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Gut microbiota–derived metabolites play important roles in health and disease. D–amino
acids and their L-forms are metabolites of gut microbiota with distinct functions. In this study,
we show the pathophysiologic role of D–amino acids in association with gut microbiota in
humans and mice with acute kidney injury (AKI). In a mouse kidney ischemia/reperfusion
model, the gut microbiota protected against tubular injury. AKI-induced gut dysbiosis
contributed to the altered metabolism of D–amino acids. Among the D–amino acids, only D-
serine was detectable in the kidney. In injured kidneys, the activity of D–amino acid oxidase
was decreased. Conversely, the activity of serine racemase was increased. The oral
administration of D-serine mitigated the kidney injury in B6 mice and D-serine–depleted
mice. D-serine suppressed hypoxia-induced tubular damage and promoted posthypoxic
tubular cell proliferation. Finally, the D-serine levels in circulation were significantly
correlated with the decrease in kidney function in AKI patients. These results demonstrate
the renoprotective effects of gut-derived D-serine in AKI, shed light on the interactions
between the gut microbiota and the kidney in both health and AKI, and highlight D-serine as
a potential new therapeutic target and biomarker for AKI.
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Introduction
Recent studies revealed that the dysbiosis of  the gut microbiota was closely associated with several diseases, 
such as inflammatory bowel disease (1), diabetes (2), cardiovascular disease (3), and kidney disease (4). To 
date, clinical trials on fecal microbial transplantation were shown to be effective in clinical conditions, such 
as Clostridium difficile infection (5), pouchitis (6), and metabolic syndrome (7). The gut microbiota might 
play a therapeutic role in these disorders, but the precise roles and underlying mechanisms remain unclear.

Data have revealed the important roles of  bacterial metabolites in both health and disease. The short-
chain fatty acids (SCFAs) produced by the gut microbiota demonstrated antiinflammatory effects, such 
as the promotion of  regulatory T cell proliferation (8). In a murine model of  acute kidney injury (AKI), 
SCFAs protected against tubular injury and reduced dendritic cell accumulation in the kidney (9). By con-
trast, the gut microbiota produces uremic toxins in chronic kidney disease (10). These findings suggest that 
the gut microbiota might regulate host homeostasis via their metabolites.

Recent advances have shed light on the chirality of  amino acids. Free D–amino acids and their L-forms 
were quantified by 2D HPLC (11). Furthermore, studies have reported that D–amino acids in the murine 
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gut were the primary microbial products (12) and that they played physiologic roles in the central nervous 
system (13), heart (14), and skin (15). However, the precise roles of  the gut microbiota–associated D–amino 
acids in kidney diseases have yet to be revealed. Thus, we explored the pathophysiologic role of  D–amino 
acids in association with the gut microbiota in humans with AKI and in a mouse model of  AKI.

Results
AKI induces gut dysbiosis in a mouse infusion/reperfusion model. To assess the effect of  AKI on gut micro-
biota, we performed 16S rRNA gene-sequencing analysis on mouse feces on days 0, 2, and 10 after 
ischemia/reperfusion (I/R) injury to an AKI model (Figure 1A). The clustering analysis of  16S reads 
revealed that the microbiota in the AKI group had significantly higher species richness than that in the 
sham-operated mice on days 2 and 10 (Figure 1B). A comparison of  the overall microbiota structure 
of  the groups showed clearly different patterns in the weighted UniFrac principal coordinate analy-
sis (Figure 1C). Moreover, the genus-level taxonomic assignment showed a decreased abundance of  
Bifidobacterium and TM7 and an increased abundance of  Lactobacillus, Clostridium, and Ruminococcus 
after I/R injury (Figure 1, D and E).

Gut microbiota protects against tubular injury in mouse AKI. We explored the contribution of  the gut micro-
biota to the pathogenesis of  AKI. Kidney I/R injury was induced in germ-free C57BL/6 (Gf  B6) mice 
with or without fecal transplantation from normal C57BL/6 (B6) mice (Figure 2A). The Gf  B6 mice had 
enlarged ceca, which reverted to a normal size after fecal transplantation from normal B6 mice (Figure 2B). 
On day 2 after I/R, tubular injury was worse in the Gf  B6 mice than in the normal B6 mice. Although the 
tubular injury was partially improved on day 10 in the normal B6 mice, the damage progressed to tubular 
necrosis in the Gf  B6 mice (Figure 2, C and D). Interestingly, fecal transplantation from normal mice atten-
uated the renal pathology in the Gf  B6 mice (Figure 2, C and D). The increased expression of  hepatitis A 
virus cellular receptor 1 (Havcr1) mRNA in the kidneys of  Gf  B6 mice after I/R was also decreased by the 
fecal transplantation from the normal B6 mice (Figure 2E). We also evaluated the contribution of  the gut 
microbiota to AKI in gut microbiota–depleted mice by the administration of  antibiotics. In the B6 mice, 
antibiotic administration (Abx) reduced the gut microbiota and induced the enlargement of  the cecum, 
similar to that observed in Gf  B6 mice (Supplemental Figure 1C; supplemental material available online 
with this article; https://doi.org/10.1172/jci.insight.97957DS1). The acute tubular necrosis score, which 
is used to determine tubular injury, was higher in antibiotic-treated mice than in antibiotic-untreated mice 
on day 10 after I/R injury (Supplemental Figure 1, D and E).

AKI-induced dysbiosis alters the balance of  D/L–amino acids. Recent studies revealed that the D–amino 
acids detected by 2D HPLC are produced by the gut microbiota and are involved in intestinal mucosal 
defenses (12). We explored whether AKI-induced dysbiosis altered the balance of  D/L–amino acid pro-
files in the feces, plasma, kidneys, and urine of  mice with I/R injury. The 2D HPLC analysis revealed that 
the D-serine/L-serine, D-arginine/L-arginine, and D-alanine/L-alanine ratios were increased in feces after 
I/R injury (Figure 3A). Surprisingly, only D-serine was detected in the kidneys by 2D HPLC (Figure 3B). 
The D-serine/L-serine ratio was increased in the feces, plasma, kidneys, and urine of  I/R mice compared 
with those in sham-operated mice (Figure 3C). By contrast, no D–amino acids, except D-asparagine and 
D-aspartic acid, were detectable in the feces of  Gf  B6 mice, thus suggesting that the gut microbiota was the 
main source of  D–amino acids, particularly D-serine (Figure 3D). The overall levels of  D–amino acids and 
their L-forms for all animal groups are presented in Supplemental Figures 2–6.

On the basis of  these results, we focused on the metabolism of  D-serine in the injured kidney. In 
addition to the gut microbiota, peripheral organs, including the kidneys, are host sites for D-serine 
metabolism by D–amino acid oxidase (DAO) and serine racemase (SRR). The activity of  DAO, which 
degrades D–amino acids, including D-serine (16), was decreased in the I/R-injured kidneys (Figure 3E). 
On the contrary, the activity of  SRR, which generates D-serine from L-serine (17), was increased in the 
I/R-injured kidneys (Figure 3F).

Figure 1. AKI-induced gut dysbiosis in the mouse I/R model. (A) The protocol for I/R injury in mouse kidney. (B) Comparison of species richness between 
the gut microbiota in the I/R-injured and the sham-operated mice. (C) Principal coordinate analyses (PCoAs) based on the weighted UniFrac analysis of 
the bacterial community structures before the induction of I/R (pre) and on days 2 and 10. (D and E) Comparison of the bacterial composition (D) and the 
abundance of several species (E) between the I/R-injured and the sham-operated mice before I/R and days 2 and 10. Data are presented as mean ± SEM. 
Statistical analysis was performed using Student’s t test (B and E). *P < 0.05, **P < 0.01, ***P < 0.001. OTU, operational taxonomic unit.
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D-serine reduced tubular injury after I/R injury. We explored the pathophysiologic function of  D-serine 
in AKI. We administered 20 mM D- or L-serine to mice via drinking water. Oral L-serine administration 
did not change the plasma concentration of  L-serine, whereas the oral administration of  20 mM D-serine 
increased the plasma levels of  D-serine to 100 nM (Figure 4A), thus suggesting that D-serine was absorbed 
through the gastrointestinal tract and led to higher plasma D-serine levels than those in the I/R-injured 
mice (Supplemental Figure 4). Interestingly, the administration of  20 mM D-serine attenuated tubular 
injury on days 5, 7, and 10 in the I/R-injured mice (Figure 4, B and C). Furthermore, the accumulation of  
F4/80+ cells in the kidneys was reduced on days 5 and 7 after I/R injury following the administration of  
20 mM D-serine (Figure 4, B and D). Consistent with this finding, an increased number of  Ki67+ tubules 
and decreased levels of  Havcr1 mRNA expression were detected in the D-serine–treated mice 2 days after 
I/R injury (Figure 4, B, E, and G). Moreover, the administration of  D-serine led to a reduction in urine 
albumin excretion on days 7 and 10 after I/R injury (Figure 4H). The extent of  interstitial fibrosis, which 
was evaluated by Azan staining and presented as the percentage area stained with aniline blue, and the 
levels of  creatinine and blood urea nitrogen were similar between the groups (Figure 4, F and I). There 
was no significant difference in the volume of  water intake between the untreated and D-serine–treated 
mice, thus suggesting that water intake alone was not associated with the observed renoprotection (Sup-
plemental Figure 7).

D-serine levels in the kidney can be regulated by DAO and SRR (16, 17). To elucidate the effect of  
intrarenal D-serine metabolism, we induced kidney I/R injury in SRR-knockout mice, which exhib-
ited low levels of  D-serine in the kidney (17). Additionally, we induced kidney I/R injury in mice 
with a natural variant (DAOG181R) that inactivates DAO, thereby leading to elevated levels of  D-serine 
in the kidney (16). The extent of  tubular injury and interstitial fibrosis were comparable among the 
DAOG181R, SRR-knockout, and control mice at 5 days after I/R injury (Figure 5). We then induced 
kidney I/R injury in SRR-knockout mice that were fed with a D–amino acid–free (DF) diet with or 
without Abx. Tubular injury was worse and the number of  Ki67+ tubules was lower in SRR-knockout 
mice that were fed with a DF diet with or without Abx compared with those in B6 and SRR-knockout 
mice (Figure 5, A–C). Interestingly, the administration of  20 mM D-serine mended the kidney injury 
on day 5 after the I/R injury. We found that the D-serine administration did not change the percentage 
of  F4/80+ cells, the number of  Ki67+ tubules, the interstitial fibrosis, or the renal function induced by 
the I/R injury (Figure 5, D–F).

D-serine suppresses damage and promotes the hypoxia-mediated proliferation of  tubular epithelial cells. To 
elucidate the underlying mechanisms of  D-serine–mediated renoprotection, we used tubular epithelial 
cells (TECs) stimulated with D-serine (Figure 6A). The mRNA expression levels of  C-C motif  chemok-
ine ligand 2 (Ccl2) and Havcr1 were inhibited in hypoxia-exposed TECs at concentrations of  1–100 μM 
D-serine or 10–1000 μM L-serine (Figure 6B). The proliferation of  posthypoxic TECs was accelerated by 
D-serine but not by L-serine (Figure 6C).

Despite the observed renoprotective effect of  D-serine, studies reported that D-serine is associated with 
nephrotoxicity (18–20). Therefore, we explored the potential toxic effects of  D-serine. The oral adminis-
tration of  D-serine at a dose of  80 mM led to the increasing of  urine albumin excretion at 10 days after 
I/R injury in our murine model of  AKI (Supplemental Figure 8A). Posthypoxic tubular proliferation was 
inhibited by D-serine at a dose of  100 mM (Supplemental Figure 8B).

Serum D-serine levels reflect kidney function in patients with AKI. We assessed the association between D-ser-
ine and renal function in patients with AKI. D-serine, D-asparagine, D-alanine, D-proline, and D-leucine were 
detected in the plasma of AKI patients. The D-serine/L-serine ratio was significantly higher in the plasma of  
AKI patients than in the plasma of healthy subjects (Figure 7A). Moreover, the serum D-serine level was signifi-
cantly correlated with an increase in creatinine and a decrease in estimated glomerular filtration rate (Figure 7B).

Figure 2. Gut microbiota protects against tubular injury in a mouse model of AKI. (A) Gf B6 mice were used to evaluate the pathophysiologic role of 
the gut microbiota in AKI. (B) Gf B6 mice exhibit an enlarged cecum (arrow), which reverted to the normal size in feces-transplanted Gf B6 mice (Gf + 
Trans, arrowhead). (C and D) The Gf B6 mice exhibited severe tubular injury on day 2 and impaired repair on day 10; these changes are attenuated by fecal 
transplantation from normal C57BL/6 (B6) mice. Scale bar: 50 μm. (E) The Gf B6 mice exhibit higher expression levels of hepatitis A virus cellular receptor 1 
(Havcr1) mRNA in the kidney tissue 10 days after the I/R compared with the B6 mice. Box-and-whisker plots represent the median values. Boxes represent 
the 25th and 75th percentiles, and whiskers depict the minimum and maximum values. Statistical analysis was performed using 1-way ANOVA with 
Tukey’s multiple comparison test (D and E). *P < 0.05, **P < 0.01.
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Discussion
This study revealed that the gut microbiota provided protection against tubular injury in the mouse kidney 
I/R injury model. AKI-induced gut dysbiosis altered the metabolism of  D–amino acids in mice. Among 
the D–amino acids, only D-serine was detectable in the kidney. Furthermore, DAO activity was decreased 
and SRR activity was increased in the injured kidney after the I/R injury. Oral D-serine administration was 
protective in this mouse model of  AKI. Furthermore, the DF diet with and without Abx led to the wors-
ening of  the kidney injury in the SRR-knockout mice. However, the administration of  20 mM D-serine 
mended the kidney injury on day 5 after the I/R. D-serine also suppressed hypoxia-induced tubular dam-
age during the early phase of  injury and promoted posthypoxic tubular cell proliferation. Finally, D-serine 
was correlated with the decrease in kidney function in AKI patients.

Accumulated data have demonstrated the significance of  the gut microbiota in both health and disease 
(1–6). Our findings show that the gut microbiota also plays a central role in a mouse model of  AKI. In sup-
port of  our findings, the Gf B6 mice have been reported as suffering from severe kidney injury after I/R (21), 
whereas the depletion of  gut microbiota was reported to protect the kidney from I/R injury (22). Although 
the precise underlying mechanisms are unclear, recent studies reported that microbial metabolites contributed 
to a healthy host. Among the bacterial metabolites, SCFA was reported to have protective effects in some dis-
ease models (8, 23), including AKI (9). In addition to SCFA, 2D HPLC has been used to reveal that D–amino 
acids were metabolized by the gut microbiota and were involved in intestinal mucosal defenses (12). The cur-
rent study shows increased numbers of  Lactobacillus, Clostridium, and Ruminococcus and decreased numbers of  
Bifidobacterium and TM7 after the I/R injury. Although several reports showed dysbiosis in chronic kidney dis-
ease, the changes in the gut bacteria during AKI remain unknown (4, 10). Moreover, the association between 
the activated pathways of  D–amino acids, particularly D-serine, has not yet been investigated.

Although we detected D–amino acids in the feces of  the normal mice with or without AKI, only D-as-
paragine and D-aspartic were found in the feces of  the Gf  B6 mice. These findings indicated that D–amino 
acids were metabolized by the gut microbiota, regardless of  the kidney injury. Moreover, only D-serine was 
detected in the kidney, and the D-serine/L-serine ratio was increased in the feces, plasma, kidneys, and 
urine of  the I/R-injured mice. Consistent with our results, Sasabe et al. (24) reported an increased D-ser-
ine/L-serine ratio in the sera of  mice after I/R injury in the kidney.

D-serine administration was protective against AKI after the I/R injury. Our findings indicated that 
D-serine inhibited tubular damage and promoted tubular proliferation, thus leading to attenuated kidney 
injury after the I/R. Moreover, we demonstrated low DAO and high SRR activities in the injured kidney. 
Reduced DAO activity in the mouse models of  AKI has been reported previously (24). However, the intra-
renal metabolism of  D-serine, along with the DAO deficiency, does not contribute to I/R-mediated kidney 
injury. Although alterations in DAO activity maintain D-serine levels in the injured kidney, this level of  DAO 
activity might not be sufficient to protect against tubular injury. Therefore, the increased release of  D-serine 
from the gut to the circulation might compensate for decreased D-serine levels in the injured kidney, thereby 
providing renoprotection. By contrast, the DF diet with or without Abx augmented the kidney injury, which 
was accompanied by a reduction in Ki67+ TECs in the SRR-knockout mice. The administration of  20 mM 
D-serine led to a recovery of  kidney injury on day 5 after the I/R. However, the precise mechanisms of  
D-serine metabolism in AKI have not yet been investigated.

Several studies have reported the nephrotoxicity of  D-serine (19). Although a peritoneal injection of  400–
800 mg/kg D-serine induced tubular damage in rats (20, 22), Okada et al. (25) reported that 20 mM D-serine 
activated general control nonderepressible 2 kinase, thus leading to cellular senescence in human tubular cells. 
In agreement with those studies, we observed D-serine cytotoxicity in the current study. Although 80 mM 
D-serine augmented the kidney injury, 1–100 μM D-serine induced TEC proliferation in our model. These 
results strongly suggest that the dose of  D-serine is associated with specific responses in TECs. Given that 2D 
HPLC provides more accurate information than conventional methods, further investigation is necessary to 
reveal the association between D-serine concentration and in vivo and in vitro tissue responses.

Figure 3. Dysbiosis induced by AKI alters the balance of D/L–amino acids. (A and B) Although some free D–amino acids were detected in the feces of B6 
mice with or without I/R, only D-serine can be detected in the kidney. (C) Free D-serine is increased in the feces, plasma, kidney, and urine after the I/R. (D) 
No free D–amino acids, except D-asparagine and D-aspartic acid, are detected in the feces of Gf B6 mice before and after I/R. (E) DAO activity is decreased 
in the kidney after the I/R injury. (F) SRR activity is increased in the injured kidney. Data are shown as mean ± SEM. Statistical analysis was performed 
using Student’s t test (C, E, and F). *P < 0.05, **P < 0.01. UD, undetectable.
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Figure 4. D-serine reduces tubular injury after I/R. (A) 
Although oral L-serine administration does not change the 
plasma concentration of L-serine, 20 mM D-serine increased 
the plasma levels of D-serine to 100 nM/ml. (B) Representa-
tive images of tissue samples stained with PAS, F4/80+, and 
Ki67+ are shown. Scale bar: 50 μm. (C) The grades of necrosis 
and intraluminal debris are decreased and that of the brush 
border region is increased after the administration of D-serine 
at 5, 7, and 10 days after the I/R injury. (D) The administration 
of D-serine reduces the percentage area positive for F4/80+ 
at 5 and 7 days after the I/R injury. (E) The number of Ki67+ 
nuclear/field is increased by the administration of D-serine 
at 2 days after the I/R injury. (F) There is no difference in the 
percentage area stained with aniline blue between groups. (G) 
Havcr1 gene expression in the kidney tissue is decreased in the 
D-serine treatment group at 2 days after the I/R injury. (H) Uri-
nary albumin excretion is protected in the D-serine treatment 
group. (I) The levels of serum creatinine (Cr) and serum blood 
urea nitrogen (BUN) are similar between the groups after the 
administration of D-serine. Data are shown as mean ± SEM. 
Statistical analysis was performed using Student’s t test (A 
and C–I). *P < 0.05, **P < 0.01, ***P < 0.001.

https://doi.org/10.1172/jci.insight.97957


9insight.jci.org   https://doi.org/10.1172/jci.insight.97957

R E S E A R C H  A R T I C L E

https://doi.org/10.1172/jci.insight.97957


1 0insight.jci.org   https://doi.org/10.1172/jci.insight.97957

R E S E A R C H  A R T I C L E

The D-serine/L-serine ratio was also increased in patients with AKI. Moreover, the ratio was inversely 
correlated with renal function. Although plasma D-serine levels were previously evaluated in human chronic 
kidney disease (26), the levels of  D–amino acids were not evaluated in human AKI. Our results suggest 
that D–amino acids, particularly D-serine, can be potential biomarkers for AKI. The possibility remains 
that D-serine levels were affected by renal function because the excretion rate of  D-serine was not evaluated 
in the current study. However, the D-serine/L-serine ratio was increased in the feces, plasma, kidneys, and 
urine of  the I/R-injured mice compared with that in the sham-operated mice (Figure 3C). Following the 
administration of  20 mM D- or L-serine through drinking water, the plasma concentration of  L-serine did 
not change, whereas the plasma D-serine levels increased to 100 nM (Figure 4A). This finding suggested that 
D-serine was absorbed through the gastrointestinal tract and elevated the plasma D-serine levels compared 
with the I/R-injured mice that did not receive D-serine. Furthermore, these results indicated that the gut 
microbiota might have contributed, at least in part, to the high levels of  serum D-serine after I/R injury. 
Further studies are needed to clarify the microbial species that metabolize D-serine.

This study demonstrated the renoprotective effect of gut microbiota–derived D-serine in AKI (Figure 7C). 
Given the biological roles of D–amino acids produced by the gut microbiota, the present data shed light on 
the mechanisms that can explain the interaction between the gut microbiota and the kidney and illustrate that 
D–amino acids are potential therapeutic targets and biomarkers for AKI.

Methods
Mice. B6 mice were purchased from CLEA Japan. The mice were housed and bred at Kanazawa University. 
The Gf  B6 mice were obtained from CLEA Japan. All procedures for the Gf  B6 mice were performed in 
a Gf  isolator at CLEA Japan. To confirm the Gf  B6 status, the 16S rDNA PCR of  feces was performed 
at CLEA Japan before and after the procedures (27) (Supplemental Figure 9). As described previously, 
DAOG181R and SRR-knockout mouse lines were generated and maintained on a B6 background (28, 29).

Fecal microbiota transplantation was performed 12 weeks before the I/R injury. Donor B6 mice were 
euthanized, and the small intestines, ceca, and colons were removed under aseptic conditions. The content 
was diluted in 1 ml PBS, and 200 μl of  the content was administered via the anus into the rectum. The 
transplanted Gf  B6 mice were then cohoused with normal B6 mice for 12 weeks.

To model gut microbiota depletion with antibiotics, B6 mice were treated with 1 g/l ampicillin sodium 
salt (catalog A0166; MilliporeSigma), 1 g/l neomycin sulfate (catalog 146-08871; Wako Pure Chemical 
Industries), 1 g/l metronidazole (catalog M3761; MilliporeSigma), 0.5 g/l vancomycin hydrochloride (cat-
alog 222-01303; Wako), and 0.5 g/l gentamicin sulfate (catalog G0383; TCI) in drinking water for 12 weeks 
prior to the I/R injury.

I/R injury. Ischemia was induced by clamping the renal pedicle with a nontraumatic clip (Natsume Sei-
sakusho) after the induction of  anesthesia (30). After 40 minutes, the clip was removed. Body temperature 
was controlled at 37.0°C throughout the procedure.

Renal histopathology. The kidneys were fixed in 10% neutral buffered formalin and embedded in paraf-
fin; the paraffin sections were stained with periodic acid–Schiff  (PAS) and Azan reagent. The PAS-stained 
debris at the corticomedullary junction or the brush border (i.e., corticomedullary junction and cortical 
region) was quantified from at least 10 different kidney sections. The acute tubular necrosis score was 
graded from 0 to 4 (0, none; 1, mild; 2, moderate; 3, severe; 4, necrosis) on the basis of  proximal tubule 
dilation, brush border damage, the presence of  proteinaceous casts, interstitial widening, and necrosis. The 
specimens were evaluated by evaluators who were blinded to the mouse strains and treatment conditions. 
Staining for Ki67 and F4/80 was performed as described previously (30, 31).

Murine TEC line. The murine TEC line mProx24 was a gift by Takeshi Sugaya (St. Marianna University 
School of  Medicine, Tokyo, Japan). The cells were cultured in DMEM supplemented with 5% fetal bovine 
serum and 1% penicillin/streptomycin.

Figure 5. D-serine administration protects from AKI after I/R. (A) Representative images of tissue samples stained with PAS and Ki67+ are shown. 
Scale bar: 50 μm. (B) The grades of necrosis and intraluminal debris are decreased and that of the brush border region is increased by the administration 
of D-serine at 5 days after I/R in the SRR-knockout mice compared with those in mice fed with DF diet with or without Abx. (C) The number of Ki67+ 
tubules are decreased in the SRR-knockout mice and those fed with DF diet with or without Abx. There are no differences in the percentage area positive 
for F4/80+ (D), percentage area positive for aniline blue (E), or serum creatinine (Cr) or serum blood urea nitrogen (BUN) (F) between the groups. The box-
and-whisker plots represent the median values. Boxes represent the 25th and 75th percentiles, and whiskers depict the minimum and maximum values. 
Statistical analysis was performed using 1-way ANOVA with Tukey’s multiple comparison test (B–F). *P < 0.05, **P < 0.01, ***P < 0.001.
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RNA isolation and quantitative real-time PCR. Total RNA was isolated from the cultured cells and the kidneys 
by using the High Pure RNA isolation kit (Roche Diagnostics) and the ISOSPIN cell and tissue RNA (NIP-
PON Gene), respectively. Quantitative real-time PCR with iQ SYBR Green Supermix (catalog 170-8885; Bio-
Rad) was performed using the Villa 7 Real-Time PCR System (Thermo Fisher Scientific). The following prim-
ers were used: Ccl2, 5′-CTTCCTCCACCACCATGCA-3′ and 5′-CCAGCCGGCAACTGTGA-3′; Havcr1, 
5′-AGGAAGACCCACGGCTATTT-3′ and 5′-TGTCACAGTGCCATTCCAGT-3′ (catalog Mm00506686; 
Applied Biosystems TaqMan Gene Expression Assays). Data were analyzed using the ΔΔCt method (32).

Cell proliferation assay. TEC proliferation was determined with the Cell Counting Kit-8 (catalog CK04; 
Dojindo) according to the manufacturer’s instructions (33).

Bacterial 16S rRNA amplicon sequencing and analysis. We performed 16S rRNA gene-sequencing anal-
ysis of  the mouse and human gut microbiota (34, 35). Bacterial genomic DNA was isolated from the 
feces by using the enzymatic lysis method. The isolated DNA (40 ng) was used for PCR for the V1–V2 
hypervariable regions of  the 16S rRNA gene by using the universal primers 27Fmod (5′-AGRGTTT-
GATYMTGGCTCAG-3′) and 338R (5′-TGCTGCCTCCCGTAGGAGT-3′) with 10-bp barcode tags 
(34). Thermal cycling was performed with a 9700 PCR system (Life Technologies Japan) by using 
Ex Taq polymerase (Takara Bio) with the following cycling conditions: initial denaturation at 96°C 
for 2 minutes; 25 cycles of  denaturation at 96°C for 30 seconds, annealing at 55°C for 45 seconds, 
and extension at 72°C for 1 minute; and final extension at 72°C. All amplicons were purified using 
AMPure XP magnetic purification beads (Beckman Coulter), quantified using the Quant-iT PicoGreen 
dsDNA Assay kit (Life Technologies Japan), and sequenced on a 454 Genome Sequencer FLX Tita-
nium platform (Roche Diagnostics). Reads with average quality values of  <25 and inexact matches to 
the universal primer sequences were filtered; 3,000 reads that passed the quality filter were randomly 
selected from each sample and subjected to downstream analyses. The selected reads were rearranged 
in descending order according to the quality value (36) and clustered into operational taxonomic units 
with a 96% pairwise identity cutoff  by using the UCLUST program (37) version 5.2.32 (http://www.
drive5.com/). The taxonomic assignment of  each operational taxonomic unit was determined by sim-
ilarity searching against the Ribosomal Database Project and the NCBI genome database by using the 
GLSEARCH program. The 16S rRNA gene V1–V2 region sequences analyzed in the current study 
were deposited in DDBJ/GenBank/EMBL with accession DRA006069.

Determination of  chiral amino acid by 2D HPLC. The concentrations of  D- and L–amino acids were 
evaluated with the NANOSPACE SI-2 2D HPLC system (Shiseido) (11, 38). The NBD–amino acids 
were isolated using a KSAARP column (1.0 mm i.d. × 500 mm, an ODS column designed by collabo-
ration with Kyushu University and Shiseido) and an online fraction collecting system in the first dimen-
sion. The isolated fractions were automatically transferred to the second dimension, which consisted 
of  a narrow-bore enantio-selective KSAACSP-001S column (250 mm × 1.5 mm i.d., 25 C; prepared in 
collaboration with Shiseido), to determine the D- and L-enantiomers. The mobile phases for the second 
dimension were mixed solutions of  MeOH and MeCN that contained formic acid. The fluorescence 
detection of  the NBD–amino acids was performed at 530 nm with an excitation at 470 nm.

Chemicals. D-serine, L-serine, D-alanine, flavin adenine dinucleotide (FAD) disodium salt n-hydrate, and 
pyridoxal phosphate monohydrate were purchased from Wako. L-(-)-threo-3-hydroxyaspartic acid (L-THA) 
was purchased from Tocris Bioscience. All other chemicals were of  the highest grade available and were 
purchased from reputable commercial sources: boric acid (Wako), potassium chloride (Wako), 2-mercap-
toethanol (Wako), Glycerol (Wako), trichloroacetic acid (Wako), 2,4-dinitro phenylhydrazine (Wako), dith-
iothreitol (Nacalai Tesque), ATP disodium salt n-hydrate (Wako), and MgCl2 hexahydrate (Wako).

Preparation of  mouse kidney homogenates. The kidneys were homogenized in a Potter-Elvehjem homoge-
nizer in 5 volumes of  cold 10 mM borate buffer (pH 8.5) containing protease inhibitors (Nacalai Tesque). 
The homogenates were dialyzed for 1 day at 4°C against 1 l of  10 mM borate buffer (pH 8.5) containing 5 
mM 2-mercaptoethanol and 10% (v/v) glycerol. The buffer was changed once during dialysis. The dialyzed 

Figure 6. D-serine suppresses TEC damage and promotes proliferation in response to hypoxia. (A) TECs are used to evaluate D-serine–mediated 
renoprotection. (B) The mRNA expression levels of Ccl2 and Havcr1 are attenuated in TECs treated with D-serine at concentrations of 1–100 μM. 
(C) D-serine accelerates the proliferation of posthypoxic TECs. The box-and-whisker plots represent the median values. Boxes represent the 25th 
and 75th percentiles, and whiskers depict the minimum and maximum values. Statistical analysis was performed using 1-way ANOVA with Tukey’s 
multiple comparison test (B and C). *P < 0.05, **P < 0.01, ***P < 0.001.
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homogenates were recovered and centrifuged at 20,000 g for 10 minutes at 4°C to pellet any denatured pro-
teins during the dialysis. The supernatants were recovered and stored at −80°C until use.

Enzyme activity assays. The protein concentration of  kidney homogenates was determined with the Bio-
Rad protein assay kit by using bovine serum albumin (MilliporeSigma) as the standard. The catalytic activ-
ity of  DAO (EC 1.4.3.3) was determined using a colorimetric method that measured 2-oxo acid production 
(39). Appropriate amounts (0.42–1.3 mg) of  the kidney homogenates were added to a reaction mixture 
containing air-saturated 50 mM borate buffer (pH 8.5), 60 μM FAD, 33 ng/ μl catalase from Aspergillus niger 
(MilliporeSigma), and 20 mM D-alanine to a final volume of  150 μl. The reaction mixture was incubated 
at 37°C for 30 minutes prior to the addition of  10 μl 100% (w/v) trichloroacetic acid to stop the reaction. 
The 2-oxo acid products were reacted with 2,4-dinitrophenylhydrazine and quantified by measuring the 
absorbance at 445 nm against a blank mixture that lacked amino acids.

The activity of  SRR in the kidney homogenates was determined by a colorimetric method that mea-
sured 2-oxo acid production from L-THA (40) because the production of  D-serine from L-serine (or vice 
versa) was under the detection limit by HPLC. SRR is a multifunctional enzyme that exhibits racemase 
activity and dehydratase activity, which is higher than the racemase activity and is highest with L-THA 
(41). Appropriate amounts (0.42–1.3 mg) of  the kidney homogenates were added to a reaction mixture 
containing air-saturated 50 mM borate buffer (pH 8.5), 50 μM pyridoxal phosphate, 1 mM dithiothreitol, 
1 mM ATP, 1 mM MgCl2, and 20 mM L-THA to a final volume of  150 μl. The reaction mixture was 
incubated at 37°C for 30 minutes or 1 hour prior to the addition of  10 μl 100% (w/v) trichloroacetic acid 
to stop the reaction. The 2-oxo acid products were reacted with 2, 4-dinitrophenylhydrazine and were 
quantified by measuring the absorbance at 445 nm against a blank mixture that lacked amino acids.

Human samples. We obtained blood samples from patients with AKI. Supplemental Table 1 summarizes 
the clinical characteristics of  AKI patients. Patients who were treated with immunosuppressive drugs and 
antibiotics were excluded. All samples were collected from 2013 to 2017 at Kanazawa University Hospital.

Statistics. The data are presented as mean ± SEM, as determined by SPSS Statistics (ver. 23, IBM). Sta-
tistical analysis was performed by using a 2-tailed unpaired Student’s t test to compare 2 groups and by using 
1-way ANOVA with Tukey’s multiple comparison test to compare more than 2 groups. P values of  less than 
0.05 were considered significant.

Study approval. This study was approved by the Ethics Committee of  Kanazawa University Hospital (IRB 
approval 1291) and was conducted in accordance with the Declaration of  Helsinki. All participants provided 
written informed consent and were informed about their right to withdraw from the study at any time. All 
animals were maintained and used in accordance with the guidelines of  Kanazawa University, and the exper-
iments were conducted under study approval no. AP-153653 and AP-163726 from Kanazawa University.
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Figure 7. Serum levels of D-serine reflect kidney function in patients with AKI. (A) D-serine, D-asparagine, D-alanine, D-proline, and D-leucine are detected in 
the plasma of AKI patients. Among these, the D-serine/L-serine ratio is increased in the plasma of AKI patients compared with that in healthy subjects. Data are 
shown as mean ± SEM. Statistical analysis was performed using Student’s t test. *P < 0.05. Normal subjects (n = 5) have a D-serine/L-serine ratio of 0.018 ± 0.005 
and D-serine values of 2.70 ± 0.48 μm; AKI patients have a D-serine/L-serine ratio of 0.075 ± 0.060 and D-serine values of 7.77 ± 5.16 μm. (B) Serum D-serine levels 
are correlated with an increase in creatinine (Cr) and a decrease in estimated glomerular filtration rate (eGFR). (C) Proposed model of the relationship between 
gut-derived D-serine and the kidney based on the results of this study.
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