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Key Points

� The blood level of D-serine discriminates participants without kidney diseases, whereas the fractional excretion
of D-serine is higher in diabetic nephropathy.

� The combined analysis of D-serine and clinical factors correctly predicted the presence of diabetic
nephropathy.

� Analysis of D-serine in blood and urinary excretion is useful in identifying diabetic nephropathy in patients
undergoing kidney biopsy.

Abstract
Background The diagnosis of diabetic nephropathy (DN), the major cause of ESKD, requires kidney biopsy.
D-Serine, present only in trace amounts in humans, is a biomarker for kidney diseases and shows potential to
distinguish the origin of kidney diseases, whose diagnoses usually require kidney biopsy. We extended this
concept and examined the potential of D-serine in the diagnosis of DN.

Methods We enrolled patients with biopsy sample–proven DN and primary GN (minimal change disease and
IgA nephropathy) and participants without kidney disease. A total of 388 participants were included in this
study, and D-serine levels in blood and urine were measured using two-dimensional high-performance liquid
chromatography, and urinary fractional excretion (FE) of D-serine was calculated. Using data from 259
participants, we developed prediction models for detecting DN by logistic regression analyses, and the models
were validated in 129 participants.

Results A D-serine blood level of .2.34 mM demonstrated a high specificity of 83% (95% CI, 70% to 93%) for
excluding participants without kidney diseases. In participants with a D-serine blood level.2.34 mM, the
threshold of 47% in FE of D-serine provided an optimal threshold for the detection of DN (AUC, 0.85 [95% CI,
0.76 to 0.95]; sensitivity, 79% [95% CI, 61% to 91%]; specificity, 83% [95% CI, 67% to 94%]). This plasma-high and
FE-high profile of D-serine in combination with clinical factors (age, sex, eGFR, and albuminuria) correctly
predicted DN with a sensitivity of 91% (95% CI, 72% to 99%) and a specificity of 79% (95% CI, 63% to 80%), and
outperformed the model based on clinical factors alone in the validation dataset (P,0.02).

Conclusions Analysis of D-serine in blood and urinary excretion is useful in identifying DN in patients
undergoing kidney biopsy. Profiling of D-serine in patients with kidney diseases supports the suitable treatment
through the auxial diagnosis of the origins of kidney diseases.
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Introduction
The diagnosis of diabetic nephropathy (DN), the major
cause of ESKD, is key in clinical practice. DN is known to
have a poor prognosis (1), and early diagnosis is necessary
to improve the prognosis (2). Complication of GN in
patients with diabetes is another matter of great concern
(3,4). Chronic GN, which requires specific treatment, is
highly prevalent in patients with diabetes undergoing kid-
ney biopsy (3,4). Proteinuria is an early clinical sign of DN
(5), however, it is not specific to DN and is also seen in
patients who have diabetes and GN. The range of protein-
uria, a known risk factor for poor prognosis, is wide in DN
(6), and it is often difficult to distinguish between other dis-
eases, such as minimal change disease (MCD), in patients
with DN who have severe proteinuria (7). To determine
the treatment strategy in these patients, kidney biopsy is
required to differentiate DN from GN complicated by dia-
betes. The number of patients with diabetes is large (8),
and kidney biopsy is often avoided in patients with diabe-
tes because of their complications of cardiovascular dis-
eases and prescriptions, such as antithrombotic or antipla-
telet drugs. Therefore, GN in patients with diabetes is often
overlooked. Noninvasive methods to differentiate between
DN and GN is required.

D-Amino acids are emerging biomarkers of kidney dis-
eases (9–12). D-Amino acids are mirror-imaged enantiomers
(chiral bodies) of amino acids that are present only in trace
amounts in nature, unlike the abundant L-amino acids
(13,14). A two-dimensional high-performance liquid chro-
matography (2D-HPLC) system has been developed to
measure the levels of D-amino acids in human samples
with precision (9–11). Studies using 2D-HPLC revealed
that D-serine reflects kidney function and disease activity
(9,10). A previous study also revealed the levels of D-serine
in blood and urine are also useful in the diagnosis of the
origin of kidney diseases (15).
In this study, we investigated the potential of D-serine in

detecting DN among patients with kidney diseases under-
going kidney biopsy. Because the clinical spectrum of DN
is broad and secondary GN may present with a complex
pathophysiology, we aimed to identify a DN-specific pro-
file of D-serine to distinguish DN from typical primary GN.
For this purpose, we profiled D-serine in three major kidney
diseases for the indication of kidney biopsy: DN, IgA
nephropathy (IgAN), and MCD (16).

Materials and Methods
Study Population
We prospectively enrolled consecutive patients undergo-

ing their first kidney biopsy between 2006 and 2016 at the
Department of Kidney Disease and Hypertension, Osaka
General Medical Center, for diagnosis and/or treatment
purposes. Biopsy specimens were routinely analyzed using
light, immunofluorescence, and electron microscopy proce-
dures. Clinical and pathologic diagnoses were established
under the consensus of experienced nephrologists and
pathologists. From this cohort, we extracted patients with
DN or those with MCD and IgAN by referring to the Histo-
logic Classification Scheme of Glomerular Diseases issued
by the World Health Organization in 1995. We did not
include patients with DN that were complicated by other

forms of GN. The selection of MCD and IgAN was made
on the basis of the frequency for the indication of kidney
biopsy (16). The plasma and urinary levels of D-serine were
measured from the samples before kidney biopsy. Sepa-
rately, 60 potential living kidney transplant donors and 12
healthy volunteers were recruited at Osaka University and
National Institute of Biomedical Innovation, Health and
Nutrition (NIBIOHN).
The sample size calculation was performed on the basis

of a previous study (15). Suppose the plasma level of D-ser-
ine was 2.8, 2.3, 2.8, and 1.5 mM for patients with IgAN,
MCD, and DN and normal participants, respectively; there-
fore, the number needed for a one-way ANOVA F test for
group effect was 11 per group. As mentioned below, we
intended to divide the group of patients into prediction
and validation sets; thus, we required 40 participants with
each disease when the margin was set as 20%. We consecu-
tively divided patients with each disease 2:1 into prediction
and validation datasets. Clinical demographics, laboratory
data, and plasma and urine samples were collected at the
time of kidney biopsy. The study protocol was approved
by the Ethical Committees of Osaka General Medical Cen-
ter (#29-S0606), Osaka University (#16330), and NIBIOHN
(#236). This study was conducted in compliance with the
ethical principles of the Declaration of Helsinki, and all par-
ticipants gave written informed consent. The clinical and
research activities being reported are consistent with the
Principles of the Declaration of Istanbul as outlined in the
Declaration of Istanbul on Organ Trafficking and Trans-
plant Tourism.

GFR Equations and Kidney Clearance Calculation
eGFR was calculated using the Japanese GFR equation

based on serum creatinine (17). Serum and urinary creati-
nine were measured enzymatically. Spot urinary levels of
chiral amino acids were adjusted by that of creatinine. Frac-
tional excretion (FE; %) was calculated from clearance of
substrate divided by that of creatinine. The FE is the ratio
of a substrate filtered by the kidney glomerulus that is
excreted in the urine. Low and high FEs indicate tubular
reabsorption and excretion, respectively.

Determination of Serine Enantiomers by 2D-HPLC
Sample preparation from human plasma and urine was

performed as previously described with modification
(18,19). Briefly, 20-fold volumes of methanol were added to
the sample, and an aliquot (10 ml of the supernatant
obtained from the methanol homogenate) was placed in a
brown-shaded tube. After drying the solution under
reduced pressure, 20 ml of 200 mM sodium borate buffer
(pH 8.0) and 5 ml of fluorescence labeling reagent (40 mM
4-fluoro-7-nitro-2,1,3-benzoxadiazole [NBD-F] in anhy-
drous acetonitrile [MeCN]) was added and then heated at
60�C for 2 min. An aqueous 0.1% (vol/vol) trifluoroacetic
acid solution (75 ml) was added, and 2 ml of the reaction
mixture was subjected to 2D-HPLC. The NBD-F derivatives
of the amino acids were separated using a reverse-phase
column (Singularity RP column, 1.0 mm internal diameter
3 50 mm; provided by KAGAMI Inc., Osaka, Japan) with
gradient elution using aqueous mobile phases containing
MeCN and formic acid. To determine D- and L-serine
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separately, the fractions of serine were automatically col-
lected using a multiloop valve, and transferred to an enan-
tioselective column (Singularity CSP-001S, 1.5 mm internal
diameter 3 75 mm; KAGAMI Inc.). Then, D- and L-serine
were separated in the second dimension by the enantiose-
lective column. The mobile phases were a mixed solution
of MeOH-MeCN–containing formic acid, and fluorescence
detection of the NBD-F amino acids was carried out at 530
nm with excitation at 470 nm using two photomultiplier
tubes. Target peaks were quantified by scaling the standard
peak shapes (20).

Statistical Analyses
Continuous variables are presented as the median and

range or interquartile range (IQR). Categoric variables are
given as the ratio (%) and count. Continuous variables
between multiple groups were compared using one-way
ANOVA with Bonferroni post hoc test. Correlations between
two variables were examined using the Pearson correlation
coefficient. The association between D-serine and clinical
parameters was analyzed using principal component analysis
(PCA) (21). Diagnostic accuracy was examined using receiver
operating characteristic curve analysis. The calculated areas
under the curve (AUCs) were compared as described (22).
Logistic regression analyses were performed to estimate the
predictability of a binary outcome by variables by adjusting
for clinical factors including age, sex, eGFR, and albuminuria.
Statistical significance was defined as P,0.05. Statistical anal-
yses were performed using STATA and R.

Results
Profiling of D-Serine in Patients with Three Kinds of Kidney
Diseases Undergoing Kidney Biopsy
We profiled D-serine in patients undergoing kidney

biopsy whose origin of diseases were DN, MCD, and

IgAN. The median age was 59 (IQR, 47269; n569) in DN,
38 (IQR, 31249; n5194) in IgAN, 61 (IQR, 40274; n553) in
MCD, and 60 (IQR, 51271; n572) in participants without
kidney disease (reference) (Table 1 and Supplemental Table
1). Patients with MCD and DN had worse kidney function,
serum creatinine, and eGFR; higher urinary protein; and
lower albumin levels, whereas those with IgAN were het-
erogeneous in characteristics.

We measured blood and urinary levels of D-serine in par-
ticipants. The level of D-serine in blood was significantly
higher in patients with DN and MCD than in reference par-
ticipants (Figure 1A), and this level correlated well with the
level of serum creatinine and eGFR (Figure 1, B and C,
Supplemental Figure 1, A and B). On the other hand, the
urinary FE of D-serine was higher in DN and lower in
MCD and IgAN, suggesting the potential of the disease-
specific profile of FE (Figure 1D). PCA revealed that the
plasma level of D-serine showed a relatively close profile to
those of the kidney markers creatinine and cystatin C. In
contrast, no biochemical parameter showed a similar pro-
file to those of the FE of D-serine, suggesting the uniqueness
of the D-serine FE as a biomarker (Figure 2).

Prediction of DN through Profiling of D-Serine
We examined whether the profile of D-serine has the

capacity to distinguish the origin of kidney diseases.
Patients with DN and MCD were clearly different in their
profiles of D-serine; the D-serine plasma level was higher in
patients with kidney disease, whereas the FE of D-serine
was higher in patients with DN (Figure 3A, Supplemental
Figure 2A). The profile of those with IgAN was relatively
broad and there was some overlap with those of reference
participants and patients with MCD in PCA. Overall, in
patients with a higher plasma D-serine level, a higher FE of
D-serine suggested the presence of DN.

Table 1. Baseline characteristics of the study

Characteristics
Diabetic Nephropathy

(n569)
Minimal Change Disease

(n553)
IgA Nephropathy

(n5194)
Reference
(n572)

Age, yr 59 (47–69) 61 (40–74) 38 (31–49) 60 (51–71)
Sex, M, % 75 (52) 53 (28) 55 (107) 49 (35)
Height, cm 167.0 (161.0–171.5) 161.0 (156.0–168.0) 165.0 (157.0–171.1) 160.2 (155.1–170.3)
Body weight, kg 67.4 (58.1–74.3) 65.0 (56.0–70.9) 63.0 (52.6–71.4) 60.7 (52.4–68.3)
Body mass index, kg/m2 24.2 (21.5–26.9) 24.6 (22.3–27.5) 22.9 (20.3–25.6) 23.2 (20.7–26.1)
Systolic BP, mm Hg 148 (127–161) 136 (121–151) 123 (115–134) 123 (111–135)
Diastolic BP, mm Hg 76 (66–87) 84 (78–95) 78 (70–86) 76 (68–83)
Serum protein, g/dl 6.2 (5.6–6.7) 4.5 (4.1–4.9) 7.0 (6.5–7.3) 6.8 (6.5–7.2)
Serum albumin, g/dl 3.1 (2.7–3.7) 1.8 (1.5–2.1) 4.1 (3.8–4.3) 4.0 (3.9–4.3)
Serum creatinine, mg/dl 1.52 (1.10–2.25) 1.00 (0.71–1.71) 0.89 (0.73–1.10) 0.68 (0.61–0.79)
eGFR, ml/min per 1.73 m2 33.1 (23.4–51.7) 58.6 (28.8–77.5) 70.4 (53.5–82.3) 76.6 (70.0–86.1)
Serum urea nitrogen, mg/dl 25.0 (16.0–33.0) 19.0 (11.0–41.0) 15.0 (12.0–17.8) 13.3 (11.3–15.9)
Urinary protein, g/g Cre 2.39 (1.12–4.30) 6.30 (4.24–12.45) 0.31 (0.14–0.76) 0.01 (0.00–0.03)
Urinary albumin, mg/g Cre 1630.0 (829.0–2710.0) 5220.0 (6050.0–9430.0) 228.5 (98.9–569.0) 10.0 (5.1–14.6)
Urinary NAG, IU/g Cre 10.2 (7.4–14.4) 24.5 (15.6–55.6) 4.2 (2.2–8.6) 3.2 (2.0–5.5)
Urinary b2-MG, mg/g Cre 1810.3 (179.3–8528.7) 152.4 (78.7–490.3) 48.3 (16.4–111.2) 154.0 (95.6–217.4)
Hypertension history, % 97 (67) 42 (22) 35 (68) 11 (8)
Diabetes history, % 100 (69) 11 (6) 2 (4) 7 (5)

Values are presented as median (interquartile range) or percentage (n). Reference, participants without kidney disease; M, male;
Cre, creatinine; NAG, N-acetyl-b-D-glucosaminidase; b2-MG, b2-microglobulin.
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For the analysis of this capacity of D-serine to detect DN,
we consecutively divided the entire dataset into 259 partici-
pants for prediction data and 129 for validation data (in a
2:1 ratio) (Table 2 and Supplemental Table 2). We initially
determined the threshold of the D-serine plasma level to
exclude reference participants. Receiver operating charac-
teristic curve analyses revealed preferable exclusion of ref-
erence participants from those with kidney diseases. The
AUC for the plasma level of D-serine was 0.73 (95% CI, 0.66
to 0.79) for the exclusion of reference participants (Figure
3B). The threshold of 2.34 mM for the D-serine plasma level
demonstrated a high specificity of 83% (95% CI, 70% to
93%) for excluding reference participants. The sensitivity
for detecting kidney diseases is suboptimal (51%; 95% CI,
44% to 58%), because the profile of IgAN overlapped with
that of the reference group. We then aimed to detect DN
using FE of D-serine in participants with a plasma level of
D-serine .2.34 mM. A cutoff value of 47% in FE of D-serine

provided an optimal threshold for the detection of DN
(AUC, 0.86 [95% CI, 0.78 to 0.94]; sensitivity, 81% [95% CI,
70% to 89%]; specificity, 83% [95% CI, 67% to 94%];
Figure 3C).
Because the profile of IgAN overlapped with that of the

reference group, we performed a sensitivity analysis with-
out IgAN. Analysis excluding IgAN revealed that the same
thresholds for D-serine were optimal. The threshold of 2.34
mM in the plasma level of D-serine is persistently preferable
for the exclusion of the reference group (specificity, 83%;
95% CI, 70% to 93%) with improved detection of kidney
diseases (sensitivity, 74% [95% CI, 64% to 83%]; AUC, 0.87
[95% CI, 0.81 to 0.93]; Supplemental Figure 3A). The thresh-
old of 47% in FE of D-serine also provided an optimal
threshold for the detection of DN (AUC, 0.85 [95% CI, 0.76
to 0.95]; sensitivity, 79% [95% CI, 61% to 91%]; specificity,
83% [95% CI, 67% to 94%]; Supplemental Figure 3B). Over-
all, these two threshold values provided the opportunity to
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Figure 1. | Profilings of plasma level and urinary fractional excretion (FE) of D-serine in each kidney disease. (A) Plasma level of D-serine
in each kidney disease. (B and C) Scatterplot of plasma levels of D-serine with (B) serum levels of creatinine and (C) eGFR. Values are
transformed to common logarithm, and original data are shown in Supplemental Figures. (D) FE of D-serine in each kidney disease. DN,
diabetic nephropathy; IgAN, IgA nephropathy; MCD, minimal change disease; reference, participants without kidney disease; ser, serine.
*P,0.05 versus reference, one-way ANOVA.
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detect DN (Figure 3D). The plasma-high and FE-high pro-
file of D-serine was likely to represent DN, and we call this
profile the DN-D-Ser profile.

Utility of the D-Serine Profile in Detecting DN
We examined the utility of the DN-D-Ser profile for

detecting DN. We developed a logistic regression model by
adjusting for clinical factors, including age, sex, eGFR, and
albuminuria. Logistic regression analyses revealed that the
DN-D-Ser profile had a high predictability for DN (adjusted
odds ratio, 14.7; 95% CI, 6.0 to 36.1; Supplemental Table 3).
We validated the utility of the DN-D-Ser profile in the

detection of DN using the validation data. The logistic
regression model, developed by adjusting for the clinical
factors in the prediction dataset, performed well in the vali-
dation dataset, with a sensitivity of 91% (95% CI, 72% to
99%), a specificity of 79% (95% CI, 63% to 80%), and an
AUC of 0.90 (95% CI, 0.84 to 0.97) (Figure 4A). This model
outperformed the prediction model developed only for the
clinical factors (AUC, 0.84; 95% CI, 0.78 to 0.91; P,0.02;
Figure 4A).
The range of proteinuria is broad in patients with DN,

and patients often present with moderate or severe protein-
uria (albuminuria of 302 300 or .300 mg/g creatinine,
respectively) (21). The maximum level of albuminuria was
6310 mg/g creatinine in patients with DN in this study. The
level of proteinuria is wide in patients with DN, and it is
important to detect DN in patients with higher level of pro-
teinuria. To examine this, we performed relevant sensitivity
analyses. In the analysis of several ranges of albuminuria,
the DN-D-Ser profile consistently outperformed the predic-
tion model developed only for clinical factors (Figure 4B and

Supplemental Figure 4, A–C). Overall, the DN-D-Ser profile
provides additional information on classic clinical factors in
the detection of DN in patients undergoing kidney biopsy.

Characteristic FE of D-Serine in Patients with DN
The FE of D-serine clearly distinguished DN from MCD

and IgAN in patients with D-serine plasma levels .2.34
mM.We further investigated what the FE of D-serine reflects
at this range of plasma D-serine. We noticed that the FE of
D-serine and eGFR correlated inversely in patients with
DN; i.e., the FE of D-serine increased in patients with worse
eGFR (Figure 4C). In contrast, the FE of D-serine correlated
positively in the remaining participants. Opposite urinary
excretion dynamics of D-serine was noted between DN and
other kidney diseases in patients with decreased GFR.

Because the FE of D-serine is a measure for tubular func-
tion of reabsorption, we examined the associations with
tubular injury markers in these patients. The FE of D-serine
positively correlated with the urinary level of b2-microglobu-
lin in patients with DN, whereas it correlated inversely with
the urinary level of N-acetyl-b-D-glucosaminidase in the
remaining participants. The FE of D-serine decreased in par-
ticipants with higher urinary level of N-acetyl-b-D-glucosa-
minidase (Supplemental Figure 5, A and B). Overall, the FE
of D-serine differentially associated with kidney function and
tubular injury markers depending on the origin of kidney
diseases and, thus, this may facilitate the detection of DN.

Discussion
In this study, we demonstrated the utility of the D-serine

profile in the diagnosis of DN. The blood and urinary

Score plot

−5 10

−5

0 5

0

5

PC1

P
C

2

IgAN
MCDDN
Reference

Loading plot

−0.2 −0.1 0.0 0.1 0.2

−0.3

−0.2

−0.1

0.0

0.1

0.2

PC1

P
C

2

Male

Age

Height

BW
BMI

SBP

DBP

WBC

Hb
Plt

UN

Serum creatinine

eGFR

Na

K

Cl

Ca

iP

TPAlb

AST

ALT

LDH

T-Cho

TG

LDL

CRP

IgG

IgA

IgM

C3

C4

Urinary �2-MG

Urinary TP

Urinary NAG

Urinary Alb

Plasma D-Ser

Plasma L-Ser

Plasma D-Ser ratio

Urinary D-Ser ratio

FE D-Ser

FE L-Ser

Urinary D-Ser
Urinary L-Ser

Figure 2. | D-Serine profiles associate wtih kidney function and origins of kidney disease. Principal component (PC) analysis of D-serine
profiles and clinical parameters in associations with origin of kidney diseases. The score value of each observation is plotted on the score
plot to demonstrate the clusters of kidney disease origins. Profiles of D-serine are highlighted in red in the loading plot. Alb, albumin; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; BW, body weight; Cl, chloride; CRP, C-reactive protein;
DBP, diastolic BP; DN, diabetic nephropathy; FE, fractional excretion; Hb, hemoglobin; IgAN, IgA nephropathy; K, potassium; LDH, lac-
tate dehydrogenase; MCD, minimal change disease; b2-MG, b2-microglobulin; Na, sodium; NAG, N-acetyl-b-D-glucosaminidase; Plt,
platelet; reference, participants without kidney disease; SBP, systolic BP; ser, serine; T-Cho, total cholesterol; TG, triglyceride; TP, total
protein; UN, urea nitrogen; WBC, white blood cell.

1738 KIDNEY360

http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0004282021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0004282021/-/DCSupplemental
http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0004282021/-/DCSupplemental


profile of D-serine was characteristic in patients with DN,
which may assist in diagnosis without kidney biopsy. This
study extended the concept that the profile of D-serine
varies depending on the origin of kidney disease, and may
assist in the diagnosis of DN. Profiling D-serine in patients
with kidney diseases will allow us to distinguish DN from
other kinds of kidney diseases and to determine the most
suitable treatment for the origin of kidney disease.
Presence of proteinuria due to diabetes is a risk for mor-

tality and ESKD, and patients with diabetes and protein-
uria are clinically diagnosed as having diabetic kidney
disease (DKD) (22). DKD usually includes CKD caused by
diabetes or DN, but not by GN. Profiling of D-serine pro-
vides a powerful tool for differentiating the disease spec-
trums of DKD and GN with diabetes. For patients with
DKD who may need to avoid having a kidney biopsy,

profiling of D-serine may help differentiating DN and, thus,
may improve their prognosis. Previously, the D-serine
blood level was reported to correlate well with GFR,
because the kidney tightly regulates the dynamics of D-ser-
ine (10,12,23). Indeed, blood levels of creatinine and D-ser-
ine correlated well in this study, suggesting that the
D-serine blood level is precisely regulated, even in the pres-
ence of kidney diseases. Because the profile of D-serine also
reflects key information, such as kidney function and the
prognosis of CKD (12), monitoring D-serine improves com-
prehensive management of DN.
The profile of D-serine varies by the type of kidney dis-

ease. The intrabody dynamics of D-serine are balanced
between synthesis through a racemic reaction in the brain
(24); food intake, which is potentially produced by micro-
biota (25); and urinary excretion (10,12,23). The proximal

D

DN

46.6
 F

E
 D

-S
er

 (
%

)

2.34
Plasma D-Ser (�M)

A

.5

1

1.5

2

2.5

Lo
g 

F
E

 D
-S

er
 (

%
)

0 .5 1 1.5

Log plasma D-Ser (�M)

IgAN
MCDDN
Reference

C FE D-Ser

0.00

0.25

0.50

0.75

1.00

S
en

si
tiv

ity

0.00 0.25 0.50 0.75 1.00

1−Specificity
Area under ROC curve = 0.86

B Plasma D-Ser

0.00

0.25

0.50

0.75

1.00

S
en

si
tiv

ity

0.00 0.25 0.50 0.75 1.00

1−Specificity
Area under ROC curve = 0.73

Figure 3. | Detection of diabetic nephropathy using profiles of D-serine. (A) Scatterplot of plasma level and fractional excretion (FE) of D-
serine. The dotted-ellipse represents the 95% CI of reference participants without kidney disease. Values are transformed to common loga-
rithm, and original data are shown in Supplemental Figure 2. (B) Receiver operating characteristic (ROC) curve analysis of D-serine plasma
level in eliminating the reference from kidney diseases in prediction dataset. (C) ROC curve analysis of urinary fractional excretion of D-
serine in separating diabetic nephropathy (DN) from other diseases in prediction dataset with the D-serine plasma level .2.34 mM. (D) D-
Serine–based thresholds for the prediction of DN. IgAN, IgA nephropathy; MCD, minimal change disease; Ser, serine.

KIDNEY360 2: 1734–1742, November, 2021 D-Serine Detects Diabetic Nephropathy, Iwata et al. 1739

http://kidney360.asnjournals.org/lookup/suppl/doi:10.34067/KID.0004282021/-/DCSupplemental


tubules of the kidney respond to serine with chiral selectiv-
ity, and the efficacy of reabsorption of D-serine is lower
than that of L-serine; the FE is 60% for D-serine versus 1%
for L-serine in those without kidney disease (12). D-Serine
that is taken up by proximal tubules, in turn, is required to
maintain kidney function (26). In the presence of DN, uri-
nary excretion of D-serine increases, and detection of these
changes emerged as a useful biomarker for the diagnosis of
DN. Even in participants with lower ranges of plasma
D-serine (,2.34 mM), the FE of D-serine tended to be higher
and still had the potential to distinguish DN (Figure 3A).
Increased FE of D-serine in the presence of reduced eGFR

is unique in DN, because FE of D-serine is not usually cor-
related with eGFR (10,12,23). This phenomenon clearly
suggests a functional change of tubules in DN. Tubuloin-
testinal lesions, which are often seen in patients with DN
(27,28), may worsen reabsorption of proximal tubules and,
thus, promote excretion of D-serine. This is in line with the
weak but positive correlation between FE of D-serine and
urinary b2-microglobulin, a marker for reduced reabsorp-
tion. Increased FE of D-serine was not seen in patients with
IgAN and MCD who had reduced eGFR, probably because
the pathologic lesions are relatively constricted to glomeruli
and the reabsorption of D-serine in the remnant nephrons
may be preserved. Each type of kidney disease affects kid-
ney tubular reabsorption differently, which is reflected by
the opposite effect of D-serine on FE.
There were some limitations in this study. The DN-D-Ser

profile was characterized in typical cases of kidney biopsy,
and including several kidney diseases in the analysis will
strengthen the results obtained by this study. The primary

GN studied in this study was exclusively IgAN and MCD,
and it may be desirable to examine patients undergoing
kidney biopsies with other GNs, such as membranous
nephropathy, or secondary GN. Additionally, the analysis
of patients with DN complicated by chronic GN may estab-
lish a specific D-serine profile to distinguish pure DN from
complicated cases, aiding in the decision for kidney biopsy
and selection of treatment. Although kidney biopsy is often
avoided in patients with diabetes, inclusion of more
patients with diabetes may strengthen the results obtained
in this study. Whereas kidney biopsy is usually performed
only once, monitoring of D-serine can be performed repeat-
edly. Once the efficacy of the repeat monitoring of D-serine
is demonstrated, longitudinal assessment of D-serine pro-
files may be useful for the assessment of treatment efficacy
in DN. These limitations form key concepts that need to be
investigated in future studies.

In conclusion, D-serine harbored key information for the
diagnosis of DN. Profiling D-serine improves both the diag-
nosis of DN without kidney biopsy and the estimation of
kidney function. By providing vital information for clini-
cians, monitoring D-serine may improve the clinical out-
comes of those with DN.
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Prediction Data
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Diabetic nephropathy 18 (46) 18 (23)
Minimal change disease 14 (36) 13 (17)
IgA nephropathy 50 (129) 50 (65)
Reference 19 (48) 19 (24)

Age, yr 47 (35–66) 47 (37–64) 0.51
Sex, M, % 59 (153) 54 (69) 0.33
Height, cm 165.0 (158.0–171.0) 162.0 (156.0–170.8) 0.12
Body weight, kg 64.4 (55.0–72.6) 63.0 (52.8–71.8) 0.28
Body mass index, kg/m2 23.5 (20.8–26.0) 23.6 (20.5–26.6) 0.83
Systolic BP, mm Hg 128 (118–146) 123 (114–141) 0.10
Diastolic BP, mm Hg 79 (71–88) 78 (68–84) 0.04
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Urinary b2-MG, mg/g Cre 101.3 (32.0–254.8) 111.2 (36.1–314.0) 0.13
Hypertension history, % 43 (126) 41 (39) 0.59
Diabetes history, % 29 (84) 20 (19) .0.99

Values are presented as median (interquartile range) or percentage (n). Reference, participants without kidney disease; M, male;
Cre, creatinine; NAG, N-acetyl-b-D-glucosaminidase; b2-MG, b2-microglobulin.
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