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Abstract

Lupus nephritis (LN) is an immunoinflammatory glomerulonephritis associated with renal involvement in systemic lupus
erythematosus (SLE). Given the close relationship between plasma amino acids (AAs) and renal function, this study
aimed to elucidate the plasma AA profiles in LN patients and identify key AAs and diagnostic patterns that distinguish
LN patients from those with SLE and healthy controls. Participants were categorized into three groups: normal controls
(NC), SLE, and LN. Ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) was employed
to quantify AA levels in human plasma. Principal component analysis (PCA) and orthogonal partial least squares dis-
criminant analysis (OPLS-DA) were utilized to identify key AAs. The diagnostic capacity of the models was assessed
using receiver operating characteristic (ROC) curve analysis and area under the ROC curve (AUC) values. Significant
alterations in plasma AA profiles were observed in LN patients compared to the SLE and NC groups. The OPLS-DA
model effectively separated LN patients from the SLE and NC groups. A joint model using histidine (His), lysine (Lys),
and tryptophan (Trp) demonstrated exceptional diagnostic performance, achieving an AUC of 1.0 with 100% sensitivity,
specificity, and accuracy in predicting LN. Another joint model comprising arginine (Arg), valine (Val), and Trp also
exhibited robust predictive performance, with an AUC of 0.998, sensitivity of 93.80%, specificity of 100%, and accuracy
of 95.78% in distinguishing between SLE and LN. The joint forecasting models showed excellent predictive capabilities
in identifying LN and categorizing lupus disease status. This approach provides a novel perspective for the early identifi-
cation, prevention, treatment, and management of LN based on variations in plasma AA levels.
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Introduction

Systemic lupus erythematosus (SLE) is a heterogencous
autoimmune disease characterized by a range of clinical
manifestations. Lupus nephritis (LN) is a common renal
complication associated with SLE. Research indicates that
the majority of patients with SLE develop LN within five
years of their initial diagnosis (Anders et al. 2020), and
approximately 10% of those with LN progress to end-stage
renal disease (Almaani et al. 2017).

At present, immunosuppressants, such as mycophenolate
mofetil, azathioprine, and cyclophosphamide, combined
with glucocorticoids are commonly used first-line therapy
for LN patients. An increasing array of newly developed
biological agents are also emerging in the treatment of
SLE. Rituximab, the first biological agent approved for use
in SLE, has shown some effectiveness in individual case
reports. However, randomized controlled trials have not
consistently met their primary endpoints (Rovin et al. 2012).
Nonetheless, it may still provide benefits for patients with
refractory SLE (46). The Phase 111 BLISS-LN study dem-
onstrated that belimumab, a BAFF monoclonal antibody,
significantly outperforms placebo in treating LN, effectively
reducing organ damage while maintaining good tolerability
(Furie et al. 2020). The post hoc analysis of the BLISS-LN
study further revealed that the response rates were higher
when belimumab was administered in conjunction with
mycophenolic acid analog (MPAA) compared to cyclophos-
phamide. The 2024 KDIGO guidelines endorse belimumab
as a supplementary immunosuppressive option, particularly
recommending its combination with MPAA for LN patients
at high risk of recurrence (Kidney Disease 2024). Further-
more, the 2023 EULAR guidelines advocate for the earlier
application of biological agents to facilitate reductions in
glucocorticoid dosages (Fanouriakis et al. 2024), reflecting
a shift in the management strategies for SLE.

Despite this, the safety and efficacy of biological agents
require further verification through larger-scale research and
clinical practice. Side effects related to immunosuppressive
therapy still remain a concern (Anders et al. 2020). Previous
metabolomics studies have shown the potential of metabolic
profiling in LN diagnosis (Bird et al. 2015). Biological fluid
samples are readily available, and effective small changes
in gene and protein expression are amplified on metabolites,
thus making mass spectrometry detection easier and more
sensitive, and reflecting the real pathophysiological state of
organisms more directly and accurately (Zhou et al. 2022).
Compared with traditional high performance liquid chro-
matography, the speed, sensitivity and separation efficiency
of ultra-performance liquid chromatography (UPLC-MS/
MS) are 9 times, 3 times and 1.7 times respectively, which
shortens the analysis time, reduces the amount of solvent
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and the analysis cost (Zhou et al. 2022). The current gold
standard for diagnosing LN in clinical practice is invasive
renal biopsy. However, tissue collected by renal biopsy may
be inadequate for pathological diagnosis, and the biopsy
procedure can be further complicated by some complica-
tions such as bleeding, hematuria and perirenal hematoma
(Manno et al. 2004). Undergoing a series of biopsies for
monitoring disease progression and treatments is unlikely
suitable for patients with LN. Investigating the specific
metabolic profiles of SLE and LN patients may provide
valuable insights for monitoring treatment effects and could
potentially reduce the long-term reliance on high doses of
glucocorticoids and immunosuppressants (2016).

Amino acid (AA) AAs can modulate immunity as well as
regulate the T cell stress pathway (14; 15), and are involved
in the pathogenesis of SLE through immunopathogenic
pathways, which provide a variety of targets for therapeutic
intervention (Sharabi and Tsokos 2020). AAs play crucial
roles in immune cell proliferation, differentiation, and func-
tional activation. For example, T cell activation upregulates
several AA transporters, including SLC7AS. The deletion
of SLC7AS activates the mTOR signaling pathway and
enhances MYC transcription factor expression, ultimately
inhibiting T cell proliferation (Sinclair et al. 2014). T cell
activation requires adequate levels of tryptophan (Trp) and
arginine (Arg); when deprived of these AAs, activated T
cells are unable to progress to the S phase of the cell cycle.
Additionally, the depletion of leucine (Leu) and isoleucine
(Iso) prompts T cells to enter the S-G1 phase, leading to cell
cycle arrest and apoptosis (1820). Moreover, AA transport-
ers, branched-chain AAs, glutamate (Glu), glutamine (Gin),
glutathione (GSH), and serine (Ser), along with the catabo-
lism of Trp and Arg, have been shown to modulate the gen-
eration and function of regulatory T cells (Tregs) (Yan et
al. 2022). In summary, AA availability and metabolism are
critical for regulating immune homeostasis and responses.
Evidence suggests that some AAs, such as leucine, methio-
nine, glutamine, arginine, and alanine, are essential in T cell
metabolism (Wei et al. 2017). Besides, AA metabolic path-
ways, such as glutamine (Suthanthiran et al. 1990), tryp-
tophan (Choi et al. 2020), and cysteine (Suwannaroj et al.
2001), can be used as potential therapeutic targets in lupus
mouse models.

The specificity and sensitivity of the AA joint forecast
models for identifying patients with early kidney disease
are superior to the reported values of serum creatinine,
urea nitrogen, and cystatin-C (Li et al. 2018). The compo-
sition of AAs in the diet has various effects on the evolu-
tion of chronic kidney disease in rats (Pillai et al. 2019).
Aromatic AAs promote the recovery of renal function,
while branched chain AAs quickly damage renal function
and stimulate renal fibrosis (Pillai et al. 2019). However,
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animal experiments suggested that Arg intake accelerates
renal fibrosis and shortens the life span in LN (Peters et al.
2003). Taurine supplementation increases autoantibodies,
increases albuminuria, and leads to more severe glomeru-
lonephritis (Li et al. 2020). Hence, AA inhibitors or AA
supplements are promising targeted treatments to prevent
the deterioration of LN.

At present, the abnormal AA metabolism of LN patients
are not completely understood. Therefore, we aim to uti-
lize a metabolomic approach focused on 20 AAs through
UPLC-MS/MS technology to investigate specific AA pro-
files and biomarkers that differentiate LN patients from SLE
patients without renal involvement and healthy controls.
Our objective is to establish diagnostic models for LN based
on plasma AA profiles. These models may provide a novel
method for the early diagnosis of LN and facilitate dynamic
monitoring of disease progression through variations in
plasma AA levels.

Materials and methods
Human subjects

All patients signed an informed consent form. The design
principles and related sample collection scheme of the pres-
ent study were approved by the Ethics Committee of the
First Affiliated Hospital of Zhengzhou University (ethi-
cal approval number: 2021-KY-0477-003), and they were
also in line with the principles of the Helsinki Declaration.
Grouping criteria: A total of 94 patients aged from 13 to
70 years old were enrolled. Patients in the LN group were
diagnosed by renal puncture in the Department of Nephrol-
ogy of the First Affiliated Hospital of Zhengzhou Univer-
sity from June 2018 to December 2020. The SLE group
was newly diagnosed SLE patients treated in the Rheumatic
Immunology Department of the same hospital in the same
period. The participants of the healthy control group are
volunteers in the physical examination center in the same
hospital in the same period matching the sex and age of LN
and SLE patients. The inclusion criteria: (1) The enrolled
SLE patients were classified according to the 1997 clas-
sification criteria of the American College of Rheumatol-
ogy (Hochberg 1997). In addition, all SLE patients had no
renal involvement, with renal function within the normal
range, urine protein quantification<0.5 g/24 h, and cen-
trifuged urine with less than 5 red blood cells under high
power microscope. (2) In addition to meeting the diagno-
sis criteria of SLE (Hochberg 1997), LN patients need to
have any of the following clinical manifestations of renal
involvement: urine protein quantification>0.5 g/24 h, or
centrifugal urine>5 red blood cells per high magnification

field, or abnormal renal function. (3) All LN patients have
undergone renal biopsy in our hospital. The pathological
classification of LN was based on the pathological classifi-
cation of LN by International Society of Nephrology (ISN)/
Society of Nephrology (RPS) in 2003 (Weening et al. 2004).
(4) All SLE and LN patients were newly diagnosed with-
out drug treatment like glucocorticoid, immunosuppressant,
hydroxychloroquine, cyclophosphamide, and monoclonal
antibody drugs (such as Belliumab) before, some patients
have taken angiotensin blocking agents before hospital-
ization in our hospital. The exclusion criteria: (1) Patients
with obvious liver, brain, heart, lung, or blood damage
were excluded. (2) Patients with hepatitis B virus-associ-
ated glomerulonephritis, henoch purpura nephritis, diabetic
nephropathy, rheumatoid arthritis renal damage, vasculitis
renal damage, membranous nephropathy, IgA nephropathy
and other primary and secondary renal diseases assessed
by clinical and pathological analysis were excluded. (3)
Patients with stress factors, such as vigorous exercise within
24 h, infection, fever, significantly high blood sugar, preg-
nancy, tumor and severe hypertension, and patients with a
history of alcoholism, smoking and oral contraception were
also excluded.

Preparation of internal standard solution, standard
solution and standard curve

A total of 20 AAs standard compounds (MedChemExpress,
MonmouthJunction, NJ, UnitedStates) were diluted in water
or dimethylsulfoxide at concentrations from 1 to 100mM.
The internal standard (IS) was prepared from an isotope-
labeled mix of 20 AAs (MilliporeSigma, Burlington, MA,
UnitedStates) and acetonitrile (ACN, ThermoFisherScien-
tific, Waltham, MA, UnitedStates) at a concentration of 100
nM.

All subjects were requested to fast overnight and abstain
from any other medication for 24 h before sampling. The
peripheral venous blood samples were collected in a blood
vessel containing heparin sodium between 6:00 and 8:00
am, then centrifuged for 10 min at a rate of 1500 revolu-
tions per minute in 4°C. After all, the blood samples were
transferred to a 1.5 ml centrifuge tube and stored at -80°C.

Samples and standard curves were prepared by protein
precipitation method (Zhou et al. 2021). For each sample,
50ul ACN and 50ul of thawed plasma and 150 ul of iso-
tope internal standard working fluid (100 nM) were mixed
into 1.5mL EP tubes. The standard curves were formulated
by mixing 50ul of thawed plasma (from 30 normal control
patients) with 50ul of AAs working fluid (10-100 nM), and
150ul of isotope internal standard working fluid (100 nM) in
1.5 ml Ep tubes. After eddy oscillation (1500RPM, 10 min)
and centrifugation (12000 g, 4°C, 10 min), the supernatant
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was filtered through a 0.2 mm polytetrafluoroethylene filter
and stored in a clean injection bottle for mass spectrometry.

Data processing and statistical analysis

The chromatograms of AAs and isotope-labeled AAs
were generated by OriginLab (Northampton, MA, USA).
SIMCA-P software (v.14.1, Umetrics, Umea, Sweden) was
used to generate orthogonal partial least squares discrimi-
nant analysis (OPLS-DA) models to better understand the
similarities and differences of metabolites among groups.
The model validation and significance were determined
from the R (Almaani et al. 2017) and Q (Almaani et al.
2017) values. The variable importance in projection (VIP)
value of AAs in the models was calculated to indicate the
contribution to the classification of samples. VIP value> 1.2
was considered statistically significant for intergroup differ-
ences. OPLS-DA with 200 permutations were used to fur-
ther demarcate the groups(Permutation tests of OPLS-DA
models was shown in Supplementary Figure S1). The corre-
sponding shared and unique structures (SUS) plot was gen-
erated to provide information on the contribution of AAs to
the group discrimination. The SUS-plot is a powerful ana-
lytical tool for identifying diagnostic markers. It enables the
comparison and analysis of two OPLS-DA models, allowing
for the examination of similarities and differences in com-
pound trends within the models. Compounds that exhibit
the same or opposite trends, as well as those unique to each
model, are represented in different areas of the coordinate
axes or quadrants. This facilitates the discovery, classifica-
tion, and analysis of specific markers (Wiklund et al. 2008).
The joint diagnosis model of AAs was established based on
the logistic regression method. The receiver operating char-
acteristic (ROC) curve was used to comprehensively evalu-
ate the effect of the model and select the boundary value.

The measurement data are presented as the aver-
age+standard deviation. Chi-square test, t test, and the
Fisher’s exact test were used for comparison among groups.
P<0.05 was considered statistically significant.

Results

The metabolic profiles of 20 plasma AAs
significantly differ in LN and SLE patients

94 patients were enrolled from June 2018 to December
2020. A total of 32 SLE patients were included in this study,
including 2 males and 30 females, with an average age of
(34.550+£15.273) (13~67) years old, 32 LN patients were
enrolled, including 4 male patients and 28 female patients,
the average age was (30.470+10.417) (13~54) years old.
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The levels of plasma AAs of the three groups are shown in
Supplementary Table S1. As shown in Supplementary Table
S1, there were 12 significant different AAs in the LN group
compared with NC group, and 10 differencial AAs between
the LN and SLE groups (P <0.05).

We established a supervised OPLS-DA method to visu-
alize the separation trends of the three groups (Fig. 1A).
SUS plots were utilized to compare the SLE and LN groups
against the NC control group as a common reference. As
shown in Fig. 1B, variables located in regions Al or A2
were solely upregulated or downregulated in the LN group,
reflecting the metabolic characteristics of this group. Con-
versely, variables found in regions B1 or B2 were specific
to the SLE group. The variables situated on the diagonals
(regions C1 or C2) were important for both groups. Conse-
quently, amino acids including histidine (His), valine (Val),
tryptophan (Trp), cysteine (Cys), and lysine (Lys) were
identified as specific to the LN group, while asparagine
(Asn) was identified as unique to the SLE group. Arginine
(Arg) was shared by both the SLE and LN groups.

Plasma profiles of arg and Trp distinguish LN
patients from healthy individuals

The OPLS-DA model of the LN and NC groups (Fig. 2A) was
established to analyze the distribution difference of plasma
AAs between the two groups. The S-plot (Fig. 2B), com-
bined with the columnar scatter diagram (Fig. 3), showed
that the decreased Trp levels (Fig. 3E) and increased Arg
levels (Fig. 3F) were the main contributors to the intergroup
distribution difference. In addition, the VIP values of Arg
and Trp were both greater than 1.20 (P <0.05), thus Arg and
Trp may be the main differential AAs between LN patients
and normal controls (Table 1).

Plasma profiles of arg and asn distinguish SLE
patients from healthy individuals

In order to investigate the plasma AA spectrum differ-
ences among SLE patients with active disease activity
and inactive disease activity and NC group, SLE patients
(n=32) were divided into active SLE group (SLE-
DAI>6, n=19) and inactive SLE group (SLEDAI<®,
n=13), and OPLS-DA models were established by pair-
wise among three groups (Fig. 4). Predictive performance
of key AAs was shown in Supplementary Table S2. Arg
(AUC=0.983+0.014, P<0.001, Sensitivity==89.50%,
Specificity=100.00%, Accuracy=95.93%) and Asn
(AUC=0.956+0.025, P<0.001, Sensitivity=100.00%,
Specificity = 82.80%, Accuracy = 89.47%) may be the major
differential AAs between the active SLE group and the NC
group with excellent prediction performance (Fig. 4A-D,
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Fig. 1 Plasma profles of AAs for the healthy controls (NC) and the
SLE patients and LN patients. (A) Orthogonal partial-least-squares
discriminant analysis (OPLS-DA) score plot highlighted the difference
in AA levels can distinguish the NC group (green spots), LN patients

Supplementary Table S2). Similarly, The ability of Arg
(AUC=0.957+0.028, P<0.001, Sensitivity=100.00%,
Specificity=86.20%, Accuracy=90.37%) and Asn
(AUC=0.935+0.037, P<0.001, Sensitivity=100.00%,
Specificity =72.40%, Accuracy =80.74%) to discriminate
the inactive SLE group and the NC group were also excel-
lent (Fig. 4E-H, Supplementary Table S2). The R (Almaani
et al. 2017)Y and Q (Almaani et al. 2017) values of the
OPLS-DA model for active and inactive SLE were both less
than 0.5, and the predictive performances of the key inter-
group differencial AAs His and Ile were general (Fig. 41-L,
Supplementary Table S2), indicating that the model fitting
degree and predictive ability were not ideal, the AA profiles
of the two groups were not significantly different.

Lys, Trp, His, and Asn may be the main differential
AA profiles in the Progression of SLE patients to LN

We next established an OPLS-DA model of the LN and
SLE groups (Fig. 2C), which indicated a clear separation of
the two groups. The S-plot (Fig. 2D) and columnar scatter
diagrams (Fig. 3) showed that the decreased levels of Trp
(Fig. 3E) and Lys (Fig. 3G)as well as the increased levels
of His (Fig. 3H) and Asn (Fig. 3I) were the main differential
AA profiles distinguishing SLE patients from LN patients,
and the VIP values were all greater than 1.20 (P<0.05;
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(red spots) and SLE patients (blue spots). RZX =0.299, R?Y =0.662,
Q?=0.615. (B) As the control group provided a common reference for
comparing the SLE and LN groups, SUS plots were generated using
the two OPLS-DA models with the control group as the reference

Table 1). Therefore, plasma Lys, Trp, His, and Asn may be
the main differential AAs for distinguishing LN patients
from SLE patients.

The plasma levels of Arg in SLE and LN patients may
be related to lupus disease status

To compare the above key AAs for distinguishing lupus
patients (SLE or LN) from normal controls, we regarded
patients in a lupus state (SLE or LN) as a whole SLE+LN
group and compared them to the NC group to establish an
OPLS-DA model (Fig. 5A). The S-plot (Fig. 5B) and AUC
curves (Fig. 5C and D) indicated that increased Arg levels,
decreased Trp levels, and decreased Val levels distinguished
lupus patients from normal controls.

We next constructed ROC curves of the selected plasma
AAs to evaluate their predictive performances, the AUC val-
ues for 20 AAs in plasma of study participants were shown
in Supplementary Table S3. The VIP values of Arg were all
greater than 1.20 in the three pairwise comparisons (SLE vs.
NC, LN vs. NC, and SLE+LN vs. NC) (P<0.05; Table 1).
Further analysis showed that the AUC values of Arg in
the three pairwise comparisons were all greater than 0.95
(P<0.001, Supplementary Table S3 and Fig. 3B. Figure
5D ), and the sensitivity, specificity, and accuracy indexes
were all above 85% (Table 2).
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Fig. 2 Separated metabolomic analyses between the LN, SLE
and NC groups. (A) OPLS-DA plot showing the visual separation
between the LN group and NC group. R2X=0.216, R*Y =0.858, and
Q?=0.726. (B) The S-plot shows that the plasma levels of Arg and
Trp were the major contributors to the separation between the LN

These results suggested that among the selected three
AAs, increased plasma Arg expression had the best predic-
tive efficacy of lupus disease status.

The Lys, His, and Trp Key AAs are significantly
related to the progress of LN disease

To screen out the key AAs for the progression of LN patients,
the patients in the SLE group and the NC group were
regarded as an overall SLE + NC group and were compared
to the LN disease group to establish an OPLS-DA model
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group and NC group. (C) OPLS-DA plot showing the visual sepa-
ration between the SLE and LN patients. R2X =0.375, R2Y =0.739,
and Q*=0.671. (D) The S-plot shows that the plasma levels of Lys,
Trp, His, and Asn were the major AAs contributing to the difference
between the SLE group and LN group

(Fig. SE). The plasma profiling of AAs achieved a signifi-
cant separation trend. Decreased Trp levels and increased
His levels were the key differential AAs (Fig. 5F). The VIP
values of Lys, Trp and His in the SLE group vs. LN group,
LN group vs. NC group, and SLE +NC group vs. LN group
comparisons were all greater than 1.2 (Table 1, P <0.05).
Further analysis showed that Lys had AUC values greater
than 0.95 for the LN vs. NC, LN vs. SLE, and LN vs.
SLE +NC comparisons (Supplementary Table S3). Lys had
good sensitivity, specificity and accuracy to distinguish the
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Fig. 3 Trp, Lys, and His can distinguish LN group from SLE and
NC groups. Receiver-operating characteristic (ROC) curve demon-
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discriminated the LN group from the NC group with area under the
ROC curve (AUC) values greater than 0.85. The plasma levels of Lys
and Trp (C) as well as His and Asn (D) had excellent predictive ability

NC SLE LN

to discriminate SLE patients from LN patients. Plasma levels of Trp
(E), Arg (F), Lys (G), His (H), Asn (I), and Val (J). Data are presented
as the mean=+ SD. ns indicates no statistical significance. ¥*P <0.05,
**P<0.01, and ***P<0.001 were determined by ANOVA followed
by Tukey’s or Games-Howell post hoc comparison test
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Fig. 4 Plasma profles of AAs for the active SLE patients (SLE-
DAI > 6), inactive SLE patients(SLEDAI < 6)and the normal con-
trols (NC). (A) OPLS-DA plot showing the visual separation between
the active SLE group and the NC group. The ellipse indicates the
Hotelling T2 (0.95) range for the model. R>X=0.248, R%Y =0.896,
Q?=0.784. (B) The S-plot identified plasma levels of Asn and Arg to
be the major contributors to the separation between the active SLE
group and the NC group. ROC curve demonstrates that the plasma
level of Asn and Arg discriminated the active SLE group from the NC
group (C and D) according to AUC values, which were greater than
0.95. (E) OPLS-DA plot showing the visual separation between the
patients in the inactive SLE and NC groups. R2X =0.381, R?Y =0.869,
Q?=0.699. (F) The S-plot identified plasma levels of Asn and Arg as

LN group from the NC group, SLE group, and SLE+NC
group (Table 2).

In addition, the AUC value for Trp was greater than 0.90
for the LN vs. NC (Fig. 3A) and LN vs. SLE+ NC (Fig. 5G)
comparisons, but it was lower for the LN vs. SLE compari-
son (Fig. 3C, Supplementary Table S3). The corresponding
sensitivity, specificity, and accuracy of Trp were higher for
the LN vs. NC and LN vs. SLE + NC comparisons (Table 2).
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the major AAs contributing to the difference between the inactive SLE
and NC groups. The plasma level of Asn and Arg showed excellent
predictive ability to discriminate inactive SLE patients from the NC
group (G and H). (I) OPLS-DA plot showing the visual separation
between the active SLE patients and inactive SLE patients was not
significant. R2X =0.352, R?Y =0.475, Q?>=-0.107. R (Almaani et al.
2017)Y and Q (Almaani et al. 2017) were less than 0.5, which meant
that the modol fitting degree and predictive performance were not
good enough. (J) The S-plot identified plasma levels of His and Ile as
the major AAs contributing to the difference between the the active
SLE and inactive SLE groups. (K) and (L) showed the predictive abili-
ties of plasma His and Ile to discriminate active SLE patients from the
inactive SLE group were not ideal (AUC <0.8)

The AUC value for His was greater than 0.85 for the
LN vs. NC, LN vs. SLE+NC (Fig. SH), and LN vs. SLE
(Fig. 3D) comparisons (Supplementary Table S3). The cor-
responding sensitivity, specificity, and accuracy of His were
greater than 80% in the LN group vs. NC group and LN
group vs. SLE +NC group comparisons (Table 2).

In conclusion, the plasma levels of Lys, His, and Trp
are the key AAs that may contribute to the progress of LN
disease.
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Fig. 5 Specific AA profiles of the LN+SLE and the SLE+NC
groups. (A) OPLS-DA plot showing the visual separation between
the LN + SLE group and the NC group. R2X =0.304, R*Y =0.755, and
Q?=0.692. (B) The S-plot identified plasma levels of Val, Trp, and Arg
to be the major contributors to the separation between the LN+ SLE
group and the NC group. Receiver-operating characteristic (ROC)
curve demonstrates that the plasma level of Val, Trp, and Arg discrimi-
nated the LN+ SLE group from the NC group (C and D) according to

The joint forecast models predict LN and lupus
disease status patients with excellent predictive
performance

We investigated and compared the predictive efficacy of
individual and joint key AAs as forecast models. The pre-
dictive performance indicators and ROC curves of the mod-
els are shown in Supplementary Table S4 and Fig. 6.

For the LN vs. SLE comparison, the joint forecast model
of plasma Asn, His, and Lys had a better predictive ability
than the separate diagnostic efficiency of Asn, His, and Lys
(Table 2; Fig. 6A) with a sensitivity of 100%, specificity of
96.90%, accuracy of 98.45%, and an AUC value of 0.998
(Supplementary Table S4 and Fig. 6A).

For the SLE+NC vs. LN comparison, the joint forecast
model of plasma His, Lys, and Trp had a superior diagnos-
tic performance (AUC=1.0, sensitivity=100%, specific-
ity =100%, and accuracy = 100%; Supplementary Table S4
and Fig. 6B).

For the LN+SLE vs. NC comparison, the joint fore-
cast model of plasma Arg, Val, and Trp had a better pre-
dictive  ability (AUC=0.996, sensitivity=93.80%,

@ Springer

AUC values, which were greater than 0.85. (E) OPLS-DA plot show-
ing the visual separation between the patients in the SLE+NC and
LN groups. R*X =0.303, R?Y =0.752, and Q*>=0.706. (F) The S-plot
identified plasma levels of Trp and His as the major AAs contributing
to the difference between the SLE+NC and LN groups. The plasma
level of Trp and His showed excellent predictive ability to discriminate
LN patients from the SLE +NC group (G and H)

specificity = 100%, and accuracy =95.78%; Supplementary
Table S4 and Fig. 6C) than that of the single AA diagnostic
models (Table 2 and Fig. 6C).

Discussion

The present study reported that the plasma profiles of AAs
can distinguish LN patients from SLE patients and healthy
controls. Further analyses suggest that a combined predic-
tive model utilizing plasma His, Lys, and Trp, as well as
a diagnostic model comprising plasma Arg, Val, and Trp,
might provide promising predictions for LN and the disease
status of lupus patients, demonstrating favorable diagnostic
performance .

AAs can regulate immunity through a variety of mecha-
nisms, including central energy metabolism, redox balance,
and epigenetic modification (Kelly and Pearce 2020). Vari-
ous AAs and their transporters are pivotal for T cell activa-
tion, differentiation, and effector function (Wang and Zou
2020). Previous studies have reported that the main AA
metabolomic profiles of SLE patients are characterized by
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Table 2 Predictive performance of the key AAs

AUC p* Cutoff value (uM) Sensitivity Specificity Accuracy
(%) () (%)

SLE vs. NC
Arg 0.971+0.017 0.000 330.625 96.90 86.70 91.97
Asn 0.946 +0.026 0.000 2.450 93.80 83.30 88.72
His 0.508+0.078 0.919 13.150 18.80 100.00 58.09
Lys 0.645+0.073 0.058 5785.000 46.90 83.30 64.51
Trp 0.669+0.072 0.027 152.000 75.00 60.00 67.74
Val 0.738+0.069 0.002 219.500 50.00 96.70 72.60
LNvs.NC
Arg 1.000+0 0.000 460.313 100.00 100.00 100.00
Asn 0.712+0.067 0.004 7.120 43.80 100.00 70.99
His 0.938+0.033 0.000 12.350 84.40 96.70 90.35
Lys 0.966+0.019 0.000 2150.000 87.50 93.30 90.31
Trp 0.953+0.024 0.000 93.800 84.40 93.30 88.71
Val 0.928 +0.030 0.000 230.500 78.10 93.30 85.45
LNvs.SLE
Arg 0.655+0.074 0.038 646.875 96.90 37.50 67.20
Asn 0.984+0.011 0.000 2.640 90.60 96.90 93.75
His 0.871+0.047 0.000 10.900 90.60 75.00 82.80
Lys 0.989+0.008 0.000 2255.000 87.50 100.00 93.75
Trp 0.857+0.050 0.000 89.550 81.30 75.00 78.15
Val 0.664 +0.070 0.028 254.000 93.80 34.40 64.10
LN+SLEvs.NC
Arg 0.986+0.009 0.000 455.938 90.60 100.00 93.60
Asn 0.601+0.058 0.124 2.450 51.60 83.30 61.72
His 0.733+0.051 0.000 13.150 48.40 100.00 64.87
Lys 0.676 +0.055 0.007 3305.000 57.80 80.00 64.89
Trp 0.818 +0.045 0.296 93.800 57.80 93.30 69.13
Val 0.838+0.041 0.000 230.500 65.60 93.30 74.44
SLE +NCvs.LN
Arg 0.827+0.043 0.000 646.875 96.90 67.70 77.64
Asn 0.848 +0.040 0.000 3.665 84.40 72.60 76.62
His 0.904 +0.035 0.000 12.350 84.40 88.70 87.24
Lys 0.978+0.012 0.000 2150.000 87.50 96.80 93.63
Trp 0.905+0.031 0.000 94.900 87.50 79.00 81.89
Val 0.796 +0.046 0.000 230.500 78.10 69.40 72.36

Legend: P* values were determined by analyses of ROC curves under a nonparametric assumption. P <0.05 (two-tailed) was regarded statisti-
cally significant. Accuracy=(AXsensitivity + Bxspecificity)/(A + B); where A is the participant number of the corresponding disease group; and
B is the participant number of the corresponding control group. ROC, receiver operating characteristic.

downregulation of glucogenic and ketogenic AAs in their
peripheral blood (Yan et al. 2016; Bengtsson et al. 2016).
During the active period of metabolic activation, lyso-
some catabolism is increased to secure AAs from starvation
through autophagy of proteins and organelles, resulting in
the accumulation of branched chain AAs (Val, Leu, and Iso)
(Proud 2002), glutamine (Choi et al. 2018), and His. The
depletion of glutathione and Cys stimulates the mTOR com-
plex 1 (MTORC1) (Gergely et al. 2002), which promotes
the proliferation and differentiation of T lymphocyte sub-
sets as well as reactive activation of inflammatory T lym-
phocytes. AAs play an important role in the occurrence and

development of systemic autoimmune and organ inflamma-
tion in SLE patients.

SLE is a heterogeneous disease that shares features with
various rheumatic disorders, including acute gout (AG),
rheumatoid arthritis (RA), spondyloarthritis (SpA), primary
Sjogren’s syndrome (pSS), and systemic sclerosis (SSc).
Altered AA metabolism plays a significant role in these
conditions. AAs such as Iso, Lys, and Ala have been identi-
fied as key differentiators between AG patients and those
with hyperuricemia (AHU) and healthy controls (Luo et
al. 2018). Distinct serum profiles of Ala, Leu, Thr, and Val
have also been observed in seronegative RA and psoriatic

@ Springer
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Fig.6 ROC curves of individual AAs and joint forecast model. (A)
ROC curves of Asn, His, and Lys as well as the joint forecast model for
the LN vs. SLE comparison. (B) ROC curves of His, Lys, and Trp as

arthritis (PsA) (Souto-Carneiro et al. 2020). In SpA patients,
decreased levels of Trp and Glu have been consistently
reported (Huang et al. 2022). Comparative metabolic pro-
filing indicates that SLE shows over 67% specificity when
distinguished from pSS, SSc, and matched healthy controls,
with Trp identified as a particularly discriminative metab-
olite. Alterations in Trp levels correlate with changes in
aromatic amino acid decarboxylase (AADC) activity and
kynurenine pathway activation (Bengtsson et al. 2016).
Systemic autoimmune diseases (SADs), characterized by
immune dysfunction, include SLE, SSc, pSS, RA, primary
antiphospholipid syndrome, and mixed connective tissue
disease. Multivariate metabolomics models effectively dif-
ferentiate these SADs from healthy controls (AUC >0.7).
Differential metabolites related to AA metabolism, includ-
ing Val, Met, and Leu, highlight the dysregulation of Trp
metabolism and its association with immune activity and
inflammatory responses (Fernandez-Ochoa et al. 2020).

At present, accumulating evidence shows that AA metab-
olisms are also closely related to the pathogenesis of LN.
The development of LN is a multistage development pro-
cess. Stimulated by various internal and external factors,
the clearance mechanism of apoptotic cells is inhibited
resulting in the continuous exposure of autoantigens to the
immune system, thus activates the local immune response
and inflammatory response and aggravate the injury of
renal tubulointerstitium and blood vessels, resulting in
impaired renal function and chronic disease progression
in LN patients (Frangou et al. 2020). In addition, there is
evidence that pathogenic anti-double-stranded DNA anti-
bodies bind to renal intrinsic cells and induce apoptosis,
autophagy, inflammation, and oxidative stress, thereby
aggravating renal fibrosis damage in LN (Yung et al. 2020).
The antibody-mediated inflammatory renal disease may

@ Springer

well as the joint forecast model for the SLE +NC vs. LN comparison.
(C) ROC curves of Arg, Val, and Trp as well as the joint forecast model
for the SLE + LN vs. NC comparison

be inhibited by AA metabolism and a protective autopha-
gic response (Chaudhary et al. 2015). Increasing kidney
Indoleamine-2,3-dioxygenase (IDO1) activity or treating
with a general control nonderepressible 2 (GCN2) ago-
nist protects antibody-mediated inflammatory renal dis-
ease mice from nephritic kidney damage (Chaudhary et al.
2015). As recently reported, GCN2 drives AA starvation-
induced autophagy in vitro by inducing autophagy-related
genes (B’chir et al. 2013). Therefore, IDO-GCN2 pathway
may limit renal pathological changes caused by inflamma-
tory and immune responses through driving AA starvation-
induced autophagy in LN patients.

The present metabonomic analysis showed that the
plasma His level was increased in patients with LN. His
have anti-inflammatory and antioxidant effects based on
their ability to scavenge free radicals and chelate bivalent
metal ions (Babizhayev et al. 1994; Lee et al. 2005). The
present study identified the expression of His in LN patients
was increased, which is consistent with a previous study
(Li et al. 2017). Related comprehensive metabolome stud-
ies have suggested that the plasma His level may reflect
organic injury accumulation in LN patients and participate
in the pathogenesis of disease (Iwasaki et al. 2023). In the
literature, the reports on LN metabonomics are often incon-
sistent, which may be due to the heterogeneity of disease
manifestations, differences in the characteristics of subjects,
the use of different drugs, and other unexcluded confound-
ing factors. There may be an unclear benign compensatory
protection mechanism in the pathological state of LN that
produces protective His from inhibiting the hyperactive oxi-
dative stress response.

The plasma Lys level in the LN group was significantly
lower than that in the NC and SLE groups. Some foreign
studies have reported that the plasma Lys level is decreased
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in SLE patients (Yan et al. 2016; Bengtsson et al. 2016).
Lys is an essential AA that is involved in many important
physiological processes as promoting human growth and
metabolism; promoting protein absorption and fat oxida-
tion; improving immunity and preventing osteoporosis
(Flodin 1997). Reduced Lys in LN patients is due to various
catabolic pathways, such as participating in the biosynthe-
sis and metabolism of carnitine, which helps to reduce the
level of oxidative stress (Pekala et al. 2011). Lys is rela-
tively abundant in some animal protein-rich foods, and the
changes of plasma AAs may be related to diet, lifestyle,
environment, and genetic variation. Since this was not a
strictly diet-controlled study, it was difficult to rule out the
possibility that dietary differences may lead to changes in
plasma AAs. However, all participants were non-vegetari-
ans, which avoided the differences between vegetarians and
non-vegetarians.

In the present study, we observed that the expression of
plasma Trp in LN patients was significantly lower than that
in normal and SLE subjects. Trp is an essential AA for the
biosynthesis of key compounds, and its main metabolites
include serotonin and kynurenine. The degradation of Trp
is increased in SLE patients, which is significantly corre-
lated with the high production of interferon-gamma and the
disease activity of SLE (Muller et al. 2010; Pertovaara et
al. 2007). High levels of dietary Trp exacerbates autoim-
mune phenotypes, whereas low levels of dietary Trp allevi-
ates the disease in lupus prone mouse models (Choi et al.
2020). IDO is a rate-limiting enzyme responsible for Trp
catabolism. IDO inhibitor treatment increases the auto-
antibody titer and accelerates the pathological damage of
glomerulonephritis (Ravishankar et al. 2012). The Trp path-
way may promote the pathogenesis of LN by activating the
mTOR signaling pathway and affecting the metabolism of T
cells, thus changing the immune state of the body or directly
affecting the kidney cell function (Furie et al. 2020). Thus,
plasma Trp and its metabolites may be used as potential pre-
dictors of renal injury in LN patients.

In the present study, the expression of Arg was increased
in both LN and SLE patients compared to the NC group.
Arg is a conditionally essential AA that is always non-
essential in most mammalian healthy organisms, but Arg
must be additionally supplemented after trauma or during
illness (Barbul 1986; Heird 1998). Arg mainly comes from
dietary supplements and protein turnover in human body,
and degraded by nitric oxide synthase (NOS) and arginase
(ARG). NOS catalyzes the conversion of Arg into nitric
oxide (NO) and citrulline. ARG catalyzes the degradation
of Arg into ornithine and urea (Morris 2007). At physiologi-
cal concentrations, NO regulates renal hemodynamics as
well as renin-angiotensin system balance and the tubulo-
glomerular feedback response (Baylis 2008). However, Arg

may lead to the excessive production of NO, thus increasing
the formation of peroxynitrite anions and hydroxyl radicals,
which may promote the pathogenesis of LN (Peters et al.
2003, Baylis 2008 ; Popolo et al. 2014). Long-term dietary
supplementation of Arg has been found to be associated with
the functional decline of the kidneys and vasculature during
aging (Huang et al. 2021). Therefore, increased plasma Arg
may be detrimental in LN patients.

This study has several limitations. Firstly, patients
with active SLE and LN often present with hematologi-
cal manifestations (such as anemia or thrombocytopenia),
hypoproteinemia, skin lesions, arthritis, and other compli-
cations. While we aimed to minimize confounding factors
affecting metabolites, caution is needed when interpreting
AA changes in SLE and LN patients, as factors like diet
and inflammation may also influence metabolic pathways.
Secondly, the sample size was relatively small, limiting the
robustness and generalizability of the findings. Thirdly, as
a single-center retrospective analysis, the results may not
be broadly applicable. Additionally, we focused on targeted
metabolomic profiling of only 20 AAs, incorporating both
untargeted and targeted approaches could provide a clearer
AA profile for LN patients. Our study aimed to explore the
potential AA metabolic profile in LN patients and assess
whether differential AAs could distinguish normal subjects,
LN patients, and SLE patients without renal involvement.
However, we did not investigate the specific mechanisms
of abnormal AA metabolism in LN. To better understand
LN progression related to His, Lys, and Trp levels, further
prospective multi-center longitudinal studies and in vivo or
in vitro interventions are needed.

Conclusion

In summary, this study provides valuable insights into the
plasma AA metabolism profiles of LN patients, suggesting
potential avenues for improved clinical practice. The pro-
posed joint AA forecast models show encouraging prom-
ise in enhancing diagnostic accuracy for LN and lupus
disease status, which may help inform patient selection
and potentially reduce the financial burden of unnecessary
renal biopsies. Looking ahead, exploring the combination
of AA nutritional supplements with targeted biologics could
represent a worthwhile direction for future research. This
approach may hold the potential to optimize treatment out-
comes while minimizing the side effects of conventional
immunosuppressants for patients with SLE, LN, and other
rheumatic diseases. Continued exploration in this field
could ultimately contribute to better management strategies
and improved patient experiences.

@ Springer



56 Page 14 of 16

Z.-S. Guo et al.

Supplementary Information The online  version contains
supplementary material available at https://doi.org/10.1007/s00726-
024-03418-1.

Acknowledgements The authors would like to thank for the technical
support of Research Institute of Nephrology and Translational Medical
Center of the First Affiliated Hospital of Zhengzhou University. The
plasma samples were obtained from Biobank of The First Affiliated
Hospital of Zhengzhou University and Biobank of The First Affiliated
Hospital of Zhengzhou University National Human Genetic Resources
Sharing Service Platform (2005DKA21300) . All patients had
signed informed consent for donating their samples to Biobank of The
First Affiliated Hospital of Zhengzhou University. We also thank all
the patients and healthy volunteers for the participation in this study.

Author contributions Z.G. and M.L. conceived and conducted the ex-
periment, analyzed the experimental data and wrote manuscripts. D.L.
participated in the execution of the experiment and review and revision
the manuscript. C.Z., Q.Z. participated in the construction of the tech-
nical route of the experiment and was responsible for managing and
coordinating the planning and execution of research activities. Q.Z.
and Z.L. had the main supervision and leadership responsibility for the
planning and implementation of research activities, and approval the
final version. All authors reviewed the manuscript.

Funding Statement This research was supported by the Henan
Medical Science and Technology Research Program Joint Construc-
tion Project (Grant Nos. LHGJ20200290 and LHGJ20200328) and
the Henan Medical Science and Technique Foundation (Grant No.
SBGJ202103080).

Data availability No datasets were generated or analysed during the
current study.

Declarations
Competing interests The authors declare no competing interests.

Conflict of interest The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Ethics Statement This study and the associated protocols for sample
collection were approved by the Ethics Committee of the First Affili-
ated Hospital of Zhengzhou University (the ethical approval number:
NO. 2021-KY-0477-003). The research has been carried out in accor-
dance with the World Medical Association Declaration of Helsinki,
and informed consent was obtained from all individual participants
included in this study.

Disclosure All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated orga-
nizations, or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may be made
by its manufacturer, is not guaranteed or endorsed by the publisher.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share

@ Springer

adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/.

References

Almaani S, Meara A, Rovin BH (2017) Update on Lupus Nephritis.
Clin J] Am Soc Nephrol 12(5):825-835. https://doi.org/10.2215/
CJIN.05780616

Anders HJ, Saxena R, Zhao MH, Parodis I, Salmon JE, Mohan C
(2020) Lupus nephritis. Nat Rev Dis Primers 6(1):7. https://doi.
org/10.1038/s41572-019-0141-9

B’chir W, Maurin AC, Carraro V, Averous J, Jousse C, Muranishi Y et
al (2013) The elF2a/ATF4 pathway is essential for stress-induced
autophagy gene expression. Nucleic Acids Res 41(16):7683—
7699. https://doi.org/10.1093/nar/gkt563

Babizhayev MA, Seguin MC, Gueyne J, Evstigneeva RP, Ageyeva EA,
Zheltukhina GA (1994) L-carnosine (beta-alanyl-L-histidine) and
carcinine (beta-alanylhistamine) act as natural antioxidants with
hydroxyl-radical-scavenging and lipid-peroxidase activities. Bio-
chem J 304(Pt 2):509-516. https://doi.org/10.1042/bj3040509

Barbul A (1986) Arginine: biochemistry, physiology, and therapeutic
implications. JPEN J Parenter Enter Nutr 10(2):227-238. https://
doi.org/10.1177/0148607186010002227

Baylis C (2008) Nitric oxide deficiency in chronic kidney disease. Am
J Physiol Ren Physiol 294(1):F1-F9. https://doi.org/10.1152/
ajprenal.00424.2007

Bengtsson AA, Trygg J, Wuttge DM, Sturfelt G, Theander E, Donten M
et al (2016) Metabolic profiling of systemic lupus erythematosus
and comparison with primary Sjogren’s syndrome and systemic
sclerosis. PLoS ONE 11(7):e0159384. https://doi.org/10.1371/
journal.pone.0159384

Bird AK, Meednu N, Anolik JH (2015) New insights into B cell biol-
ogy in systemic lupus erythematosus and Sjogren’s syndrome.
Curr Opin Rheumatol 27(5):461-467. https://doi.org/10.1097/
BOR.0000000000000201

Chaudhary K, Shinde R, Liu H, Gnana-Prakasam JP, Veeranan-Kar-
megam R, Huang L et al (2015) Amino acid metabolism inhibits
antibody-driven kidney injury by inducing autophagy. J Immunol
194(12):5713-5724. https://doi.org/10.4049/jimmunol.1500277

Choi SC, Titov AA, Abboud G, Seay HR, Brusko TM, Roopenian DC
et al (2018) Inhibition of glucose metabolism selectively targets
autoreactive follicular helper T cells. Nat Commun 9(1):4369.
https://doi.org/10.1038/s41467-018-06686-0

Choi SC, Brown J, Gong M, Ge Y, Zadeh M, Li W et al (2020) Gut
microbiota dysbiosis and altered tryptophan catabolism contrib-
ute to autoimmunity in lupus-susceptible mice. Sci Transl Med
12(551):eaax2220. https://doi.org/10.1126/scitranslmed.aax2220

Fanouriakis A, Kostopoulou M, Andersen J et al (2024) EULAR rec-
ommendations for the management of systemic lupus erythema-
tosus: 2023 update. Ann Rheum Dis 83(1):15-29. https://doi.
org/10.1136/ard-2023-224762

Fernandez-Ochoa A, Brunius C, Borrds-Linares I et al (2020) Met-
abolic disturbances in urinary and plasma samples from seven
different systemic autoimmune diseases detected by HPLC-
ESI-QTOF-MS. J Proteome Res 19(8):3220-3229. https://doi.
org/10.1021/acs.jproteome.0c00179


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.2215/CJN.05780616
https://doi.org/10.2215/CJN.05780616
https://doi.org/10.1038/s41572-019-0141-9
https://doi.org/10.1038/s41572-019-0141-9
https://doi.org/10.1093/nar/gkt563
https://doi.org/10.1042/bj3040509
https://doi.org/10.1177/0148607186010002227
https://doi.org/10.1177/0148607186010002227
https://doi.org/10.1152/ajprenal.00424.2007
https://doi.org/10.1152/ajprenal.00424.2007
https://doi.org/10.1371/journal.pone.0159384
https://doi.org/10.1371/journal.pone.0159384
https://doi.org/10.1097/BOR.0000000000000201
https://doi.org/10.1097/BOR.0000000000000201
https://doi.org/10.4049/jimmunol.1500277
https://doi.org/10.1038/s41467-018-06686-0
https://doi.org/10.1126/scitranslmed.aax2220
https://doi.org/10.1136/ard-2023-224762
https://doi.org/10.1136/ard-2023-224762
https://doi.org/10.1021/acs.jproteome.0c00179
https://doi.org/10.1021/acs.jproteome.0c00179
https://doi.org/10.1007/s00726-024-03418-1
https://doi.org/10.1007/s00726-024-03418-1

Identification of amino acids metabolomic profiling in human plasma distinguishes lupus nephritis from...

Page 150f 16 56

Flodin NW (1997) The metabolic roles, pharmacology, and toxicology
of lysine. J] Am Coll Nutr 16(1):7-21. https://doi.org/10.1080/07
315724.1997.10718644

Frangou E, Georgakis S, Bertsias G (2020) Update on the cellular and
molecular aspects of lupus nephritis. Clin Immunol 216:108445.
https://doi.org/10.1016/j.clim.2020.108445

Furie R, Rovin BH, Houssiau F et al (2020) Two-Year, Randomized,
Controlled Trial of Belimumab in Lupus Nephritis. N Engl ] Med
383(12):1117-1128. https://doi.org/10.1056/NEJM0a2001180

Gergely P Jr, Grossman C, Niland B, Puskas F, Neupane H, Allam
F et al (2002) Mitochondrial hyperpolarization and ATP
depletion in patients with systemic lupus erythematosus.
Arthritis Rheum 46(1):175-190. https://doi.org/10.1002/1529-
0131(200201)46:1<175::AID-ART10015>3.0.CO;2-H

Gunnarsson I, Sundelin B, Jonsdottir T et al (2007) Histopathologic
and clinical outcome of rituximab treatment in patients with
cyclophosphamide-resistant proliferative lupus nephritis[J].
Arthritis Rheum 56(4):1263-1272. https://doi.org/10.1002/
art.22505

Heird WC (1998) Amino acids in pediatric and neonatal nutri-
tion. Curr Opin Clin Nutr Metab Care 1(1):73-78. https://doi.
org/10.1097/00075197-199801000-00012

Hochberg MC (1997) Updating the American College of Rheumatol-
ogy revised criteria for the classification of systemic lupus ery-
thematosus. Arthritis Rheum 40(9):1725. https://doi.org/10.1002/
art.1780400928

Huang J, Ladeiras D, Yu'Y, Ming XF, Yang Z (2021) Detrimental effects
of Chronic L-Arginine Rich Food on aging kidney. Front Pharma-
col 11:582155. https://doi.org/10.3389/fphar.2020.582155

Huang T, PuY, Wang X, LiY, Yang H, Luo Y, Liu Y (2022) Metabolomic
analysis in spondyloarthritis: a systematic review. Front Micro-
biol 13:965709. https://doi.org/10.3389/fmicb.2022.965709

Iwasaki Y, Takeshima Y, Nakano M, Okubo M, Ota M, Suzuki A et
al (2023) Combined plasma metabolomic and transcriptomic
analysis identify histidine as a biomarker and potential contribu-
tor in SLE pathogenesis. Rheumatology (Oxford) 62(2):905-913.
https://doi.org/10.1093/rheumatology/keac338

Kelly B, Pearce EL (2020) Amino assets: how amino acids support
immunity. Cell Metab 32(2):154—175. https://doi.org/10.1016/j.
cmet.2020.06.010

Kidney Disease (2024) Improving global outcomes (KDIGO)
Lupus Nephritis Work Group. KDIGO 2024 Clinical Practice
Guideline for the management of Lupus Nephritis. Kidney Int
105(1S):S1-S69

Lee GK, Park HJ, Macleod M et al (2002) Tryptophan depri-
vation sensitizes activated T cells to apoptosis prior to
cell division. Immunology 107(4):452-460. https://doi.
org/10.1046/j.1365-2567.2002.01526.x

Lee YT, Hsu CC, Lin MH, Liu KS, Yin MC (2005) Histidine and
carnosine delay diabetic deterioration in mice and protect
human low density lipoprotein against oxidation and glycation.
Eur J Pharmacol 513(1-2):145-150. https://doi.org/10.1016/j.
ejphar.2005.02.010

Li J, Xie XW, Zhou H, Wang B, Zhang MJ, Tang FY (2017) Metabolic
profiling reveals new serum biomarkers of lupus nephritis. Lupus
26(11):1166—1173. https://doi.org/10.1177/0961203317694256

Li R, Dai J, Kang H (2018) The construction of a panel of serum
amino acids for the identification of early chronic kidney disease
patients. J Clin Lab Anal 32(3):¢22282. https://doi.org/10.1002/
jcla.22282

LiJ, Ding H, Meng Y, Li G, Fu Q, Guo Q et al (2020) Taurine metab-
olism aggravates the progression of Lupus by promoting the
function of Plasmacytoid dendritic cells. Arthritis Rheumatol
72(12):2106-2117. https://doi.org/10.1002/art.41419

Luo Y, Wang L, Liu XY et al (2018) Plasma profiling of amino acids
distinguishes acute gout from asymptomatic hyperuricemia.

Amino Acids  50(11):1539-1548.  https://doi.org/10.1007/
s00726-018-2627-2

Manno C, Strippoli GF, Arnesano L et al (2004) Predictors of
bleeding complications in percutaneous ultrasound-guided
renal biopsy. Kidney Int 66(4):1570-1577. https:/doi.
org/10.1111/5.1523-1755.2004.00922.x

Morris SM Jr (2007) Arginine metabolism: boundaries of our
knowledge. J Nutr 137(6 Suppl 2):1602S-1609S. https://doi.
org/10.1093/jn/137.6.1602S

Muller AJ, Mandik-Nayak L, Prendergast GC (2010) Beyond immu-
nosuppression: reconsidering indoleamine 2,3-dioxygenase as
a pathogenic element of chronic inflammation. Immunotherapy
2(3):293-297. https://doi.org/10.2217/imt.10.22

Munn DH, Sharma MD, Baban B et al (2005) GCN2 kinase in T cells
mediates proliferative arrest and anergy induction in response to
indoleamine 2,3-dioxygenase. Immunity 22(5):633—642. https://
doi.org/10.1016/j.immuni.2005.03.013

Oon S, Wilson NJ, Wicks I (2016) Targeted therapeutics in SLE:
emerging strategies to modulate the interferon pathway. Clin
Transl Immunol 5(5):e79. https://doi.org/10.1038/cti.2016.26

Pekala J, Patkowska-Sokota B, Bodkowski R, Jamroz D, Nowakowski
P, Lochynski S et al (2011) L-carnitine-metabolic functions and
meaning in humans life. Curr Drug Metab 12(7):667-678. https://
doi.org/10.2174/138920011796504536

Pertovaara M, Hasan T, Raitala A, Oja SS, Yli-Kerttula U, Korpela M
et al (2007) Indoleamine 2,3-dioxygenase activity is increased in
patients with systemic lupus erythematosus and predicts disease
activation in the sunny season. Clin Exp Immunol 150(2):274-
278. https://doi.org/10.1111/j.1365-2249.2007.03480.x

Peters H, Border WA, Riickert M, Kramer S, Neumayer HH,
Noble NA (2003) L-arginine supplementation acceler-
ates renal fibrosis and shortens life span in experimental
lupus nephritis. Kidney Int 63(4):1382—-1392. https://doi.
org/10.1046/j.1523-1755.2003.00881.x

Pillai SM, Herzog B, Seebeck P, Pellegrini G, Roth E, Verrey F (2019)
Differential Impact of Dietary branched chain and aromatic
amino acids on chronic kidney disease progression in rats. Front
Physiol 10:1460. https://doi.org/10.3389/fphys.2019.01460

Popolo A, Adesso S, Pinto A, Autore G, Marzocco S (2014) L-Argi-
nine and its metabolites in kidney and cardiovascular disease.
Amino Acids 46(10):2271-2286.  https://doi.org/10.1007/
s00726-014-1825-9

Proud CG (2002) Regulation of mammalian translation factors
by nutrients. Eur J Biochem 269(22):5338-5349. https://doi.
org/10.1046/j.1432-1033.2002.03292.x

Ravishankar B, Liu H, Shinde R, Chandler P, Baban B, Tanaka M et
al (2012) Tolerance to apoptotic cells is regulated by indoleamine
2,3-dioxygenase. Proc Natl Acad Sci U S A 109(10):3909-3914.
https://doi.org/10.1073/pnas.1117736109

Rodriguez PC, Quiceno DG, Ochoa AC (2007) L-arginine
availability regulates T-lymphocyte cell-cycle progres-
sion. Blood 109(4):1568-1573.  https://doi.org/10.1182/
blood-2006-06-031856

Rovin BH, Furie R, Latinis K et al (2012) Efficacy and safety of
Rituximab in patients with active proliferative lupus nephritis:
the lupus nephritis assessment with rituximab study[J]. Arthritis
Rheum 64(4):1215-1226. https://doi.org/10.1002/art.34359

Sharabi A, Tsokos GC (2020) T cell metabolism: new insights
in systemic lupus erythematosus pathogenesis and therapy.
Nat Rev Rheumatol 16(2):100-112. https://doi.org/10.1038/
s41584-019-0356-x

Sinclair LV, Rolf J, Emslie E et al (2014) Control of amino-acid
transport by antigen receptors coordinates the metabolic repro-
gramming essential for T cell differentiation [published cor-
rection appears in Nat Immunol. ;15(1):109]. Nat Immunol.
2013;14(5):500-508. https://doi.org/10.1038/ni.2556

@ Springer


https://doi.org/10.1007/s00726-018-2627-2
https://doi.org/10.1007/s00726-018-2627-2
https://doi.org/10.1111/j.1523-1755.2004.00922.x
https://doi.org/10.1111/j.1523-1755.2004.00922.x
https://doi.org/10.1093/jn/137.6.1602S
https://doi.org/10.1093/jn/137.6.1602S
https://doi.org/10.2217/imt.10.22
https://doi.org/10.1016/j.immuni.2005.03.013
https://doi.org/10.1016/j.immuni.2005.03.013
https://doi.org/10.1038/cti.2016.26
https://doi.org/10.2174/138920011796504536
https://doi.org/10.2174/138920011796504536
https://doi.org/10.1111/j.1365-2249.2007.03480.x
https://doi.org/10.1046/j.1523-1755.2003.00881.x
https://doi.org/10.1046/j.1523-1755.2003.00881.x
https://doi.org/10.3389/fphys.2019.01460
https://doi.org/10.1007/s00726-014-1825-9
https://doi.org/10.1007/s00726-014-1825-9
https://doi.org/10.1046/j.1432-1033.2002.03292.x
https://doi.org/10.1046/j.1432-1033.2002.03292.x
https://doi.org/10.1073/pnas.1117736109
https://doi.org/10.1182/blood-2006-06-031856
https://doi.org/10.1182/blood-2006-06-031856
https://doi.org/10.1002/art.34359
https://doi.org/10.1038/s41584-019-0356-x
https://doi.org/10.1038/s41584-019-0356-x
https://doi.org/10.1038/ni.2556
https://doi.org/10.1080/07315724.1997.10718644
https://doi.org/10.1080/07315724.1997.10718644
https://doi.org/10.1016/j.clim.2020.108445
https://doi.org/10.1056/NEJMoa2001180
https://doi.org/10.1002/art.22505
https://doi.org/10.1002/art.22505
https://doi.org/10.1097/00075197-199801000-00012
https://doi.org/10.1097/00075197-199801000-00012
https://doi.org/10.1002/art.1780400928
https://doi.org/10.1002/art.1780400928
https://doi.org/10.3389/fphar.2020.582155
https://doi.org/10.3389/fmicb.2022.965709
https://doi.org/10.1093/rheumatology/keac338
https://doi.org/10.1016/j.cmet.2020.06.010
https://doi.org/10.1016/j.cmet.2020.06.010
https://doi.org/10.1046/j.1365-2567.2002.01526.x
https://doi.org/10.1046/j.1365-2567.2002.01526.x
https://doi.org/10.1016/j.ejphar.2005.02.010
https://doi.org/10.1016/j.ejphar.2005.02.010
https://doi.org/10.1177/0961203317694256
https://doi.org/10.1002/jcla.22282
https://doi.org/10.1002/jcla.22282
https://doi.org/10.1002/art.41419

56 Page 16 of 16

Z.-S. Guo et al.

Smith KG, Jones RB, Burns SM et al (2006) Long-term comparison of
rituximab treatment for refractory systemic lupus erythematosus
and vasculitis: remission, relapse, and re-treatment[J]. Arthritis
Rheum 54(9):2970-2982. https://doi.org/10.1002/art.22046

Souto-Carneiro M, Toth L, Behnisch R et al (2020) Differences in
the serum metabolome and lipidome identify potential biomark-
ers for seronegative rheumatoid arthritis versus psoriatic arthri-
tis. Ann Rheum Dis 79(4):499-506. https://doi.org/10.1136/
annrheumdis-2019-216374

Suthanthiran M, Anderson ME, Sharma VK, Meister A (1990) Glu-
tathione regulates activation-dependent DNA synthesis in highly
purified normal human T lymphocytes stimulated via the CD2
and CD3 antigens. Proc Natl Acad Sci U S A 87(9):3343-3347.
https://doi.org/10.1073/pnas.87.9.3343

Suwannaroj S, Lagoo A, Keisler D, McMurray RW (2001) Antioxi-
dants suppress mortality in the female NZB x NZW F1 mouse
model of systemic lupus erythematosus (SLE). Lupus 10(4):258—
265. https://doi.org/10.1191/096120301680416940

Vigna-Perez M, Hernandez-Castro B, Paredes-Saharopulos O et
al (2006) Clinical and immunological effects of Rituximab in
patients with lupus nephritis refractory to conventional ther-
apy: a pilot study[J]. Arthritis Res Ther 8(3):R83. https://doi.
org/10.1186/ar1954

Wang W, Zou W (2020) Amino acids and their transporters in T cell
immunity and Cancer therapy. Mol Cell 80(3):384-395. https://
doi.org/10.1016/j.molcel.2020.09.006

Weening JJ, D’ Agati VD, Schwartz MM, Seshan SV, Alpers CE, Appel
GB et al (2004) The classification of glomerulonephritis in sys-
temic lupus erythematosus revisited. J Am Soc Nephrol 15(2):241—
250. https://doi.org/10.1097/01.asn.0000108969.21691.5d

@ Springer

Wei J, Raynor J, Nguyen TL, Chi H (2017) Nutrient and metabolic
sensing in T cell responses. Front Immunol 8:247. https://doi.
org/10.3389/fimmu.2017.00247

Wiklund S, Johansson E, Sjostrom L et al (2008) Visualization of GC/
TOF-MS-based metabolomics data for identification of biochem-
ically interesting compounds using OPLS class models[J]. Anal
Chem 80:115-122. https://doi.org/10.1021/ac0713510

Yan B, Huang J, Zhang C, Hu X, Gao M, Shi A et al (2016) Serum
metabolomic profiling in patients with systemic lupus erythema-
tosus by GC/MS. Mod Rheumatol 26(6):914-922. https://doi.org
/10.3109/14397595.2016.1158895

Yan Y, Huang L, Liu Y et al (2022) Metabolic profiles of regulatory
T cells and their adaptations to the tumor microenvironment:
implications for antitumor immunity. J Hematol Oncol 15(1):104.
https://doi.org/10.1186/s13045-022-01322-3

Yung S, Yap DY, Chan TM (2020) A review of advances in the under-
standing of lupus nephritis pathogenesis as a basis for emerg-
ing therapies. FI000Res 9 F1000 Faculty Rev-905. https:/doi.
org/10.12688/f1000research.22438.1

Zhou C, Zhang Q, Lu L, Wang J, Liu D, Liu Z (2021) Metabolomic
profiling of amino acids in human plasma distinguishes Diabetic
kidney Disease from type 2 diabetes Mellitus. Front Med (Laus-
anne) 8:765873. https://doi.org/10.3389/fmed.2021.765873

Zhou X, Zhang W, Ouyang Z (2022) Recent advances in on-site mass
spectrometry analysis for clinical applications. Trends Analyt
Chem 149:116548. https://doi.org/10.1016/j.trac.2022.116548

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.3389/fimmu.2017.00247
https://doi.org/10.3389/fimmu.2017.00247
https://doi.org/10.1021/ac0713510
https://doi.org/10.3109/14397595.2016.1158895
https://doi.org/10.3109/14397595.2016.1158895
https://doi.org/10.1186/s13045-022-01322-3
https://doi.org/10.12688/f1000research.22438.1
https://doi.org/10.12688/f1000research.22438.1
https://doi.org/10.3389/fmed.2021.765873
https://doi.org/10.1016/j.trac.2022.116548
https://doi.org/10.1002/art.22046
https://doi.org/10.1136/annrheumdis-2019-216374
https://doi.org/10.1136/annrheumdis-2019-216374
https://doi.org/10.1073/pnas.87.9.3343
https://doi.org/10.1191/096120301680416940
https://doi.org/10.1186/ar1954
https://doi.org/10.1186/ar1954
https://doi.org/10.1016/j.molcel.2020.09.006
https://doi.org/10.1016/j.molcel.2020.09.006
https://doi.org/10.1097/01.asn.0000108969.21691.5d

	﻿Identification of amino acids metabolomic profiling in human plasma distinguishes lupus nephritis from systemic lupus erythematosus
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Human subjects
	﻿Preparation of internal standard solution, standard solution and standard curve
	﻿Data processing and statistical analysis

	﻿Results
	﻿The metabolic profiles of 20 plasma AAs significantly differ in LN and SLE patients
	﻿Plasma profiles of arg and Trp distinguish LN patients from healthy individuals
	﻿Plasma profiles of arg and asn distinguish SLE patients from healthy individuals
	﻿Lys, Trp, His, and Asn may be the main differential AA profiles in the Progression of SLE patients to LN
	﻿The plasma levels of Arg in SLE and LN patients may be related to lupus disease status
	﻿The Lys, His, and Trp Key AAs are significantly related to the progress of LN disease
	﻿The joint forecast models predict LN and lupus disease status patients with excellent predictive performance

	﻿Discussion
	﻿Conclusion
	﻿References


