Promoting effect of cytokines secreted from hypoxic NRK-52E cells on the proliferation
of macrophage RAW264.7. (A) Influence of oligosaccharides on the proliferation of RAW264.7 cells
treated with 0.1 mg/mL FC, FOS, or GOS and cultured overnight. (B) Promoting effect of the culture
medium of hypoxic NRK-52E cells on the proliferation of RAW264.7 cells. NRK-52E cells were
pretreated with 0.1 mg/mL FC, FOS, or GOS for 30 min and then subjected to hypoxic culture. The
culture medium of normal or hypoxic NRK-52E cells was taken out and used to culture RAW264.7
overnight. (C) MCP-1 level in the culture medium of hypoxic NRK-52E cells. (D) IL-1β level in the
culture medium of hypoxic NRK-52E cells. Results are expressed as mean ± SD (n = 3).
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Figure 4. Competitiveness of oligosaccharides and HA in binding to CD44. (A) Reducing effect of
oligosaccharides on CD44 antigenicity. Recombinant rat CD44 (20 ng/mL) was mixed with or without
FC, FOS, or GOS for 10 min and then analyzed using the CD44 ELISA kit. Results are expressed as
mean ± SD (n = 4). *, p < 0.05 vs. the control group. (B) HA interfering with the inhibitory effect of
oligosaccharides on CD44 and phosphorylated JNK expression. NRK-52E cells were pretreated with
0.1 mg/mL HA for 30 min, then administered with 0.1 mg/mL FC, FOS, or GOS for 30 min and finally
subjected to hypoxic culture. Protein expression was analyzed by Western blot. Relative increases in
the protein bands are also presented in bar chart form. Results are expressed as mean ± SD (n = 4).
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3.5. Oligosaccharides Improve Renal Function and Reduce Inflammation in Mice with Early
Stage AKI

An AKI mouse model with IRI was established to evaluate the influence of oligosac-
charides on renal function and inflammation. Renal function was monitored by detecting
serum creatinine. The mice were fed with oligosaccharides only at the initial stage of
AKI, i.e., from 1 day before to 2 days after IRI surgery. After this period, serum creatinine
significantly increased in AKI mice but not in oligosaccharide-treated AKI mice, indicating
that oligosaccharides have improved renal function (Figure 5A). Serum cytokine levels
were then monitored to evaluate the inflammation of AKI mice. Serum MCP-1, IL-1β, and
TNF-α were significantly increased in AKI mice (Figure 5B–D) but were reduced by all three
oligosaccharides. IHC analysis of neutrophil marker Ly6G showed neutrophil infiltration
in the kidneys of AKI mice but not in normal mice and oligosaccharide-treated AKI mice
(Figure 6A). IHC analysis of macrophage marker F4/80 revealed macrophage invasion in
the kidneys of AKI mice but not in normal mice and AKI mice treated with oligosaccharides
(Figure 6B). Compared with those of normal mice and AKI mice fed with oligosaccharides,
the renal tubules of AKI mice showed high TNF-α expression (Figure 6C). These results
indicate that FC, FOS, and GOS reduce renal inflammation in mice with early-stage AKI.

Figure 5. Reducing effect of oligosaccharides on serum creatinine and cytokines in AKI mice at
the early stage. Blood was collected from each mouse 2 days after IRI surgery to measure serum
creatinine (A), MCP-1 (B), IL-1β (C), and TNF-α (D). The results are expressed as means ± SD (n = 8).

3.6. Oligosaccharides Promote Kidney Recovery at Post-AKI

On the seventh day after IRI surgery, the serum creatinine of AKI mice decreased but
was still higher than that of normal mice (Figure 7A). No significant difference in serum
creatinine was observed between AKI mice treated with and without oligosaccharides.
However, the level of serum NGAL, a marker of AKI, was still higher in AKI mice than
in normal mice and oligosaccharide-treated AKI mice (Figure 7B). This finding indicates
that feeding oligosaccharides at the early stage of AKI can reduce renal injury at post-AKI.
PAS staining of mouse kidney cortex was conducted at 7 days after IRI surgery. AKI mice
exhibited severe tubular injury with tubular dilatation and intraluminal cell debris by
tubular necrosis, and AKI mice treated with oligosaccharides showed only minor tubular
injury (Figure 7C). Therefore, the intake of FC, FOS, or GOS at the early stage of AKI aids
in the recovery of kidney tissues and renal function in AKI mice.
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Figure 6. Inhibitory effect of oligosaccharides on renal inflammation in mice with early-stage AKI.
The kidneys from each mouse 2 days after IRI surgery were collected for IHC staining. (A) Ly6G IHC
staining. The white arrow indicates Ly6G positive staining neutrophils. (B) F4/80 IHC staining. The
white arrow indicates F4/80 positive staining macrophages. (C) TNF-α IHC staining.
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Figure 7. Reducing effect of oligosaccharides on the severity of AKI in post-AKI. Blood and kidneys
from each mouse were collected 7 days after IRI surgery for biochemical analysis and IHC staining,
respectively. (A) Serum creatinine levels. The results are expressed as means ± SD (n = 8). n.s., no
significance. (B) Serum NGAL levels. The results are expressed as means ± SD (n = 8). (C) PAS
staining of mouse kidney cortex. Pink staining of brush border is visible in health renal tubules, and
loss of brush border is evident in the unhealthy dilated tubules.

4. Discussion

Ischemia is one of the main causes of AKI. Here, a hypoxic cell model and an AKI
mouse model with IRI were established to study the influence of oligosaccharides on AKI
and their underlying molecular mechanism. Hypoxia induced the expression of MCP-1,
IL-1α, and TNF-α in NRK-52E cells, which were inhibited by JNK inhibitor SP600125.
CD44 siRNA transfection blocked the hypoxia-induced activation of JNK. These results
indicate that hypoxia upregulates CD44, which in turn activates JNK and thereby upregu-
lates cytokines in renal tubular cells. FC, FOS, and GOS reduced CD44 antigenicity and
competed with the ligand HA of CD44 of renal tubular cells. This finding implies that the
three oligosaccharides can directly interact with CD44 to suppress hypoxia-induced CD44
upregulation, JNK activation, and cytokine expression in renal tubular cells. Although p38
is another important MAP kinase for TNFα and IL-1β during inflammatory responses [21],
phosphorylated p38 was not upregulated in hypoxic NRK-52E cells. Therefore, p38 is not
involved in cytokine expression in renal tubular cells and the inhibition effect of oligosac-
charides on the inflammatory responses of renal tubular cells. FC and GOS upregulated
p38 phosphorylation in hypoxic cells, indicating their potential influence on p38-associated
inflammatory responses. In animal studies, FC, FOS, and GOS inhibited the increase in
serum MCP-1 and IL-1β in mice with early-stage AKI and reduced TNF-α expression in
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kidney tissues. Cytokines are key effectors of leukocyte recruitment. FC, FOS, and GOS
reduced neutrophil infiltration and macrophage invasion in the kidneys of mice with early-
stage AKI. At 7 days after surgery, the reduced inflammation and neutrophil infiltration
in AKI at the early stage is beneficial for the recovery at the advanced stage. This study
reveals for the first time that the consumption of FC, FOS, or GOS at the early stage of AKI
can promote recovery by inhibiting kidney inflammation.

To date, the influence of oligosaccharide supplementation on AKI has not been ex-
plored. Many oligosaccharides are considered prebiotics and can promote the growth
of favorable microbiota [13,22]. Human milk oligosaccharides regulate the development
and function of the immune system by constructing specific microbiota [23,24]. Intestinal
microbiota is an important modifier of AKI outcome [20]. In theory, oligosaccharides can
affect AKI severity by regulating intestinal microbiota. However, microbiota construction
by oligosaccharides and immune moderation by microbiota would require more than
several weeks. In the current animal study, the mice were fed with oligosaccharides from
1 day before to 2 days after IRI surgery. The results showed the positive effect of oligosac-
charides on AKI on the second day after IRI surgery. Therefore, the renal protection of
oligosaccharides in the current system is not caused by the influence of microbiota. Many
oligosaccharides, including FC, FOS, and GOS, can be absorbed by the body, enter the
systemic circulation, and finally be eliminated by the kidneys [14–16,22,25]. Those oligosac-
charides have a chance to interact with CD44 on renal tubular cells in vivo. By influencing
CD44, oligosaccharides can instantly modulate the immune response of the kidney with
acute injury, thereby improving its recovery. In addition, human milk oligosaccharides
directly modulate immune responses in a local or systemic manner [22,25]. Therefore, the
effect of oligosaccharides on immune and other physiological systems is attributed to their
direct influences and microbiota changes.

CD44 promotes cell adhesion and acts as a signal receptor in many important phys-
iological phenomena [26]. The interaction of CD44 and its major ligand HA, a major
constituent of the extracellular matrix, can enhance cell adhesion, proliferation, migration,
and immune responses [27–29]. HA binding to CD44 initiates intracellular signaling events
by modulating the downstream signaling molecules of CD44, including actin cytoskele-
ton [30]; ezrin, radixin, and moesin proteins [31]; ankyrin [32]; and non-receptor tyrosine
kinase Src [33]. These downstream signal molecules are related to JNK activation. Reor-
ganization of the actin cytoskeleton activates numerous signaling cascades, specifically
JNK [34,35]. Ezrin binds with JNK signaling components to facilitate JNK activation in
B cells [36]. Ankyrin and Src also induce JNK activation [37–39]. Therefore, the signal
transduction of CD44 is associated with JNK activation. HA binding to CD44 has been
proven to promote JNK activation in breast cancer cells [19]. In the present study, oligosac-
charides were found to interfere with the interaction between HA and CD44 to inhibit
the downstream JNK signal transduction and consequently the immune response of renal
tubular cells. On the basis of these findings, oligosaccharides show potential to suppress
other physiological responses related to CD44, especially the proliferation and migration of
cancer cells promoted by CD44.

Oligosaccharides currently available on the market mainly include FOS, GOS, FC,
and isomaltooligosaccharides [40,41]. FOS, GOS, and FC can be partially absorbed by
the body, enter the systemic circulation, and be ingested from vegetables, milk, and sea-
weed [14–16,22,25]. In this work, the influence of these three anionic oligosaccharides on
AKI was explored. Although these three oligosaccharides have different monosaccharide
compositions, their effects on renal tubular cells under hypoxia are highly similar, includ-
ing the inhibitory effect on CD44, phosphorylated JNK, and cytokines. Moreover, the
added HA interfered with the inhibitory effect of all three oligosaccharides. Therefore, the
mechanism of these three oligosaccharides on renal tubular cells is the same regardless of
their monosaccharide type. This mechanism may be related to the structural similarities
between oligosaccharides and HA. However, the types of monosaccharides in the three
oligosaccharides still cause slightly different effects in the current system. FC and FOS
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reduced JNK expression in hypoxic renal tubular cells, but GOS exhibited a limited effect.
The influence of FOS on CD44 antigenicity was weaker than that of FC and GOS. The most
effective dose of FOS (0.5 mg/mL) for inhibiting hypoxia-induced CD44 was also higher
than that of FC and GOS (0.05 mg/mL). These results suggest that the inhibitory effects
of FC and GOS on CD44 signaling transduction are greater than that of FOS. However,
animal experiments showed similar renal protective effects from the ingestion of the three
oligosaccharides at the initial stage of AKI. Comparing the renal protective effects among
the three oligosaccharides in AKI mice is difficult and involves the absorption of oligosac-
charides in the intestine. Most oligosaccharides are digested by intestinal bacteria, and
only a small portion can be absorbed [42,43]. Digestion efficiency in the intestine varies for
different oligosaccharides, which in turn affects their absorption amount. In addition, the
length of oligosaccharides also affects the efficiency of their absorption in the gut. In this
study, FC with the smallest average degree of polymerization would theoretically be more
readily absorbed than FOS with the largest average degree of polymerization. However,
animal experiments revealed that after oligosaccharides (10 mg/kg/d) are digested by the
intestinal bacteria, a sufficient amount can still enter circulation to achieve a renal protective
effect on AKI mice.

In summary, FC, FOS, and GOS directly interact with CD44 to inhibit hypoxia-induced
CD44 upregulation, JNK activation, and cytokine expression in renal tubular cells. Ingesting
FC, FOS, and GOS at early AKI stages promotes recovery by inhibiting kidney inflammation.
AKI suddenly occurs in patients admitted to hospitals and intensive care units, and no
treatment has been developed to avoid or ameliorate this condition. On the basis of these
findings, the daily ingestion of oligosaccharides can reduce AKI severity and promote
kidney recovery in patients with AKI.
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