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ABSTRACT

Objective: To systematically identify early biomarkers of cisplatin-induced acute kidney injury (AKI) in rats.

Study Design: An experimental study.

Place and Duration of the Study: Experimental Animal Laboratory of Lanzhou University, Gansu, China, and the Department of
Pharmacy, The First Hospital of Lanzhou University, Gansu, China, from July 2022 to October 2023.

Methodology: In this study, an AKI model was established by continuously injecting cisplatin into rats at a dose of 1 mg/kg once a
day for control group and for 2, 3, 4, and 5 days to other four groups, respectively. Subsequently, rat plasma samples were collected
for metabolomics analysis to identify early differentiated metabolites in the plasma prior to creatinine elevation. Furthermore, accu-
rate HPLC-MS/MS methods were developed to validate the biomarker variation in other AKI models.

Results: The occurrence of time-dependent renal cortical injury and significant alterations of creatinine (Cr) concentration were
observed on day-4 and 5, which demonstrated successful model construction. Sixty-six compounds changed on Day-2 while 61
compounds changed on Day-3. Eleven compounds with variable importance in projection (VIP) >1.5 and false discover rate (FDR)
<0.2 were selected and identified by HPLC-MS/MS. Among these, N-acetylglutamine and citramalic acid changed earlier than serum

creatinine (sCr) in the AKI model.

Conclusion: N-acetylglutamine and citramalic acid may serve as early biomarker of cisplatin-induced AKI.
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INTRODUCTION

Acute kidney injury (AKI) is a common clinical emergency
characterised by increased serum creatinine (sCr) levels and
decreased urine output within 7 days, leading to a rapid decline
in kidney function. Despite advances in medical science, the
mortality rate associated with AKI remains high and has been
increasing over the past 50 years, resulting in significant socio-
economic and public health impacts.” The clinical assessment
of AKl largely depends on the sCrlevel,’ a breakdown product of
creatineand phosphocreatine, mostof whichisfreelyfiltered by
the glomeruli and has been the gold standard for nearly a
century.* However, sCr has several limitations as an indirect
indicator of renal injury, particularly a time lag in identifying
damage.
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Additionally, sCr levels may remain unaltered even in cases of
severerenalimpairmentifthe patient has sound underlying renal
function.’ Therefore, identifying additional markers to assess the
pathological condition of the kidney and supplementing and
confirming creatinine (Cr) evaluation is positively significant for
the preventionandtreatmentof AKI.

Cisplatin, a highly effective metal-containing chemotherapeutic
agent, is extensively used to treat various types of solid
tumours. Reports indicate that the annual global sales of plat-
inum chemotherapeutic agents exceed two billion dollars, with
nearly 50% of cancer patients being treated with cisplatin.®’

Metabolomics, which analyses small molecular metabolites, uses
advancedtechniquesinanalytical chemistry to detect alterations
in metabolic profiles. The rapid development of meta-bolomics
has led to the discovery of numerous disease bio-markers and
markers forvarious organinjuries. In the case of cisplatin-induced
AKI, specific proteins and metabolites are produced and accumu-
late in urine. These metabolites may serve as early markers
reflecting cisplatin-induced AKI.*® However, no studies identified
toidentifyearly orpredictivemetabolomicmarkersforcisplatin-in-
duced AKI. The objective of this study was to systematically iden-
tify early biomarkersof cisplatin-induced AKlinrats.
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METHODOLOGY

This experimental study was conducted from 1% July 2022 to 30"
October 2023 in the Experimental Animal Laboratory of
Lanzhou University, and the Department of Pharmacy, The First
Hospital of Lanzhou University. Review Committee’s approval
was obtained (Approval no. LDYYLL2021-168, Dated: 3" March
2021).

Citramalic acid, acetonitrile, and methanol were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). Cisplatin was
purchased from the First Hospital of Lanzhou University.
Proline, leucine, N-acetylglutamine, threonic acid, 1-methylhis-
tidine, glyceric acid, 3-Hydroxybutyric acid, glutaconic acid,
and L-isovelarylcarnitine were purchased from Energy Chem-
ical Co., Ltd. Shanghai, China. Chromatography-grade acetoni-
trile and methanol were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA), along with all other analytical-grade chemi-
cals.

Specific pathogen-free (SPF) male SD rats, weighing 222 - 235
g, were obtained from the Veterinary Research Institute, Aca-
demy of Agricultural Sciences (license number: SCXK-2022-
0002). Therats were housedin suitable enclosures under condi-
tions of 24°C temperature and 40% humidity, with a light / dark
cycle of 12 hours. They had unrestricted access to water and
food.

After 7 days of adaptation, the rats were randomly divided into
five groups; a control group and four model groups. The control
group was injected with saline 0.9% once, the Day 2 group was
injected with cisplatin (1 mg/kg) once a day for 2 days, while the
Day 3, Day 4, and Day 5 groups were injected with cisplatin (1
mg/kg) once a day for 3 days, 4 days, and 5 days, respectively.
Each rat was anaesthetised and weighed, and then blood
samples were collected via the abdominal aortic method 12
hours after the last injection of cisplatin. The kidneys were
dissected atthesametime.

Additionally, other rats were divided into five groups: The
control group received intraperitoneal injections of 0.9%
normal saline; the model group received intraperitoneal injec-
tions of lipopolysaccharide (LPS, 10 mg/kg) toinduce septic AKI.
The control group underwent anaesthesia, and blood collection
occurred 4 hours after injection, while the model groups
received LPS injections at 1 hour, 2 hours, and 3 hours, respec-
tively. Blood collection took place after a total of 4 hours under
anaesthesia.

Similarly, rats were divided into five groups. The control group
received a single intraperitoneal injection of 0.9% normal
saline, while the model groups received intraperitoneal injec-
tions of gentamicin (80 mg/kg) once daily for 2, 3, 5, and 7
consecutive days, respectively. Anaesthesia and blood collec-
tionwere performed 12 hours afterthe finaladministration.

The kidney tissues were carefully collected and subsequently
fixedina4% paraformaldehydesolutionformorphologicalanal-

ysis using haematoxylin and eosin (H&E) staining. Following
centrifugation ofthe blood samplesat 3,000 rpm for 10 minutes
at4°C, plasmawasseparated and stored at-80°Cfor metabolic
analysis.

Thekidney tissues were fixed in a 4% formaldehyde solution for
a duration of 7 days. Following fixation, the tissues were
embedded in paraffin and subsequently sliced into sections
measuring 5 um in thickness. These sections were then
subjected to staining with H&E and examined under a BX51
light microscope. Subsequently, an impartial researcher, who
was unaware of the experimental groupings evaluated the
pathological alterations observedinthekidneytissue.

All endogenous compounds were quantified using UPLC. For
liquid chromatography, a Xevo TQS series UPLC system withan
ACQUITY UPLC™ BEH C18 1.7 pm analytical column (2.1*150
mm, 3.5um) was used. The mobile phase consisted of water
with 0.1% formic acid (A) and acetonitrile (B) with a flow rate of
0.4 ml/min. The elution procedure was as follows: 0-1 min (95%
A), 1.1-11min (95-22% A), 11.1-13.5 min (22-5% A), 13.6-14
min (5-0% A), and finally from 14.1-16 min to reach back to the
initial condition of the mobile phase ata concentration of95% A
untilthe end of the run at the 18" minute. Column temperature
wasmaintained ataconstantvalue of 30 °C.

The quantification of the eleven potential differential metabo-
lites was performed by HPLC using an HPLC system from Waters,
MA, USA, equipped with a Waters HPLC Agilent C18 analytical
column measuring dimensions of 2.1 *150 mm and particle size
being equal to 3.5 um. The mobile phase consisted of water
containing 0. % formic acid (A) and methanol (B). Column
temperature was maintained ata constantvalue of30°C.

The levels of kidney injury molecule-1 (KIM-1) were quantified
using the enzyme-linked immunosorbent assay (ELISA).
Biochemical indicators, such as creatinine, cystatin C (Cys-C),
and blood urea nitrogen (BUN), were measured using reagent
test kits and a biochemical automatic analyzer. The experi-
mental procedures followed the manufacturer's instructions.
Briefly, sCrlevels were determined by employing the sarcosine
oxidase substrate method, while BUN levels were assessed
using urease-glutamate dehydrogenase substrates.

Statistical analysis of potential biomarkers was conducted
using SPSS 19.0 (IBM Corp., USA). The data were analysed
using the independent samples t-tests, non-parametric tests,
and one-way ANOVA analysis. Results with p-values less than
0.050r0.01 were considered statistically significant.

RESULTS

As depicted in Figure 1A, the examination of body weight indi-
cated that cisplatin exhibited a decelerating effect on the
declineinbody weight when comparedto the control group rats.
Byday 5, thebodyweightofratsinthe modelgroup wascompar-
atively lower.
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Figure 1: Physiological and pathological evaluation of cisplatin-induced AKI (A) Analysis of body weight between control and treatment groups;
(B) Determination of serum biochemical indices sCr, BUN, Cys-C, and KIM-1 in rats treated with cisplatin; (C) Histological observation by H&E

staining of the kidney. (n = 6, *p <0.05, **p <0.01, ***p <0.001, vs. control).
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Figure 2: Metabonomics of rat serum (A) PCA score plots of experimental rats after cisplatin treatment; (B) The types of compounds in the
differential metabolome; (C) Heatmaps of metabolic profiles in the serum of day 2; (D) Heatmaps of metabolic profiles in the serum of day 3. Red
colours indicate an increase while blue indicates a decrease; (E) Relative abundance changes in serum of day 2; (F) Relative abundance changes in
serum of day 3; (G) Metabolic pathway analysis in the serum of day 2; (H) Metabolic pathway analysis in the serum of day 3 (n = 5).
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Figure 3: Screening and identification of biomarker; (A) Determination of biomarkers of serum samples from rats treated with cisplatin; (B)
Determination of available biochemical indices: N-acetylglutamine and citramalic acid of serum samples from rats treated with gentamicin; (C) N-
acetylglutamine and citramalic acid of serum samples from rats treated with LPS (n=6, *p <0.05, **p <0.01, ***p <0.001, vs. control).

The concentration of Cr and BUN was increased significantly
on day 4 and day 5, while the concentration of Cys-C and
KIM-1 significantly increased on day-5 with rats in the control
group (Figure 1B). Reversible changes in kidney morphology
were observed over time, indicating the presence of injury.
By day 5, there was obvious inflammation (green arrow) and
tubular dilatation (red arrow). This was consistent with the
trend in sCr (Figure 1C).

To assess changes in biochemical parameters due to
cisplatin, serum was collected for metabolomic analysis.
Cisplatin treatment on day 5 resulted in a distinct separation
of principal component analysis (PCA) score plots for the
control group (Figure 2A). The proportion of differential
metabolite components extracted from the metabolome is
illustrated in Figure 2B. Moreover, an examination uncovered
alterations in the metabolic profile over time when exposed
to cisplatin-induced toxicity, with some metabolites
significantly altered earlier than creatinine on day 2 (Figure
2C).

On day 2 after cisplatin administration, a total of 66 serum
metabolites exhibited significant differences based on the p
<0.05, FDR <0.2, and VIP >1. To investigate their evolu-
tionary patterns, correlated heat maps were generated.
Figure 2D depicts changes in the relative abundance of

various small molecules. The time dependence of carbo-
hydrate, carnitine, and phenylpropionic acid was signifi-
cantly reduced, while amino acid and carbohydrate showed
a significant increase. Similarly, on day 3, a total of 61
different metabolites were identified from serum (Figure 2 E
and F), meeting the inclusion criteria: p <0.05, FDR <0.2,
and VIP >1.

Furthermore, Metaboanalyst was utilised to perform meta-
bolic pathway analysis, which revealed changes in
metabolites present in the serum and identified modified
pathways within the Kyoto Encyclopaedia of Genes and
Genomes (KEGG) database (Figure 2G and H). The analysis
revealed alterations in the biosynthesis of aminoacyl-tRNA,
as well as the biosynthesis and breakdown of valine, leucine,
and isoleucine. Additionally, changes were observed in the
metabolism of glycine, serine, and threonine along with
cyanoamino acid metabolism during day 2 and 3.

To identify a biomarker with better sensitivity than creati-
nine, eleven biomarkers were screened that changed
significantly and simultaneously after day 2 and day 3 of
cisplatin administration. An HPLC-MS/MS method was
established to identify and quantify these 11 biomarkers.
The authors demonstrated that threonic acid and citramalic
acid exhibited a time-dependent increase, starting on day 3
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compared to the controls; N-acetylglutamine also showed an
increase from day 3 onwards; erythronic acid, proline,
leucine, and serine underwent slight changes on day 2, 3,
and 4 (Figure 3A). To verify the universality of threonic acid,
citramalic acid and N-acetylglutamine, sepsis- and
gentamicin-induced AKI models were established. The
results show that the concentrations of N-acetylglutamine
and citramalic acid remained significantly increased after
AKI, while threonic acid did not change (Figure 3 B and C).

DISCUSSION

In this study, a systematic biological approach was employed
to analyse key metabolites and their metabolic pathways by
assessing the plasma of rats treated with cisplatin. There
were significant changes in metabolites in the plasma of rats
after cisplatin treatment, but pathological damage and
creatinine levels did not show significant differences.
Compared with the control group, 66 and 61 compounds on
day 2 and day 3 were changed in AKI rats, respectively.
After validation, the authors found that changes in N-
acetylglutamine and citrulline levels preceded changes in Cr
levels and could potentially be an early biomarker.

The VIP of tryptophan and rhamnose were greater than
those of N-acetylglutamine and citramalic acid, which
suggested a greater contribution in AKI. However, the
authors did not identify these as a potential biomarker
because of an inconsistent trend, in which they increased on
day 2 and decreased on day 5. Similarly, the VIP of carnitine
was greater than that of N-acetylglutamine, but its trace
amount in the measured plasma and its time-dependent
decline suggested that it is not suitable as a biomarker.
Threonic acid showed a time-dependent increase in rat
plasma (Figure 3A), but there were large individual
differences in human plasma, limiting its value as a
biomarker. As the concentration of N-acetylglutamine is
stable in healthy people, they have the best potential to
serve as an early biomarker of AKI.

Citramalic acid is a fatty acid and has long been found to
increase significantly in concentration in patients with
bacterial meningitis.'® Zhang et al. reported that the
concentration of citramalic acid in the serum of diabetic
nephropathy patients is increased, and it may serve as a
potential marker of diabetic nephropathy.** Sirtuin 3 (sirt3),
nuclear farnesoid X, and Sirtuin 5 (sirt5) modulate fatty acid
oxidation and attenuate cisplatin-induced AKI by protecting
the proximal tubule,”** while fatty acid-binding protein 4
modulates fatty acid levels and attenuates sepsis-induced
AK1.* This study found that citramalic acid was increased in
cisplatin-induced AKI and sepsis AKI, indicating that the
above proteins may contribute to the metabolism of
citramalic acid.

Arendowski et al. reported that N-acetylglutamine can be
used as a metabolic biomarker for renal cancer.' It was also
reported that its levels were significantly increased in the
urine of mice with sepsis-induced AKI, a finding consistent
with this study’s results; its plasma concentration was also
significantly increased in rats with sepsis-induced AKI (Figure
3C). The potential of glucose as a marker of AKI has been
reported,” but N-acetylglutamine appears to have better
specificity. Unfortunately, the upstream and downstream
metabolic pathways for this compound are still unknown.

The molecular mechanism of cisplatin-AKI has not been
determined. There are possible mechanisms by which organic
transporters increase drug uptake by the kidney;" this was
followed by cisplatin-mediated decreases in the expression
and function of the sodium-dependent glucose and amino
acid transporter.’® In addition, cisplatin is metabolised to
cisplatin-glutathione and the cisplatin-cysteinyl-glycine
conjugate is also a factor.”® Production of reactive oxygen
species may also contribute to AKI.”* Portilla et al. reported
that inhibition of fatty acid oxidation in the proximal tubule
induces hyperlipidaemia and accumulation of triglycerides
and non-esterified fatty acids in the kidney.” Luo et al.
demonstrated that the mRNA level and enzyme activity of
acyl-CoA dehydrogenase in mitochondria were significantly
decreased.” Hu et al. showed that the activation of MYH9 by
upregulation of APE2 expression is an important cause of
cisplatin-induced AKI.** The role and mechanism of citramalic
acid and N-acetylglutamine in AKI remain to be determined.

CONCLUSION

Analysis of the metabolic pathways of differentiation meta-
bolites in the plasma found that a change in N-acetyl-
glutamine and citramalic acid levels preceded the change in
creatinine in cisplatin-AKI. An LC MS/MS method developed
and replicated this finding in sepsis- and gentamicin-induced
AKI models which suggest that these metabolites may serve
as an early biomarker of AKI.
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