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D-serine and D-alanine
supplementation protects against
chronic kidney disease

Yusuke Nakade?2, Yasunori lwata'*, Tadashi Toyama?, Taku Kobayashi', Masashi Mita?,
Yuta Yamamura?!, Megumi Oshima?, Toshiaki Tokumaru'#, Shinji Kitajima®, Miho Shimizu?,
Norihiko Sakai' & Takashi Wada?

Novel therapeutic targets for renal protection are imperative due to the escalating prevalence of
end-stage kidney disease despite existing treatments for chronic kidney disease (CKD). We explored
the reno-protective effects of D-serine and D-alanine, which have previously demonstrated efficacy in
acute kidney injury against CKD. Female and male 5/6-nephrectomy mice were used as CKD models,
receiving 20 mM D-serine or D-alanine supplementation, and their survival rates, renal function,

and transcriptomic changes were examined. The proliferation of human tubular epithelial cells
supplemented with D-serine or D-alanine was evaluated in vitro. A prospective cohort study involving
14 patients was conducted to examine the association between increased blood D-serine or D-alanine
levels and long-term renal function decline. D-serine or D-alanine supplementation improved survival
rates and renal function in female 5/6-nephrectomy mice. D-alanine supplementation was associated
with the upregulation of mitochondrial pathway-related genes. Long-term supplementation (500
days) in normal mice did not induce nephrotoxicity, and promoted tubular epithelial cell proliferation.
Although a trend toward a slower decline in eGFR was observed in patients with higher D-alanine
levels, this association was limited and does not indicate a causal relationship. Further studies
involving D-Ala interventions in patients with CKD are needed to confirm these findings.
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The number of patients with chronic kidney disease (CKD) and those undergoing hemodialysis (HD) is
increasing. In 2017, the estimated global prevalence of CKD was 9.1%, representing a 29.3% increase since
1990". Nutrition therapy is the first step in CKD management and is pivotal in protecting renal function and
reducing the risk of complications, including cardiovascular disease. Specifically, regulating sodium, protein,
potassium, and phosphorus intake has been shown to slow disease progression and alleviate symptoms®.
Furthermore, while reno-protective drugs such as renin-angiotensin system inhibitors and sodium-glucose
cotransporter 2 inhibitors reduce the risk of kidney dysfunction progression®~%, novel therapeutic options are
required to address the residual risks of end-stage kidney disease. In this context, we focused on D-amino acids
(AAs) as a novel dietary and therapeutic candidate for CKD. We have previously reported the reno-protective
effects of D-serine (D-Ser) and D-alanine (D-Ala) in a mouse model of acute kidney injury (AKI) induced by
ischemia/reperfusion (I/R). The D-Ser and D-Ala levels reportedly increase in the blood of humans and mice
with AKI!%-12, D-Ser showed anti-inflammatory effects in tubular I/R injury and promoted tubular epithelial
cell (TEC) proliferation'®. The kidneys of mice treated with D-Ser show increased TEC proliferation due to
the activation of the mammalian target of rapamycin (mTOR)-related pathway!!. D-Ala also increased TEC
proliferation and anti-renal fibrosis by inhibiting the production of mitochondrial reactive oxygen species
(ROS)!2. Therefore, increased D-Ser and D-Ala blood levels might reduce renal damage in AKI cases.

In addition to AKI, D-Ser and D-Ala blood levels are elevated in patients with CKD and those undergoing
hemodialysis (HD)'?. Based on the reno-protective effects of D-Ser and D-Ala observed in AKI models, we
hypothesized that these D-amino acids (D-AAs) could potentially aid in mitigating CKD progression. To test
this hypothesis, we assessed long-term renal function in patients treated with risperidone, an inhibitor of the
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D-AA degrading enzyme. Patients taking risperidone exhibited higher blood concentrations of D-Ser and
D-Ala compared to non-treated patients and exhibited a slower decline in the estimated glomerular filtration
rate (eGFR)'*. Further evidence is provided by a study that evaluated eGFR in healthy participants before and
after D-Ala supplementation. Post-supplementation, both eGFR and blood D-Ala levels increased, returning
to baseline levels once supplementation was discontinued!. These findings suggest that elevated D-Ser and
D-Ala blood levels might contribute to renal function maintenance over the long term, suggesting their potential
relevance in CKD management.

In this study, we aimed to determine whether long-term administration of D-Ser or D-Ala in a CKD mouse
model improves kidney function and pathology, leading to an extended lifespan. Additionally, the associations
between the blood D-Ser or D-Ala levels and renal prognosis were evaluated in patients with CKD.

Results

Survival rate of 5/6-Nx mice receiving D-Ser or D-Ala orally

Blood levels of D-Ser and D-Ala were significantly elevated in 5/6 nephrectomized (5/6-Nx) mice treated with
D-Ser or D-Ala in drinking water compared to non-treated mice (Fig. 1a,b). Conversely, levels of L-AAs such as
L-Ser and L-Ala remained unchanged. (Fig. 1¢,d). Female 5/6-Nx mice treated with D-Ser or D-Ala in drinking
water lived longer than those untreated (log-rank p<0.05) (Fig. le,f). Female 5/6-Nx mice treated with D-Ser
or D-Ala in drinking water survived almost as long as female sham mice (log-rank p>0.05) (Fig. 1g,h). No
significant difference was observed between sham and 5/6-Nx male mice (log-rank p=0.058) (Fig. 1i).

Renal function of 5/6-Nx mice receiving D-Ser or D-Ala orally

The renal function was assessed to investigate the reno-protective effects of D-Ser or D-Ala in female mice.
Female 5/6-Nx mice treated with D-Ser or D-Ala in drinking water had lower plasma blood urea nitrogen
(BUN) and Cr levels than those untreated (Fig. 2a,b). Furthermore, the 24-h urine volume from female 5/6-
Nx mice treated with D-Ala in drinking water decreased (Fig. 2c). However, the male 5/6-Nx and sham mice
showed only slight differences. On day 100, male 5/6-Nx mice treated with D-Ser or D-Ala showed lower plasma
BUN levels than those untreated (Fig. 2d). Plasma Cr levels and 24-h urine volume did not differ between male
5/6-Nx mice receiving D-Ser or D-Ala and those untreated (Fig. 2e,f).

Next, we explored whether long-term D-Ser or D-Ala administration could cause kidney dysfunction in mice.
Renal function was evaluated in normal mice, and 20 mM D-Ser or D-Ala was administered orally for 500 days.
No differences in plasma BUN (Supplemental Fig. S1a) and Cr (Supplemental Fig. S1b) levels and 24-h urine
volume (Supplemental Fig. S1c) were found between the mice with/without D-Ser or D-Ala supplementation.
Therefore, long-term D-Ser or D-Ala oral administration did not affect renal function.

In female 5/6-Nx mice, the survival rate and renal function improved upon treatment with D-Ser or D-Ala in
drinking water compared with those in untreated mice. Therefore, we subsequently focused on female mice and
comprehensively examined renal pathology, physical characteristics, and genetic changes.

Renal pathology of female 5/6-Nx mice treated with D-Ser or D-Ala

Female 5/6-Nx mice treated with D-Ser or D-Ala showed less necrosis and better brush border scores than
untreated female 5/6-Nx mice (Fig. 3a-d,i,j). Furthermore, female 5/6-nephrectomy mice treated with D-alanine
exhibited less severe renal fibrosis than untreated mice (Fig. 3e-h). Quantitative evaluation using hydroxyproline
also showed that female 5/6-Nx mice treated with D-Ala in their drinking water had lower hydroxyproline levels
compared to untreated female 5/6-Nx mice (Fig. 3k).

Physical characteristics of female 5/6-Nx mice receiving D-Ser or D-Ala orally
Next, changes in physical characteristics were evaluated. Female 5/6-Nx mice and D-Ser-treated female 5/6-Nx
mice continued to lose weight compared to sham mice. However, the body weight of female 5/6-Nx mice treated
with D-Ala did not differ from that of sham mice (Fig. 4a). At 200 days after 5/6-Nx surgery, the 5/6-Nx and
D-Ser-treated 5/6-Nx mice were smaller in size compared to the sham mice and showed alopecia. However,
female D-Ala-treated 5/6-Nx mice were similar in size to the sham mice; they exhibited no shedding (Fig. 4b).
Blood pressure and heart rate showed variations in 5/6-Nx mice compared to sham controls but did not exhibit
consistent increases or decreases over time. (Supplemental Fig. 2a,b).

Water consumption increased in 5/6-Nx mice compared to sham controls (Fig. 4c), whereas feed intake
remained unchanged (Fig. 4d). No difference was observed in these parameters between 5/6-Nx mice and 5/6-
Nx mice that had been administered D-Ala in their drinking water.

RNA-Seq analysis of kidneys from female 5/6-Nx mice receiving D-Ser or D-Ala orally
Next, we evaluated the effects of D-Ser or D-Ala administration on the kidneys of female 5/6-Nx mice at the
gene level to elucidate the reno-protective mechanisms of D-Ser or D-Ala. The expression of 11 of 13,483
genes was altered in D-Ala-supplemented female 5/6-Nx mice, compared with that in untreated female 5/6-Nx
mice; nine genes (Cndpl, Mtfrl, Bhmt, Apool, Uncl3c, Bmp7, Lonpl, Etv5, and Zfp704) were upregulated, and
two (Herpudl and Noct) were downregulated (Fig. 5a). For D-ser, no genes met the significance threshold of
q-value <0.10 and Log2 Fold Change>0.5. For reference, genes that showed changes when g-value <0.20 and
Log2 Fold Change >0.5 are shown. The expression of two of 13,483 genes was altered in D-Ser-supplemented
female 5/6-Nx mice, compared with that in untreated female 5/6-Nx mice; Bhmt was upregulated, and Polrla
was downregulated (Fig. 5b).

The cluster analysis was performed using the 11 genes differentially expressed between untreated and D-Ala-
treated female 5/6-Nx mice. Two major clusters were identified (Fig. 5c¢). We analyzed gene ontology (GO)
using the genes differentially expressed upon oral administration of D-Ala. Terms primarily associated with
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Fig. 1. Oral administration of 20 mM D-Ser or D-Ala improves renal function in female 5/6-Nx mice. Plasma
Ala, Ser, Asn, and Pro levels were measured in male and female mice (a-d); D-amino acid (ab) and L-amino
acid levels (cd) were shown. Survival data of female (e-h) and male mice (i) orally administered D-Ser or
D-Ala are shown. Female 5/6-Nx mice treated with D-Ser (e) and D-Ala (f) survived longer than untreated
female 5/6-Nx mice (p <0.05). No significant difference was found between the survival time of 5/6-Nx female
mice treated with D-Ser (g) and D-Ala (h) and that of sham female mice. Statistical analysis was performed
using the Kaplan—Meier method. Ala alanine, Ser serine, Asn asparagine, Pro proline, Nx nephrectomy.
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Fig. 1. (continued)

mitochondria were classified into annotation cluster 1 (Fig. 5d). No relevant GO terms were obtained using the
genes differentially expressed by oral D-Ser administration (data not shown).

Relationship between blood D-AA levels and renal prognosis in patients with CKD

Next, we analyzed the relationship between plasma D-Ala or D-Ser levels and annual eGFR loss in a longitudinal
study of human participants. The mean observation period was 31.6 months. At baseline, the plasma D-Ala
levels were higher in patients with diabetic kidney disease (DKD) than in healthy volunteers (Fig. 6a). The
plasma D/L-Ala levels—corrected for D-AA levels with L-AA levels—were also higher in patients with DKD
compared to those in healthy individuals. Plasma D/L-Ser levels were higher in patients with CKD and those
with DKD than in healthy volunteers (Fig. 6b).
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Fig. 2. Oral administration of 20 mM D-Ser or D-Ala improves renal function in female 5/6-Nx mice. Plasma
BUN (a, d), plasma Cr (b, e), and 24-h urine volume (c, f) from the sham and 5/6-Nx mice of both sexes were
measured. Oral administration of 20 mM D-Ser or D-Ala improved the plasma BUN and Cr levels in female
5/6-Nx mice (a, b). Oral administration of 20 mM D-Ala improved 24-h urine volume in female 5/6-Nx mice
(c). *p<0.05, *p<0.01, **p<0.001, as analysed using a t-test. BUN blood urea nitrogen, Cr creatinine, D-Ala
D-alanine, D-Ser D-serine, Nx nephrectomy.

No association was found between the plasma D-Ala or D-Ser levels and the eGFR slope in patients with CKD
(Fig. 6¢). Patients with CKD were divided into the DKD and no DKD groups. Figure 6d shows an association
between higher plasma D-Ala levels and slower eGFR decline in patients with DKD (p <0.0001). Conversely,
there was no significant association between the L-Ser or L-Ala levels and eGER slopes in patients with DKD
(Supplementary Fig. 3). Therefore, patients with DKD and high D-Ala levels were protected from an eGFR
decline. Thus, an association between D-Ala levels and eGFR slope was observed in patients with DKD.

Proliferative effects of D-Ser or D-Ala on human TECS

Then, we examined the effects of D-Ser or D-Ala on the human TEC line HK-2. D-Ser treatment promoted HK-2
proliferation at 10-100 uM and inhibited proliferation at 1,000 pM. D-Ala also promoted HK-2 proliferation at
10-1,000 uM (Supplementary Fig. 4). Therefore, concentrations of approximately 100 pM and 1,000 uM of D-Ser
and D-Ala in vitro facilitated cell proliferation without including cytotoxic effects.

Discussion

D-Ser or D-Ala administration improved renal function and histological outcomes in female 5/6-Nx mice,
with treated mice exhibiting higher survival rates than untreated controls. Their renoprotective potential has
been demonstrated in previous ischemia-reperfusion injury models, with mitochondrial protection and mTOR
activation identified as key mechanisms!®-12. Given the well-established link between renal function and life
expectancy'®, our findings further support the therapeutic potential of D-Ser or D-Ala in CKD.

In this study, we demonstrated that oral D-Ala administration alleviated kidney injury and performed RNA-
seq analysis to elucidate its underlying mechanism. The results confirmed an increase in Lonpl expression in
D-Ala-treated mice. Lonpl is a mitochondrial protease essential for maintaining mitochondrial homeostasis,
oxidative stress response, and protein quality control'”. Reduced Lonpl expression has been associated with
CKD progression, whereas its overexpression has been shown to mitigate renal injury and mitochondrial
dysfunction!®. Furthermore, pharmacological LonpI activation has been shown to attenuate renal fibrosis and
enhance mitochondrial function in CKD'. These findings suggest that Lonpl upregulation in D-Ala-treated
mice is a key mechanism underlying D-Ala’s renoprotective effects, likely by enhancing mitochondrial function
and reducing oxidative stress.

Additionally, RNA-seq analysis revealed a significant upregulation of Bmp7 expression in D-Ala-treated mice.
Bmp?7 plays a crucial role in kidney development and renal tissue maintenance?*?2?3 It exerts anti-inflammatory
effects by suppressing macrophage infiltration and fibrosis in kidney injury models?*>?%, Exogenous Bmp7
administration has been shown to alleviate renal fibrosis and inflammation in animal models?>?*. Importantly,
Bmp7 antagonizes TGF-f signaling, inhibiting TGF-B/Smad3-mediated renal fibrosis through the Smad1/5/8
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Fig. 3. Oral administration of D-Ser or D-Ala improves renal impairment in female 5/6-Nx mice. Results of
PAS and azan staining of the kidneys are shown. Sham (a, e), female 5/6-Nx (b, f), orally supplemented with
20 mM D-Ser (c, g), and orally supplemented with D-Ala (d, h) female 5/6-Nx mice. Necrosis score (i), brush
border score (j), and hydroxyproline level (k) are shown. Box plots use horizontal lines to indicate the median,
25th, and 75th percentile values. Black arrowheads denote necrosis. Black arrows denote fibrosis. White
arrows denote the brush border. *p <0.05, as analyzed using a t-test. D-Ala D-alanine, D-Ser D-serine, Nx
nephrectomy, PAS periodic acid-Schiff.
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Fig. 5. RNA-Seq analysis of kidney tissues. Gene alteration in mice administered with D-Ala (a) and D-Ser
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Fig. 5. (continued)

pathway?*. Given that TGF-B/Smad3 activation is a major driver of CKD progression, our findings suggest that
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Fig. 6. Longitudinal study of associations between D-amino acids and kidney function. The plasma D-Ala (a)
and D-Ser levels (b) of all patients with CKD. Box plots use horizontal lines to indicate the median, 25th, and
75th percentile values. D-Amino acid analysis of all patients with CKD (c). D-Amino acid and D/L-amino acid
analysis in patients with DKD (d). The length of the bars indicates the statistical significance, and the color

of the circles at the ends represents the direction of eGFR change associated with the amino acids, whether
positive or negative. For example, in (c), the D-Ala bar shows a red circle at the end of a long bar, indicating
that individuals with higher D-Ala levels had a significantly slower eGFR change (p <0.0001). *p <0.05,

***p <0.001, as analysed using one-way ANOVA. CKD chronic kidney disease, D-Ala D-alanine, DKD diabetic
kidney disease, DM diabetes mellitus, D-Ser D-serine, D-Ala D-alanine, eGFR estimated glomerular filtration
rate. *p<0.05, **p <0.01, **p <0.001.
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D-Ala-mediated Bmp7 induction mitigates kidney injury by modulating fibrotic pathways. However, the precise
molecular mechanisms underlying D-Ala-induced Bmp7 upregulation remain unclear and require further
investigation.

Interestingly, RNA-seq analysis also revealed increased Cndpl expression in D-Ala-treated mice. Cndpl
encodes carnosinase-1, an enzyme that degrades carnosine, a dipeptide with antioxidant and anti-inflammatory
properties. Previous studies suggest increased Cndpl activity may reduce renal protection by lowering
carnosine levels, which contradicts our findings?>~?’. This discrepancy may stem from compensatory regulatory
mechanisms or context-dependent effects of CndpI expression in CKD. Further studies are needed to elucidate
the functional significance of CndpI upregulation in response to D-Ala treatment.

In contrast, D-Ser administration resulted in only minor changes in Bhmt and Polrla expression. While
D-Ser has been shown to promote TEC proliferation and tissue remodeling via the mTOR-related pathway!®!!,
its full effects may not be captured through transcriptomic analysis alone. Future studies integrating proteomic
and metabolomic approaches may provide deeper insights into D-Ser’s renoprotective mechanisms.

This study has several limitations. First, sex differences in survival rates were observed, with female 5/6-
Nx mice exhibiting higher mortality than males. Future studies should evaluate the nephroprotective effects of
D-Ser and D-Ala, specifically in male mice. Second, the systemic effects of these AAs on adipose tissue, muscle,
and metabolic parameters were not extensively investigated. Third, the small patient cohort (n = 14) had limited
statistical power for robust conclusions. Larger, controlled clinical studies are needed to validate these findings.

In conclusion, D-Ser and D-Ala exhibited renoprotective effects in a severe CKD mouse model, likely
through mitochondrial protection and inflammation reduction. D-Ala, in particular, may exert its effects via
Lonpl-mediated mitochondrial protection, Bmp7 induction, and NMDA receptor-mediated mitochondrial
stabilization and ROS suppression'2. The unexpected increase in Cndp1 expression highlights the complexity of
D-Alas mechanisms and warrants further investigation. These findings underscore the therapeutic potential of
D-Ala for CKD, necessitating further mechanistic and clinical studies.

Methods

Mice

The experimental groups included Sham + water, Nx + water, Nx + D-Ser, and Nx + D-Ala. Wild-type C57BL/6
mice (20 males and 20 females per group, totaling 160 mice) were purchased from CLEA (Osaka, Japan) and
housed at Kanazawa University. All animal experiments were conducted following Kanazawa University’s
guidelines for animal care and were approved by the Institute for Experimental Animals, Kanazawa University
(approval number: AP-204160). The experiments complied with the ARRIVE guidelines (https://arriveguideli
nes.org) (Supplementary Table 1). Mice were used for survival assessment, renal function evaluation, and renal
tissue analysis. The final number of animals varied across experiments due to mortality, with exact numbers
specified in the respective figures.

A combination of three anesthetic agents—medetomidine (Domitor), midazolam, and butorphanol
(Vetorphale)—was used for anesthesia. The mixture was administered at a dose of 0.1 mL per 10 g of body
weight via intraperitoneal injection. Upon completion of the procedure, a medetomidine antagonist solution
was administered intraperitoneally at a dose of 0.1 mL per 10 g of body weight. Isoflurane inhalation was used
for euthanasia.

D-Ser and D-Ala (Wako Co., Ltd., Tokyo, Japan) was orally administered at a concentration of 20 mM in
distilled water. This concentration was selected based on previous studies demonstrating the nephroprotective
effects of D-Ser at low concentrations (20 mM) and nephrotoxicity at higher concentrations (80 mM)'?. For
D-Ala, a concentration-dependent renoprotective effect was observed between 20 mM and 80 mM, with no
nephrotoxic effects'>. We used 20 mM for D-Ser and D-Ala to ensure safety and efficacy. Blood amino acid levels
were measured on the first day following 5/6-Nx surgery. The mice’s daily water and food intake was recorded
over five days and averaged. Food and water intake was examined in additional mice. A graphical representation
is shown in Supplemental Fig. 5a.

5/6-nephrectomy (Nx) CKD induction

Progressive renal failure was induced by 5/6 nephrectomy (5/6-Nx) through a two-step procedure in 6-8-week-
old mice. All surgeries were performed under anesthesia. The upper and lower poles of the left kidney were
severed using bipolar forceps (2/6-Nx). Liquid thrombin (Mochida Pharmaceutical Co. Ltd., Tokyo, Japan)
was applied to the incision to prevent bleeding. Right kidney nephrectomy was performed after 2 weeks of
recovery (5/6-Nx). The removal of the second kidney was designated as day 0. Sham surgery involved a two-step
procedure in which the respective kidneys were exposed and repositioned.

Sample collection and measurement

Urine was collected for 24 h in a mouse metabolic cage (SAN783No.2 A; Shinano Seisakusho Co., Ltd., Tokyo,
Japan). Plasma BUN levels were measured using UN-S (Denka Co., Ltd., Tokyo, Japan). Plasma creatinine (Cr)
levels were measured using a CRE* M (Wako, Co., Ltd., Osaka, Japan). Mouse blood pressure and heart rate
were measured non-invasively using BP-98AL and BP98-MCFm (Softlon Co., Ltd., Taren Point, Australia).
The mice were placed in a fixation device (ICN6; ICM Co., Ltd., Seoul, South Korea) to measure arterial pulse
waves. An animal lancet (18310400, 5 mm; BRC Co., Ltd., Incheon, South Korea) was inserted into the mouse’s
sub-forehead vein to withdraw blood into ethylenediaminetetraacetic acid blood collection tubes (VP-DK053;
Terumo Corp., Tokyo, Japan).
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Renal histopathology

Mouse kidneys were fixed in 10% formalin and embedded in paraffin. Paraffin sections were stained with
periodic acid-Schiff (PAS) and azan. Kidney pathology was scored as previously described!®?. The PAS-
stained debris at the corticomedullary junction, brush border, and cortical region were quantified in at least 10
kidney sections. Based on the proximal tubule dilation, brush border damage, presence of proteinaceous casts,
interstitial widening, and necrosis, the acute tubular necrosis of the sections was scored and graded as follows: 0,
none; 1, <30%; 2, 30-60%; and 4, >60% of the field.

Hydroxyproline assay

Kidney fibrosis was evaluated using the hydroxyproline assay, as previously described!?. The kidneys were
assessed following the standard manufacturer’s protocol. The results are expressed as micrograms (ug) of
hydroxyproline per 100 mg of kidney tissue.

RNA-Sequencing (Seq) analysis

Total RNA was extracted from kidney samples of female 5/6-Nx mice or 20 mM D-Ser- or D-Ala-treated
female 5/6-Nx mice (n =4 per group) using the NucleoSpin RNA Kit (Macherey-Nagel, Diiren, Germany). The
concentration and quality of the extracted RNA were measured using TapeStation and BioAnalyzer (Agilent
Technologies, Santa Clara, CA, USA). Next, the cDNA libraries were prepared from RNAs using the SMART-
Seq v4 Ultra Low Input RNA Kit for sequencing (Takara Bio, Tokyo, Japan) and the Nextera XT DNA Library
Prep Kit (Illumina, San Diego, CA, USA) for RNA-Seq. RNA-Seq analysis was performed on a NovaSeq 6000
(Illumina) with a 2x 150 bp paired-end mode, providing an average of 69 million reads per sample. Finally, the
RNA-Seq reads were mapped to the mouse genome (GRCm39), and gene-level expression was quantified (per
gene read count) using the DRAGEN Bio-IT Platform (Illumina).

RNA-Seq of kidney samples from female 5/6-Nx mice were analyzed based on Benjamini-Hochberg-
corrected p<0.1 and expression ratio> 1-fold (log FC>0.5 or log FC<—0.5). A comparison of D-Ala-treated
and untreated mice showed significant differences in genes based on Benjamini-Hochberg-corrected p<0.1
and expression ratio>1-fold (log FC>0.5 or log FC<—0.5). A comparison of D-Ser-treated and untreated
mice showed no significant difference in genes based on Benjamini-Hochberg-corrected p <0.1 and expression
ratio>1-fold (log FC>0.5 or log FC<—0.5). Therefore, the Benjamini-Hochberg-corrected p<0.2 and
expression ratio > 1-fold (log FC > 0.5 or log FC <—0.5) were used.

Cluster analysis of genes was performed using MultiExperiment Viewer (https://mev.tm4.org/#/about).
Then, GO enrichment analysis (Biological Process, Loves Park, IL, USA) was performed to estimate the function
and subcellular localization of the D-Ser- or D-Ala-related genes using Database for Annotation, Visualization,
and Integrated Discovery (https://david.ncifcrf.gov/)*.

HK-2 cell proliferation assay

HK-2 cells (American Type Culture Collection, Manassas, VA, USA) were cultured in the recommended
medium and maintained at 37 °C in a humidified chamber supplemented with 5% CO,. For the proliferation
assay, cells were seeded in 96-well plates (4,000 cells/well) using Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 1% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The next day, the culture
medium was replaced with AA-free DMEM [048-33575] supplemented with MEM essential AAs [132-15641]
and 100 uM glycine [073-00732] and GlutaMax (L-Alanyl-L-Glutamine) [016-21841] (Fujifilm Wako, Tokyo,
Japan) with 1% dialyzed FBS (26400-036, Gibco, Waltham, MA, USA), as previously described!'?. D-Ser or D-Ala
was added to the culture medium after overnight incubation. After 1-2 days of culture, TEC proliferation was
determined using Cell Counting Kit-8 (CK04; Dojindo, Tokyo, Japan), following the manufacturer’s protocol.
Live cells were detected by measuring the absorbance at 450 nm. Data are presented as the ratio of the sample
optical density to the control optical density.

Study population and sample collection

This prospective observational study included 14 patients with CKD. Their physical characteristics are shown in
Table 1. This study investigated the association between increased blood D-Ser or D-Ala levels and long-term
decline in renal function in these patients. The decline in renal function was evaluated using the estimated
glomerular filtration rate (eGFR) slope. CKD was defined as an eGFR of <60 mL/min/1.73 m?. Patients
treated with immunosuppressive drugs and antibiotics and those with suspected infectious diseases, body
temperature > 37 °C, diarrhea, or cancer were excluded. Blood samples were collected early in the morning from
fasting participants. Immediately after collection, the samples were stored on ice, and plasma was separated
by centrifugation and stored at —80 °C until amino acid measurements were performed. Blood samples were
collected from patients with CKD between 2013 and 2019 at Kanazawa University Hospital. A graphical
representation of the process is shown in Supplemental Fig. 5b.

Chiral AA determination using two-dimensional (2D) high-performance liquid
chromatography (HPLC)

D- and L-Aas were evaluated using a 2D HPLC system (Nanospace SI-2 series; Shiseido, Tokyo, Japan), as
previously described®!*2. Briefly, 4-nitrobenzo-2-oxa-1,3-diazole (NBD)-AAs were isolated using an online
fraction collecting system in the first dimension with a microbore-octadecyl silica column, prepared in a fused
silica capillary (1,000 0.53 mm i.d., 45 °C; Shiseido). The isolated fractions were automatically transferred to
the second dimension comprising a narrow-bore enantio-selective column KSAACSP-001 S (250 x 1.5 mm i.d,
25 °C; prepared in collaboration with Shiseido) to determine D- and L-enantiomers. The mobile phase used for
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All patients with CKD (n=14)
Characteristic Healthy controls | Patients with CKD | Patients with DKD | p-value
N 12 7 7
Sex (male, %) 100 429 85.7
Age (years) 33.5+13.5 61.1+14.9 62.7+12.6 <0.001
Height (cm) 171.0+4.1 160.0+10.5 161.6+6.3 0.003
Weight (kg) 63.2+7.8 63.5+£16.7 66.1+14.4 0.882
Body mass index (kg/m?) 21.6+2.4 24.7+4.4 25.3+5.7 0.113
Creatinine (mg/dL) 0.9+0.1 2.7+0.7 3.0+15 0.017
eGFR (mL/min/1.73 m?) 81.7+14.6 17.2+4.3 21.3+9.3 <0.001
Coronary artery disease (%) | 0 0 0
Stroke (%) 0 14 0
Smoking habit (%) 8 100 71
RAAS inhibitors use (%) 0 43 86
SGLT?2 inhibitors use (%) 0 0 0
MRA use (%) 0 29 0

Table 1. Clinical characteristics of the study participants. Values are presented as means + standard deviations
or %. CKD chronic kidney disease, DKD diabetic kidney disease, eGFR estimated glomerular filtration rate,
RAAS Renin-angiotensin-aldosterone system, SGLT Sodium-glucose cotransporter 2, MRA Mineralocorticoid
receptor antagonists.

the second dimension was a mixture of methanol and acetonitrile containing formic acid. Finally, fluorescence
detection of NBD-AAs was conducted at 530 nm with excitation at 470 nm.

Statistical analysis

Survival time analysis was performed using the Kaplan-Meier method. The t-test was used to test the differences
between 5/6-Nx mice, healthy volunteers, and other mice or patients with CKD. Statistical significance was set
at *p<0.05, *p<0.01, and ***p <0.001.

A mixed-effects model with a random intercept and slope was applied to calculate eGFR slopes during
the study, using eGFR as the dependent variable and D-AA levels at baseline, time from baseline, and their
multiplication terms as independent variables. The p-value was calculated to determine the association between
the baseline AA levels and eGFR slopes.

Bonferroni correction was used to minimize type I errors because 22 AAs were tested for isomerism (type L,
D, and D/L ratio). Statistical significance was set at a two-tailed p-value of 0.0001 (0.05/88).

Data availability
The RNA-Seq analysis data (FASTQ reads) in this study have been deposited at the DNA Data Bank of Japan
(DDBJ) under the DDBJ Sequence Read Archive (DRA) accession number, DRA016193.
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