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A pilot study on the differential
urine proteomic profile of
subjects with
community-acquired acute
kidney injury who recover versus
those who do not recover
completely at 4 months after
hospital discharge
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Ashok Kumar Yadav'*

!Department of Experimental Medicine & Biotechnology, Postgraduate Institute of Medical Education
and Research, Chandigarh, India, 2Department of Nephrology, Postgraduate Institute of Medical
Education and Research, Chandigarh, India

Background: Community-acquired acute kidney injury (CA-AKI) is a sudden
structural damage and loss of kidney function in otherwise healthy individuals
outside of hospital settings having high morbidity and mortality rates worldwide.
Long-term sequelae of AKI involve an associated risk of progression to chronic
kidney disease (CKD). Serum creatinine (SCr), the currently used clinical
parameter for diagnosing AKI, varies greatly with age, gender, diet, and muscle
mass. In the present study, we investigated the difference in urinary proteomic
profile of subjects that recovered (R) and incompletely recovered (IR) from CA-
AKI, 4 months after hospital discharge.

Methods: Study subjects were recruited from ongoing study of CA-AKI cohort.
Patients with either sex or age > 18 years with no underline CKD were enrolled at
the time of hospital discharge. Incomplete recovery from CA-AKI was defined as
eGFR <60 mL/min/1.73 m2 or dialysis dependence at 4 months after discharge.
Second-morning urine samples were collected, and proteome analysis was
performed with LC-MS/MS. Data were analyzed by Proteome Discoverer
platform 2.2 (Thermo Scientific) using statistical and various bioinformatics
tools for abundance of protein, cellular component, protein class and biological
process were analyzed in the recovered and incompletely recovered groups.

Results: A total of 28 subjects (14 in each group) were enrolled. Collectively,
2019 peptides and proteins with 30 high-abundance proteins in the
incompletely recovered group (R/IR <0.5, abundance ratio adj. p-value <0.05)
and 11 high-abundance proteins in the incompletely recovered group (R/
IR >2.0, abundance ratio adj. p-value <0.05) were identified. Tissue specificity
analysis, GO enrichment analysis, and pathway enrichment analysis revealed
significant proteins in both the groups that are part of different pathways and
might be playing crucial role in renal recovery during the 4-month span after
hospital discharge.
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Conclusion: In conclusion, this study helped in identifying potential proteins
and associated pathways that are either upregulated or downregulated at the
time of hospital discharge in incompletely recovered CA-AKI patients that can
be further investigated to check for their exact role in the disease progression

or repair.
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Introduction

Acute kidney injury (AKI) is a complex disorder with a sudden
decrement in kidney function, involving structural damage and
loss of kidney function. Since it has mixed etiologies that include
glomerulonephritis, interstitial nephritis, nephrotoxicity, ischemia,
and sepsis, this syndrome lacks distinct pathophysiology (1, 2). The
causes of AKI in low-and middle-income countries vary from
those in high-income countries. In high-income countries, sepsis,
multiorgan failure, and toxic effects from drugs seem to be one of
the most common causes. However, in low-and middle-income
countries (LMICs), it is more frequently seen in young ones, and
the situation is worsened by incidences of malaria, HIV/AIDS, and
dengue, but in rural areas of LMIC, AKI is generally community-
acquired instead of hospital-acquired, accompanied by suboptimal
antenatal care, poor regulation of indigenous medical practices,
consumption of unclean water, diarrhea, so on (3, 4). CA-AKI
mostly occurs in one’s community and household area due to
infections, malaria, diarrheal diseases, without any previous
hospital contact, and mostly in subjects which are otherwise healthy.

Renal damage due to AKI is not ephemeral. AKI provides a ground
for the subsequent progression into chronic kidney disease (CKD). The
body’s own instinct and effector mechanisms to protect itself from any
disease do follow after AKI. Nevertheless, certain factors such as
cellular stress, genetic stress, old age, and pre-existing comorbidities
such as hypertension and diabetes, render the AKI affected individual
susceptible to maladaptive repair of damaged renal cells, eventually
leading to CKD (5-7). Hence, efforts are being made by researchers to
facilitate early prediction of AKI progression to CKD. The widely used
criteria for determining AKI are by measuring serum creatinine (SCr)
levels, urine output, and glomerular filtration rate (GFR). Unfortunately,
these parameters are often misleading since they fluctuate with age,
gender, muscle mass, and diet which decreases the accuracy of the
kidney health assessment (8, 9). Many other urinary and serum
biomarkers predicting AKI outcomes have been found, for instance,
neutrophil gelatinase-associated lipocalin (NGAL), L-type fatty acid-
binding protein (L-FABP), kidney injury molecule-1 (KIM-1), tissue
inhibitor of metalloproteinases 2 (TIMP-2), insulin-like growth factor-
binding protein 7 (IGFBP7), cystatin C, netrin-1, and uromodulin
(UMOD) (10-12). Various biomarkers for AKI incidence and
progression to CKD using proteomics have been identified including
exosomal fetuin-A (13, 14), zinc-a-2-glycoprotein (15), aprotinin (16),
a-1 microglobulin (15, 17, 18), a-1 acid glycoprotein (15), albumin
(15), p-2 microglobulin (17, 19), hepcidin-25 (20, 21), and uromodulin
(12), although TIMP-2 and IGFBP?7 are the only two FDA-approved
biomarkers in the US and Europe (22).
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CA-AKI is quite divergent in terms of epidemiology and clinical
profile from HA-AKI. So, biomarkers are being evaluated for both
types of AKI that occur in different settings. Despite the substantial
research in the understanding of AKI to CKD progression, the
identification of potential biomarkers that can predict CA-AKI to CKD
transition and reduce or halt the impact of progressing CKD is still
under investigation. There is a knowledge gap in why some patients do
not recover completely even when their baseline characteristics have
reached safe levels as those who recover completely after hospital
discharge. In the present study, we aim to identify the proteins that are
differentially expressed at the time of hospital discharge in patients
with CA-AKI who do not recover completely as compared to those
who recover completely at 4 months after hospital discharge for their
utilization as predictive biomarkers for AKI to CKD development.

Materials and methods
Study population

The study subjects were enrolled from the observational study of
CA-AKI cohort at PGIMER, Chandigarh, India, between February
2017 and January 2020 (23). All subjects admitted at PGIMER,
Chandigarh, and between the age of 18 and 70years who were
diagnosed with AKI at any time during hospital stay and discharged
from hospital were eligible for screening. Patients were categorized
under CA-AKI only if the subject developed AKI at the time of hospital
admission within 48h of initial contact with healthcare services.
Subjects were not enrolled in the study if they were solid organ or bone
marrow transplant recipients, suspected diagnosed case of heart failure
with functional class 3 or 4 or high likelihood of underlying CKD as
determined by treating physician based on clinical and laboratory
parameters and nephropathy as the cause of AKI and patients with
pre-existing CKD with baseline CKD EPI eGFR<60 mL/min/1.73m?
prior to onset of illness. Written informed consent was obtained from
each patient, and the study was approved from the Institute Ethic
committee of PGIMER, Chandigarh. All procedures were performed
in accordance with the Declaration of Helsinki guidelines.

Study conduct and follow-up

Baseline characteristics, clinical and laboratory data including
detailed urine analysis, and demographic details of the patients were
collected after enrollment and at the time of discharge. Second-
morning midstream urine samples were collected at the time of
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hospital discharge and processed by low-speed centrifugation for
10 min, 2000 x g at room temperature. The supernatant was collected
and stored at —80°C for proteomic analysis. The subjects had
scheduled follow-up visits at 1 and 4months after discharge. All
clinical events occurring in enrolled subjects and laboratory
parameters were documented at every follow-up visit.

Recovery and incomplete recovery from
CA-AKI

Renal recovery was defined as eGFR (CKD EPI-2009) > 60 mL/
min/1.73m? and spot wurine protein-to-creatinine ratio
(uPCR) <500 mg/g at 4 month after hospital discharge. Patients with
eGFR<60mL/min/1.73m” or dialysis dependent at 4month after
discharge were defined as incomplete renal recovery.

Proteomic urine sample preparation

Urine samples from CA-AKI patients were subjected to
preparation for proteomic analysis by modifying the method from
Court et al. (24). The proteins in the 1mL urine sample were
precipitated, solubilized, reduced, and alkylated. Protein concentration
was measured using bicinchoninic acid protein assay (BCA) and
proceeded with 200 pug protein concentration for trypsin digestion.
Next day, 10% TFA (pH 2) was added in samples to stop the reaction.
Samples were resuspended in an adequate volume of 1% TFA v/v and
5% acetonitrile (ACN) to reach a final concentration of 1 pg/ul followed
by dilution with loading buffer (0.2% formic acid v/v, 2% ACN v/v).

LC-MS/MS analysis

The urine samples were then analyzed in Thermo Scientific™
Orbitrap Fusion™ Tribrid™ mass spectrometer (LC-MS/MS). The
PicoFrit analytical column (75 pm x 25 cm, 5 pm BetaBasic C18, 150 A,
New Objective, MA) was used for liquid chromatography. The column
to which processed urine samples was added was washed several times
with different concentrations of ACN and formic acid solution followed
by elution of the bounded proteins in the “flow”. Sample volume was
adjusted according to the sample protein concentration of 1-2 pg/pl.
Following the separation, the column was equilibrated, and survey
scans were acquired at a resolution of 70,000 over a mass range of m/z
250 to m/z 1,800 with automatic gain control (AGC) target of 10°. The
raw files containing spectrums and graphs acquired by the MS system
were processed using the Proteome Discoverer platform 2.2 (Thermo
Scientific) and viewed by Xcalibur™ Software. Peptides and proteins
quantified by LC-MS/MS along with their accession number,
abundance in each sample, abundance ratio (recovered/incompletely
recovered), abundance ratio adjusted p-value, FDR (False Discovery
rate), and g-value were acquired.

Protein shortlisting

The peptides and proteins obtained after subjecting urine samples
to LC-MS/MS were shortlisted by >2-fold change in protein
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expression: downregulated in the R group (R/IR <0.5, abundance ratio
adj. p-value <0.05) and upregulated in the R group (R/IR >2,
abundance ratio adj. p-value <0.05). Proteins with abundance ratio of
<0.01 and>40.0 were excluded to avoid false positives. Selected
proteins in the two groups were then compared for tissue specificity
using Bgee,' for Gene Ontology (GO) cellular component, protein
class, and biological process using Panther,? and for pathway
enrichment using Reactome Knowledgebase® and Panther (25) to
identify the peptides with significant different levels in the two groups.

Statistical analyses

Statistical analyses were performed using SPSS version 23.
Baseline characteristics and clinical parameters of patients at the time
of hospital discharge and 1 and 4 months after hospital discharge were
compared using Mann-Whitney U-test. Categorical data were
expressed as numbers (percentages) and compared using the
chi-square test. Numerical variables were expressed as mean + standard
deviation (SD). All tests were performed to compare different
parameters between the completely recovered (R) and incompletely
recovered (IR) groups. A two tailed p-value of <0.05 was considered
statistically significant.

Results
Baseline characteristics of study subjects

We enrolled 28 randomly selected CA-AKI patients (14 recovered
and 14 incompletely recovered CA-AKI) from ongoing observational
study. Patient characteristics and clinical parameters are shown in
Tables 1, 2. The mean age was 44.45+ 17.40years with 55% of the
enrolled patients being female. All patients enrolled in this study were
in stage 3 AKI. During the admission, a total of 19 (68%) patients
required dialysis, including 8 (57%) in the recovered group and 11
(78%) in the incompletely recovered group. A total of 22 (79%) were
oliguric at the time of admission (10 in the recovered group and 12 in
the incompletely recovered group). The mean serum creatinine at
admission and discharge was 7.33 +3.60 mg/dL and 3.17 +1.78 mg/
dL, respectively. Estimated glomerular filtration rate (eGFR) was
61.67£46.49 mL/min/1.73m*> in
14.22+8.77mL/min/1.73 m” in incompletely recovered patients at the

recovered  patients and

time of discharge. There was no significant difference in the groups
in baseline characteristics and biochemical parameters except serum
creatinine at discharge (p=0.009), eGFR (p=0.008), and blood urea
(p=0.010) (Table 1). The primary cause of CA-AKI in enrolled
patients was sepsis (55%), followed by ischemia (20%), nephrotoxins
(15%), and multifactorial causes (10%).

The IR group at 1-month and 4-month follow-ups displayed higher
serum creatinine (p=0.005 and p=0.005, respectively) and lower eGFR
(p=0.005 and p=0.001, respectively) with more improvement in the
recovered group (Table 2). Similarly, urine protein-to-creatinine ratio

1 https://www.bgee.org/
2 http://pantherdb.org/
3 https://reactome.org/
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TABLE 1 Baseline characteristics and clinical parameters of CA-AKI subjects at the time of hospital discharge.

Characteristics Total no. of patients Recovered (n = 14) Incompletely
(n =28) recovered (n = 14)

Age in years 44.450 + 17.40 38.6 +17.92 50.30 + 15.563 0.137
Female sex (%) 15 (53.57%) 8(57.14%) 7 (50.00%) 0.707
SBP (mm/Hg) 116.60 + 14.21 119.20 + 14.39 114.00 + 14.29 0.428
DBP (mm/Hg) 74.700 + 8.80 74.40 +9.55 75.00 + 8.49 0.884
Requirement of RRT (%) 19 (67.85%) 8(57.14%) 11 (78.57%) 0.224
SCr at admission (mg/dl) 7.33 + 3.60 6.81 +3.13 7.85+4.12 0.532
SCr at discharge (mg/dl) 317+1.78 2.19 £ 1.65 4.16 £ 1.34 0.009
eGFR (ml/min/1.73 m?) 37.94 + 40.61 61.67 + 46.49 1422 +8.77 0.008
Hb (g/dl) 9.90 +2.21 9.97 +2.29 9.822 +2.2775 0.887
TLC 8,109 + 4702.16 8541.11 + 3983.20 7678.74 + 5540.78 0.710
Platelets (10%3) 303.88 + 140.83 266.44 + 147.75 341.33 + 131.01 0.272
Blood urea (mg/dl) 68.19 + 47.42 41.01 +19.04 95.37 + 52.47 0.010
Total bilirubin (mg/dl) 1.06 + 1.13 0.675 +0.21 1.50 +1.57 0.136
Direct bilirubin (mg/dl) 0.40 + 0.50 0.21+0.11 0.597 + 0.65 0.101
SGOT (U/L) 37.92 +25.99 36.80 + 18.84 39.05 + 32.82 0.861
SGPT (U/L) 36.37 +25.12 42.36 + 32.53 30.38 + 14.21 0.326
ALP (U/L) 169.12 + 143.47 142.14 + 63.39 196.10 + 195.16 0.442
Total Protein (g/dl) 7.05+1.2 7.15+1.35 6.960 + 1.23 0.760
Serum albumin (g/dl) 3.37+0.61 3.48 +0.61 3.26 +0.633 0.465
Uric acid (mg/dl) 8.32+2.72 7.19 +1.89 9.62 +3.06 0.082

Continuous variables are expressed as mean + SD or number (percentage); SBP, systolic blood pressure; DBP, diastolic blood pressure; RRT, renal replacement therapy; SCr, serum creatinine;
eGFR, estimated glomerular filtration rate; Hb, hemoglobin; TLC, total leukocyte count; SGOT, serum glutamic oxaloacetic transaminase; SGPT, serum glutamic pyruvic transaminase; ALP,

alkaline phosphatase.

TABLE 2 Clinical parameters of CA-AKI subjects at 1-and 4-month follow-ups.

Characteristics

At Imonth after discharge

Total no. of patients

(n =28)

Recovered (n = 14)

Incompletely recovered

(n =14)

p-value

SCr (mg/dl) 222+1.29 1.00 £ 0.23 1.56 + 0.47 0.005
eGFR (ml/min/1.73 m?) 118.85 + 65.39 82.28 +25.41 50.19 + 17.95 0.005
uPCR 0.92 +0.28 0.18 + 0.09 0.35 +0.27 0.178
At 4month after discharge

SCr (mg/dl) 220+1.16 0.89 +0.19 1.44 +0.50 0.005
eGFR (ml/min/1.73 m?) 113.44 + 74.62 94.32 + 18.99 54.92 +22.65 0.001
uPCR 0.75 +0.34 0.24 +0.10 0.46 + 0.22 0.023

Continuous variables are expressed as mean + SD or number (percentage); SCr, serum creatinine; eGFR, estimated glomerular filtration rate; uPCR, urine protein creatinine ratio.

(uPCR) was markedly higher in the IR group at 4-month follow-up
(p=0.023), highlighting possible kidney damage.

Generation of urinary protein profile and
protein shortlisting

In total, 2019 peptides and proteins were obtained collectively in

both groups after subjecting the processed urine samples to LC-MS/
MS. Figure 1 depicts the protein shortlisting steps. To identify the
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differentially upregulated proteins in the two groups, proteins were
divided based on R/IR abundance ratio of <0.5 (proteins
downregulated in the R group) and > 2.0 (proteins upregulated in the
R group). A total of 52 proteins in the R/IR <0.5 group and 53 proteins
in the R/IR >2.0 group with significant difference (p<0.05) were
selected for further shortlisting (Supplementary Tables S1, 52), and 30
downregulated proteins (R/IR=0.01-0.5, adjusted p-value of <0.05)
and 11 upregulated proteins (R/IR =2-40.0, adjusted p-value of <0.05)
in the R group were shortlisted. The proteome of selected 30 and 11
proteins differs markedly between the two groups as shown in Figure 2.

04 frontiersin.org
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Total peptides identified: 2019

v

Peptides with high FDR confidence: 1698

v

Selection of peptides based on abundance ratio (R/IR)

A
[ |

Peptides with R/IR < 0.5: 180 Peptides with R/IR > 2.0: 558
Peptides with abundance ratio adj. Peptides with abundance ratio ad;.
p-value <0.05: 52 p-value <0.05: 53
Peptides with abundance ratio adj. Peptides with abundance ratio adj.
p-value < 0.05 and abundance ratio p-value < 0.05 and abundance ratio
0.01-0.5:30 2.0-40.0: 11
T J
Y

Identified peptide comparison in terms of
tissue specificity, various Gene Ontology
components and pathway involvement

FIGURE 1
Schematic representation of the shortlisting of proteins differentially expressed in recovered and incompletely recovered CA-AKI subjects.

100
o
- 90
&
= 80
T 70
g
3 60
o
o 50
2 40
T
5 30
s
%5 20
: | LAl I
()
2 " Lal Al ol ol 0000 of {08 of 00K sy
B 990 norEYINOYSE e R AL O0R0 YRS S e ENEERS
=] = L ' a ' = = — o
2 amg=-@aEg.ﬂ8mEéo:&,UEg§<o§gua§§§gsozg&§$;&:§§
< S0gs sSF=- 2@ om g V<z< <o fozycx Y

= w =Z G T ey o o a cE <
a = 7)) = <
m Recovered mIncompletely Recovered
FIGURE 2
Urinary protein abundance in the recovered (R) and incompletely recovered (IR) groups.
Determining tissue speciﬁcity of selected score. Proteins with high levels in the IR subjects are widely expressed
urinary proteome all over the body and do not exhibit a trend. In total, 8 out of 30

proteins exhibited high expression in adult mammalian kidney as
Table 3 demonstrates the presence of high-abundance proteinsin  indicated by Bgee expression score of more than 90.0 along with high
both the groups in different tissues in the form of Bgee expression  expression in other tissues and organs such as GI tract mucosa,
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TABLE 3 Tissue specificity of 30 downregulated protein in (R/IR <0.5) and 11 upregulated protein in the R group (R/IR >2).

Protein name (Urinary MW (kDa) Tissue specificity Expression score Expression score for
proteome) adult mammalian
kidney
R/IR<0.5
Thymosin beta-10 (TMSB10) 5 Cortical plate, monocyte, 99.98, 99.96, 99.96, 99.95, 99.95 99.46
mucosa of transverse colon,
granulocyte, ganglionic
eminence
Glycine amidinotransferase, 48.4 pancreas, liver, jejunal mucosa, 99.74, 99.48, 99.47, 99.2, 99.2 99.14
mitochondrial (GATM) corpus callosum, renal medulla
CD9 antigen (CD9) 25.4 Pharyngeal mucosa, seminal 99.83, 99.8, 99.72, 99.72, 99.59 98.29
vesicle, synovial joint, urethra,
penis
Adipogenesis regulatory factor 7.9 Left and right coronary artery, 99.77, 99.69, 99.66, 99.28, 99.27 97.69
(ADIRF) adipose tissue, ascending aorta,
prostate gland, left uterine tube
Protein lifeguard 3 (TMBIM1) 34.6 Lower esophagus mucosa, 99.41, 99.14, 99.08, 99.07, 98.92, 96.36
descending thoracic aorta, 98.49
ascending aorta, pancreas, right
lung, ectocervix
Rab GDP dissociation inhibitor 50.6 right hemisphere of cerebellum, 99.71, 99.63, 99.47,98.87, 98.59 95.51
alpha (GDI1) right frontal lobe, ganglionic
eminence, ovary, uterine tube
Putative sodium-coupled neutral 119.7 adenohypophysis, pancreas, liver, = 97.93, 97.67, 97.47, 95.90, 95.85 91.2
amino acid transporter 10 right uterine tube, right coronary
(SLC38A10) artery
Intraflagellar transport protein 25 16.3 Oocyte, bronchial epithelial cell, 99.58, 99.48, 98.32, 97.79, 97.57 90.02
homolog (HSPB11) nasopharynx, right uterine tube,
pancreatic ductal cell
PDZ and LIM domain protein 7 49.8 Uterus, right coronary artery, 99.64, 99.61, 99.54, 99.52, 99.07 84.33
(PDLIM?7) lower esophagus muscularis
layer, left uterine tube,
endocervix
Galactocerebrosidase (GALC) 77 Adrenal tissue, bronchial 98.79, 96.74, 96.45, 96.09, 96.03 83.81
epithelial tissue, jejunal mucosa,
renal glomerulus, metanephric
glomerulus
Transforming growth factor-beta- 74.6 Granulocyte, monocyte, stromal 99.08, 98.51, 98.27, 96.77, 96.43 83.52
induced protein ig-h3 (TGFBI) cell of endometrium, ascending
aorta, spleen
C-type mannose receptor 2 (MRC2) 166.6 Tendon of biceps brachii, 99.6, 99.18, 97.68, 96.96, 96.86 83.29
endometrium, pericardium, right
ovary, urethra
Calmodulin-like protein 3 16.9 Lower esophagus mucosa, 99.33, 98.73, 98.47, 96.93, 96.29 77.87
(CALML3) tongue squamous epithelium,
upper arm skin, leg and
abdomen skin, cervix epithelium
Thrombomodulin (THBD) 60.3 Gingival epithelium, vena cava, 96.2,94.98, 94.75, 94.18, 92.83 75.54
right lung, skin of hip and
abdomen, left uterine tube,
mucosa of urinary bladder
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TABLE 3 (Continued)

10.3389/fmed.2024.1412561

Protein name (Urinary MW (kDa) Tissue specificity Expression score Expression score for
proteome) adult mammalian
kidney
Apolipoprotein C-III (APOC3) 10.8 Jejunal mucosa, right lobe of 99.98, 99.96, 74.89, 66.28, 65.31 74.32
liver, amniotic fluid,
metanephros, left uterine tube
Kallikrein-6 (KLK6) 26.8 Spinal cord, inferior vagus X 99.38, 98.21, 96.02,93.33, 90.05 73.66
ganglion, corpus callosum,
dorsal motor nucleus of vagus
nerve, renal glomerulus
Histone H2B type 2-F (H2BC18) 13.9 Bone marrow cell, male germ 98.0, 93.07, 92.69, 87.79, 85.68 67.03
line stem cell, adrenal tissue,
blood, corpus callosum
Elastin microfibril interface-located 115.6 Decidua, monocyte, stromal cell 98.84, 96.32, 94.58, 94.42, 88.59 66.31
protein 2 (EMILIN2) of endometrium, granulocyte,
left uterine tube
Serum amyloid A-2 protein (SAA2) 13.5 Right lobe of liver, saliva 98.41, 96.19, 93.46, 84.38, 79.74 63.48
secreting gland, thoracic
mammary gland, left uterine
tube, gall bladder
Carbonic anhydrase 3 (CA3) 29.3 Rectus abdominis, vastus 99.89, 99.69, 99.40,98.33,81.92 62.49
lateralis, diaphragm, tongue, left
uterine tube
Retinol-binding protein 2 (RBP2) 15.7 Intestinal mucosa, duodenum, 99.98, 97.48, 83.09, 75.35, 72.99 61.74
buccal mucosa cell, right lung,
right uterine tube
Alcohol dehydrogenase 1A 39.8 Right lobe of liver, male germ 99.86, 85.15, 76.80, 76.46, 69.77 54.65
(ADH1A) line stem cell, descending
thoracic aorta, gall bladder, right
uterine tube
Inactive pancreatic lipase-related 51.8 Pancreas, islets of Langerhans, 99.92, 96.57, 73.77, 72.58, 63.42 49.27
protein 1 (PNLIPRP1) buccal mucosa cell, primordial
germ cell in gonad, ectocervix
Fibrinogen-like protein 1 (FGL1) 36.4 Liver, pancreas, sperm, 99.67, 99.05, 90.86, 76.70,56.93 48.4
endometrium, ectocervix
Intelectin-2 (ITLN2) 36.2 duodenum, small intestine 98.78, 86.77, 85.80, 76.75, 54.38 40.68
Peyer’s patch, lungs, coronary
artery, rectum
Defensin-6 (DEFA6) 11 Duodenum, small intestine 99.95, 96.65, 69.52, 61.31, 59.67 33.59
Peyer’s patch, rectum, mucosa of
transverse colon, vermiform
appendix
Immunoglobulin heavy variable 12.6 Male germ line stem cell in testis, =~ 97.35, 90.07, 89.52, 87.46, 78.07 29.72
3-23 (IGHV3-23) rectum, duodenum, vermiform
appendix, spleen
Immunoglobulin kappa variable 13.1 Male germ line stem cell in testis, = 83.34, 81.33, 80.83, 80.02, 71.02 2743
2-29 (IGKV2-29) lymph node, spleen, vermiform
appendix, granulocyte
Beta-casein (CSN2) 25.4 Male germ line stem cell, tonsil, 98.48, 48.77, 46.44, 33.81, 30.10 21.1
saliva secreting gland, placenta,
urinary bladder
(Continued)
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TABLE 3 (Continued)

Protein name (Urinary MW (kDa) Tissue specificity Expression score Expression score for
proteome) adult mammalian
kidney
A disintegrin and metalloproteinase 90.1 Not found
with thrombospondin motifs 4
(ADAMTSA4)
R/IR>2
Glutathione S-transferase A1 25.6 Bronchial epithelial cell, jejunal 99.86, 99.78, 99.52, 98.56, 98.55, 97.86
(GSTA1) mucosa, adrenal tissue, renal 98.02
glomerulus, right testis, left testis
Protein disulfide-isomerase A6 48.1 Corpus epididymis, adrenal 99.62, 99.2, 99.19, 98.72, 98.70 97.23
(PDIA6) tissue, islet of Langerhans,
germinal epithelium of ovary,
rectum
Acyl-coenzyme A synthetase 64.2 Right lobe of liver, cortex of 99.12, 83.52, 83.29, 76.91, 76.85, 97.15
ACSM2A, mitochondrial (ACSM2A) kidney, metanephros cortex, 55.45
metanephric glomerulus, male
germ line stem cell, mucosa of
stomach
Ras-related protein Rab-21 (RAB21) 24.3 Rectus abdominis, heart right 96.52, 96.37, 95.63, 95.29, 93.06, 90.63
ventricle, adrenal tissue, 90.71
amniotic fluid, rectum, uterus
Afadin (AFDN) 206.7 Right uterine tube, lower 99.38, 98.70, 98.45, 97.82, 97.61 88.16
esophagus mucosa, bronchial
epithelial cell, minor salivary
gland, rectum
Phosphotriesterase-related protein 39 Anterior cingulate cortex, corpus | 92.44, 89.37, 88.02, 87.95, 87.43 86.39
(PTER) epididymis, nephron tubule,
renal medulla calcaneal tendon
Calpain-5 (CAPN5) 73.1 Mucosa of transverse colon, 96.23,94.93, 94.21, 91.03, 90.27, 80.33
rectum, gall bladder, stromal cell 87.40
of endometrium, stomach, left
testis
Phosphatidylinositide phosphatase 128.3 Pons, superior vestibular 99.71, 99.52, 98.7, 98.52, 81.15, 78.3
SAC2 (INPP5F) nucleus, secondary oocyte, 85.5
parietal lobe, rectum, uterus
Ras-related GTP-binding protein B 432 Calcaneal tendon, left ovary, 94.33,92.67, 92.40, 92.34, 91.74, 77.5
(RRAGB) right ovary, cortical plate, right 91.36
uterine tube, ectocervix
Semenogelin-2 (SEMG2) 52.1 Seminal vesicle, sperm, male 100, 96.69, 91.32, 53.48, 48.75, 46.14
germ line stem cell, prostate 46.1
gland, metanephros,
metanephros cortex
Semenogelin-1 (SEMG1) 52.1 Seminal vesicle, sperm, prostate 100, 99.61, 62.38, 54.3, 52.96, Not found
gland, gall bladder, colonic 50.27
epithelium, thymus

pancreas, liver, rectum, cerebellum, ovary, oocyte, uterine tube, artery,  male and female reproductive organs such as cervix, uterus, and testis.

prostate gland, renal medulla, and parts of respiratory tract. In total, 4 out of 11 proteins have an expression score of more than
Most of the proteins upregulated in R subjects express highlyin ~ 90.0 in adult mammalian kidney along with high expressivity in other
urinary excretory organs and tissues including ureters, urinary  body tissues and organs including liver, kidney, excretory system, male

bladder, kidney renal medulla, and renal glomerulus. It also includes  and female reproductive system, adrenal tissue, pancreas rectum,
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heart right ventricle, and adrenal tissue (Table 3). SEMGI is not
expressed in the kidney but is majorly expressed in the male
reproductive system.

Go enrichment analysis of selected
proteome

Figure 3 illustrates GO-slim enrichment analysis of the urinary
selected proteome in the R and IR groups. The cellular component of
GO-slim analysis indicates that most of the selected proteins are
excreted from the extracellular space, plasma membrane, membrane,
endoplasmic reticulum, intracellular organelle, and cytoplasm with all
the proteins being excreted more in the R/IR >2.0 group except for the
endoplasmic reticulum proteins. In addition, proteins excreted from
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FIGURE 3
GO Panther analysis of differentially expressed proteins in the R and
IR groups. (A) Cellular component. (B) Protein class. (C) Biological
process.
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endocytic vesicles and membrane-bounded organelles were only
present in the R group (Figure 3A).

Furthermore, the PANTHER protein class in GO analysis of the 30
and 11 proteins of the two groups demonstrated that a significant
number of proteins belonging to hydrolase, protease, cytoskeletal
protein, and metabolite interconversion enzyme class are present in
urine samples of both R and IR patients. However, the IR group has
some proteins belonging to scaffold/adaptor protein, immunoglobulin,
defense/immunity protein, and transfer/carrier protein class that are
present in high abundance and are unique to their urine samples.
Similarly, the number of proteins in protein-binding activity modulator,
hydrolase, and metabolite interconversion enzyme class is significantly
higher in urine samples collected from recovered individuals (Figure 3B).

PANTHER GO-slim enrichment of the biological process depicts
that most of the shortlisted proteins are involved in response to
chemical, response to stimulus, sperm capacitation, macromolecule
localization, regulation of cellular process and biological process,
localization, and cellular process. Proteins involved in apoptotic
signaling pathway, innate and humoral immune response, and cellular
response to lipopolysaccharide are unique to urine samples of IR
subjects. On the other hand, response to chemical, macromolecule
localization, regulation of biological process, and cellular process were
the processes upregulated in the R group (Figure 3C). SAA2 in the IR
group was not found in the GO enrichment analysis.

Pathway enrichment analysis of urinary
proteome

Involvement of the selected proteins in various pathways was
observed using Reactome. For the IR group, the Reactome
Knowledgebase generated signal cascades for 23 out of 30 shortlisted
proteins, where 122 pathways were hit by at least one of the 30 proteins
(Supplementary Figure S1). Supplementary Table S3 enlists the 31
most significant pathways identified in the R/IR <0.5 group (p <0.05,
FDR <0.1) using Reactome (25). For the R group, the Reactome
Knowledgebase generated signal cascades for 9 out of 11 shortlisted
proteins, where 61 pathways were hit by at least one of the 11 entered
proteins (Supplementary Figure S2). Supplementary Table S4 enlists
the 21 most significant pathways identified in the R/IR >2.0 group
(p<0.05, FDR <0.12).

Furthermore, Reactome pathways were investigated using the
PANTHER database to identify significantly upregulated pathways in
which the high-abundance proteins of both the groups are involved
(Figure 4). Proteins in the IR group significantly upregulate pathways
including cell surface interactions at the vascular wall, adaptive
immune system, innate immune system, and infectious disease
pathways compared to the R group. However, cellular response to
stress, phase II conjugation of compounds, post-translational protein
modification, and biological oxidation-related pathways are
downregulated in the IR group. Moreover, fibrin clot formation/
fibrosis, a hallmark of CKD, was only present in the IR group.

Discussion

In our study, we assessed proteins via LC-MS/MS in the urine of
the patients at the time of discharge that either recovered completely

frontiersin.org


https://doi.org/10.3389/fmed.2024.1412561
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Kaur et al. 10.3389/fmed.2024.1412561
Reactome Pathways
Metabolism of lipids mmm——
Rab regulation of trafficking mmmmmmmmr—
RAB geranylgeranylation
Antimicrobial peptides mmm———
XBP1(S) activates chaperone genes
Amyloid fiber formation E——————
Regulation of Insulin-like growth factor transport
MTOR signaling
Macroautophagy
Heme degradation
Regulation of PTEN gene transcription
Cellular response to starvation
Cellular response to stress
TP53 regulation of metabolic genes
Phase Il conjugation of compounds
O-linked glycosylation s
Degradation of extracellular matrix —E——
Digestion of dietary lipid  —"
Intrflagelar transport  —
Creatine metabolism  c—
Retinoid metabolism and transport  c—
Formation of fibrin clot  sm—
Glycosphingolipid metabolism  m—
FCGR3A-mediated IL10 synthesis smm—
Leishmania infection and phagocytosis smmm———
FCGR3A-mediated phagocytosis — mmm—
FCERI mediated NF-kB activation s—
Regulation of complement cascade s—
FCERI mediated Ca2+ mobilization s—
FCERI mediated MAPK activation —ess—
Phospholipids in phagocytosis —smm—
Cell surface interactions at the vascular wall
a-defensing  s—
Post-translational protein modification "
HCMV
Abacavir metabolism  c—
Retinoic acid biosnthesis  ——"
Ethanol oxidation  —"
Biological oxidation
Adaptive immune system
Antigen processing-cross presentation  s—
Innate immune system | e
Neutrophil degranulation  s—
Chylomicron assembly and remodeling  s—
Plasma lipoprotein assembly, remodeling and clearance
HDL remodeling s
Infectious di
Uptake and actions of bacterial toXins  —"
Uptake and function of diphtheria toxin  ss—"
Platelet activation, signaling and aggregation
Response to elevated platelet cytosolic Ca2+  m—
Platelet degranulation  —"
Fertilization  —"
Acrosome reaction and sperm:oocyte membrane binding  —"
0 5 10 15 20
Percentage
mRecovered  mIncompletely Recovered
FIGURE 4
Pathway enrichment analysis differentially expressed proteins in the R and IR groups (p < 0.05) using Reactome pathway in PANTHER.

or incompletely from CA-AKI at 4 months after hospital discharge.
The differential urine proteomic profile of R and IR subjects
highlighted significant differences in abundance of various proteins,
their cellular component, protein class, biological process, and
pathway involvement which might be useful in identifying a protein
panel that are upregulated or downregulated in patients at the time of
hospital discharge and may predict the recovery or non-recovery from
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CA-AKI. This information will help predict CA-AKI progression to
CKD and help the clinician for better management providing
appropriate drug regimens. In a recent study, proteinuria and kidney
function were found to be correlated with urinary peptidome in
healthy and CKD patients (26).

Our study identified 30 and 11 proteins of high abundance in the
urine samples of the IR and R groups. The upregulated proteins in the
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IR subjects did not exhibit any specific tissue specificity, while
proteins with high levels in the urine samples of the R group were
majorly expressed in excretory organs and tissues with high
expression in male and female reproductive organs, liver, heart, and
adrenal tissue as well. Almost a similar number of proteins located in
extracellular space were upregulated in R and IR subjects. This
indicates enhanced glomerular permeability and might also represent
early CKD pathology (27, 28) which is justified since the CA-AKI
patients were not fully recovered when discharged from the hospital.
Similarly, a high abundance of proteins functioning in endoplasmic
reticulum indicates high unfolded protein response and ER stress
(29) in both the groups. A similar number of proteins located in
mitochondrion were upregulated in both groups, indicative of
regulation of mitochondrial dynamics after an episode of damage
caused by AKI (30). Maximum number of proteins in both the
groups fall under metabolite interconversion enzyme class which
coincides with the fact that a healing body involves converting or
degrading various non-desired products with the aim of normal renal
function (31).

PANTHER GO-slim enrichment of the biological process and
pathway enrichment analysis via Reactome highlighted significant
differences between the upregulated pathways in the two groups.
Increased levels of proteins participating in apoptotic signaling
(TMBIM1), innate (TMBIM1, IGKV2-29, IGHV3-23, and DEFA6),
humoral immune response (MRC2, IGKV2-29, and IGHV3-23),
and cellular response to lipopolysaccharides (IGHV3-23 and
DEFAG6) represent the enhanced mitochondrial pathway of
apoptosis which might contribute toward AKI to CKD progression.
Lipopolysaccharide is a well-known cause of sepsis-associated AKI
that induces tubular cell apoptosis characterized by mitochondrial
membrane depolarization, cytochrome c release, and cell shrinkage
indicative of enhanced mitochondrial pathway of apoptosis and
increasing cytokine release (32, 33) which also explains the reason
for the heightened immune response against the endotoxin.
Apoptotic renal tubular cells increase renal inflammation, acting as
a major source of proinflammatory cytokines and chemokine
release and thus contributing to increased immune response (34)
in the IR group. NF-kB activation in renal tubular and interstitial
cells after AKI episode exacerbates renal health (35), which is
further supported by heightened FCERI-mediated NF-kB activation
(IGKV2-29, IGHV3-23) in the IR group. Moreover, the presence of
the formation of fibrin clot GO biological process only in IR is
indicative of fibrosis, a common CKD pathological condition (36)
as indicated by higher TGFBI levels (37). However, high THBD
levels that play a crucial role in regulating inflammation and
maintaining vascular homeostasis, especially during heightened
intravascular coagulation after endothelial injury, indicate injury
repair (38) which demonstrates that the body is still in transitioning
mode to recovery at the time of hospital discharge. Proteins
involved in the regulation of complement cascade (IGKV2-29 and
IGHV3-23) and upregulated in the IR group aggravate AKI and its
advancement to various kidney diseases (26). In a recent study,
MRC2 has been found to be playing an important role in diabetic
nephropathy as its level increases in kidneys but its knockdown
promotes cellular apoptosis showing its role as potential biomarker
for diabetic nephropathy (39).

Although prolonged autophagy might cause kidney damage,
few studies have shown the reno-protective role of autophagy as
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it aids in renal tubular cell regeneration and repair (40, 41).
Similarly, enhanced mTOR signaling in renal tubules promotes
post-AKI renal regeneration (42, 43). Thus, enhanced RRAGB
levels, autophagy, and TOR signaling protein in the R group
explain renal recovery. Phase II conjugation enzymes including
transferases that promote detoxification and easy renal excretion
of compounds were upregulated in the R group. Levels of some
transferases increase during sepsis but are non-predictive of AKI
incidence (44). Markedly, high levels of proteins participating in
cellular response to stress (RRAGB and PDIA6) and regulation
of biological (AFDN, INPP5F, and RRAGB) and cellular
processes (SEMG1, SEMG2, RAB21, ACSM2A, INPP5F, RRAGB,
PDIA6, and GSTAI) in R subjects might be due to enhanced
organelle stress response including organelles such as ER,
mitochondria, and cilia leading to activation of various signaling
pathways to provide nephroprotection and regain homeostatic
conditions (45). Mitochondrial f-oxidation is significantly
impaired in AKI making mitochondria dysfunctional along with
promoting renal fibrosis, thus favoring AKI to CKD progression
(46-48). Thus, enhanced biological oxidation-related pathways
in R individuals as indicated by upregulated ACSM2A and
GSTA1 might explain kidney reverting to normal functioning at
the time of hospital discharge. Upregulated post-translational
protein modification in the R group as indicated by high
abundance of PDIAG6 indicates renal recovery post-kidney insult
since PDI inhibition leads to renal cell apoptosis and disturbs
mitochondrial homeostasis (49).

Recent studies have identified and proposed various candidate
biomarkers which have been divided into three major categories:
stress markers (demonstrate cellular stress that might result in
kidney damage), damage markers (reflecting structural damage
that might result in kidney damage), and functional markers
(indicating kidney dysfunction and altered GFR) (39, 50, 51). Thus,
kidney-damaging/incomplete recovery markers IGKV2-29 and
IGHV3-23 aggravate renal damage. Moreover, TMBIM1, DEFA6,
MRC2, IGKV2-29, and IGHV3-23 can possibly be classified under
renal stress markers as they promote renal inflammation and,
hence, renal injury including MRC2 which like other markers
promotes cellular apoptosis enhancing kidney damage. On the
contrary, renal recovery markers RRAGB and GSTA1l were
enhanced in R individuals. In addition, PDIA6, AFDN, INPP5E,
SEMG2, ACSM2A, RAB21, and GSTAl were the proteins
upregulated in the R group and involved in stress response and so
can be classified as renal recovery stress markers possibly
exhibiting neuroprotective roles by mediating cellular stress
caused by AKI.

The study has its strength as it was conducted in well-characterized
and phenotyped patients with CA-AKI. However, there are few
limitations: It was a pilot study conducted on small sample size and
absence of validation of differentially expressed protein in the
recovered and incompletely recovered groups.

In conclusion, this study helped in identifying potential proteins
and associated pathways that are either upregulated or downregulated
at the time of hospital discharge in incompletely recovered CA-AKI
patients that can be further investigated to check for their exact role
in the disease progression or repair. Although these proteins were not
validated and need to be studied in a larger population cohort of
CA-AKI for their potential use as biomarker for renal outcome after
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CA-AK], the data from this study may help in advancement of our
understanding of proteins/pathways associated with repair
mechanism in CA-AKI.

Data availability statement

The datasets presented in this study can be found in online
repositories at Massive.ucsd.edu with Accession No: MSV000095489.

Ethics statement

The studies involving humans were approved by Institute Ethics
Committee, Postgraduate Institute of Medical Education and
Research Chandigarh India. The studies were conducted in
accordance with the local legislation and institutional requirements.
The participants provided their written informed consent to
participate in this study.

Author contributions

HK: Formal analysis, Investigation, Methodology, Writing —
original draft. KK: Formal analysis, Investigation, Methodology,
Writing - original draft. SN: Formal analysis, Investigation,
Methodology, Writing - review & editing. VK: Formal analysis,
Investigation, Methodology, Supervision, Writing - review & editing.
AY: Conceptualization, Data curation, Methodology, Project
administration, Software, Supervision, Writing — original draft,
Writing - review & editing.

References

1. Makris K, Spanou L. Acute kidney injury: definition, pathophysiology and clinical
phenotypes. Clin Biochem Rev. (2016) 37:85-98.

2. Togel F, Westenfelder C. Recent advances in the understanding of acute kidney
injury. FI000Prime Rep. (2014) 6:83. doi: 10.12703/P6-83

3. Cerda ], Bagga A, Kher V, Chakravarthi RM. The contrasting characteristics of acute
kidney injury in developed and developing countries. Nat Clin Pract Nephrol. (2008)
4:138-53. doi: 10.1038/ncpneph0722

4. Lameire NH, Bagga A, Cruz D, de Maeseneer J, Endre Z, Kellum JA, et al. Acute
kidney injury: an increasing global concern. Lancet. (2013) 382:170-9. doi: 10.1016/
$0140-6736(13)60647-9

5. Chawla LS, Kimmel PL. Acute kidney injury and chronic kidney disease: an
integrated clinical syndrome. Kidney Int. (2012) 82:516-24. doi: 10.1038/ki.2012.208

6. Coca SG, Singanamala S, Parikh CR. Chronic kidney disease after acute kidney
injury: a systematic review and meta-analysis. Kidney Int. (2012) 81:442-8. doi: 10.1038/
ki.2011.379

7. Ishani A, Xue JL, Himmelfarb J, Eggers PW, Kimmel PL, Molitoris BA, et al. Acute
kidney injury increases risk of ESRD among elderly. ] Am Soc Nephrol. (2009) 20:223-8.
doi: 10.1681/ASN.2007080837

8. Kannapiran M, Nisha D, Madhusudhana Rao A. Underestimation of impaired
kidney function with serum creatinine. Ind ] Clin Biochem. (2010) 25:380-4. doi:
10.1007/s12291-010-0080-4

9. Thomas D, Zachariah S, Elamin AEE, Hashim ALO. Limitations of serum
creatinine as a marker of renal function. Sch Acad ] Pharm. (2017) 6:168-70. doi:
10.21276/sajp

10. Beker BM, Corleto MG, Fieiras C, Musso CG. Novel acute kidney injury
biomarkers: their characteristics, utility and concerns. Int Urol Nephrol. (2018)
50:705-13. doi: 10.1007/s11255-017-1781-x

11. Vaidya VS, Ferguson MA, Bonventre JV. Biomarkers of acute kidney injury. Annu Rev
Pharmacol Toxicol. (2008) 48:463-93. doi: 10.1146/annurev.pharmtox.48.113006.094615

Frontiers in Medicine

10.3389/fmed.2024.1412561

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. AY is supported
by Department of Biotechnology, Wellcome Trust Indian Alliance,
Clinical and Public Health Intermediate Fellowship (Grant No. IA/
CPHI/19/1/504609) and Indian Council of Medical Research, India
(Grant No. 92/02/2021-Omics/TF/BMS).

Conflict of interest

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

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
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.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmed.2024.1412561/
full#supplementary-material

12. Wen Y, Parikh CR. Current concepts and advances in biomarkers of acute kidney
injury. Crit Rev Clin Lab Sci. (2021) 58:354-68. doi: 10.1080/10408363.2021.1879000

13. Denecke B, Griber S, Schifer C, Heiss A, Wéltje M, Jahnen-Dechent W. Tissue
distribution and activity testing suggest a similar but not identical function of fetuin-B
and fetuin-a. Biochem J. (2003) 376:135-45. doi: 10.1042/bj20030676

14. Zhou H, Pisitkun T, Aponte A, Yuen PST, Hoffert JD, Yasuda H, et al. Exosomal
Fetuin-a identified by proteomics: a novel urinary biomarker for detecting acute kidney
injury. Kidney Int. (2006) 70:1847-57. doi: 10.1038/sj.ki.5001874

15. Devarajan P, Krawczeski CD, Nguyen MT, Kathman T, Wang Z, Parikh CR.
Proteomic identification of early biomarkers of acute kidney injury after cardiac surgery
in children. Am J Kidney Dis. (2010) 56:632-42. doi: 10.1053/j.ajkd.2010.04.014

16. Nguyen MT, Dent CL, Ross GE, Harris N, Manning PB, Mitsnefes MM, et al.
Urinary aprotinin as a predictor of acute kidney injury after cardiac surgery in children
receiving aprotinin therapy. Pediatr Nephrol. (2008) 23:1317-26. doi: 10.1007/
500467-008-0827-9

17. Dehne M, Boldt J, Heise D, Sablotzki A, Hempelmann G. Tamm-Horsfall protein,
alpha-1- and beta-2-microglobulin as kidney function markers in heart surgery.
Anaesthesist. (1995) 44:545-51. doi: 10.1007/s001010050187

18. Penders J, Delanghe JR. Alpha 1-microglobulin: clinical laboratory aspects and
applications. Clin Chim Acta. (2004) 346:107-18. doi: 10.1016/j.cccn.2004.03.037

19. Miyata T, Jadoul M, Kurokawa K, van Ypersele de Strihou C. Beta-2 microglobulin
in renal disease. ] Am Soc Nephrol. (1998) 9:1723-35. doi: 10.1681/ASN.V991723

20. Malyszko ], Bachorzewska-Gajewska H, Malyszko ]S, Koc-Zorawska E,
Matuszkiewicz-Rowinska J, Dobrzycki S. Hepcidin—potential biomarker of contrast-
induced acute kidney injury in patients undergoing percutaneous coronary
interventions. Adv Med Sci. (2019) 64:211-5. doi: 10.1016/j.advms.2018.12.008

21. Prowle JR, Westerman M, Bellomo R. Urinary hepcidin: an inverse biomarker of
acute kidney injury after cardiopulmonary bypass? Curr Opin Crit Care. (2010)
16:540-4. doi: 10.1097/MCC.0b013e32833ecdcc

frontiersin.org


https://doi.org/10.3389/fmed.2024.1412561
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
mailto:Massive.ucsd.edu
https://www.frontiersin.org/articles/10.3389/fmed.2024.1412561/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2024.1412561/full#supplementary-material
https://doi.org/10.12703/P6-83
https://doi.org/10.1038/ncpneph0722
https://doi.org/10.1016/S0140-6736(13)60647-9
https://doi.org/10.1016/S0140-6736(13)60647-9
https://doi.org/10.1038/ki.2012.208
https://doi.org/10.1038/ki.2011.379
https://doi.org/10.1038/ki.2011.379
https://doi.org/10.1681/ASN.2007080837
https://doi.org/10.1007/s12291-010-0080-4
https://doi.org/10.21276/sajp
https://doi.org/10.1007/s11255-017-1781-x
https://doi.org/10.1146/annurev.pharmtox.48.113006.094615
https://doi.org/10.1080/10408363.2021.1879000
https://doi.org/10.1042/bj20030676
https://doi.org/10.1038/sj.ki.5001874
https://doi.org/10.1053/j.ajkd.2010.04.014
https://doi.org/10.1007/s00467-008-0827-9
https://doi.org/10.1007/s00467-008-0827-9
https://doi.org/10.1007/s001010050187
https://doi.org/10.1016/j.cccn.2004.03.037
https://doi.org/10.1681/ASN.V991723
https://doi.org/10.1016/j.advms.2018.12.008
https://doi.org/10.1097/MCC.0b013e32833ecdcc

Kaur et al.

22. Guzzi LM, Bergler T, Binnall B, Engelman DT, Forni L, Germain M]J, et al. Clinical
use of [TIMP-2]«[IGFBP7] biomarker testing to assess risk of acute kidney injury in
critical care: guidance from an expert panel. Crit Care. (2019) 23:1-9. doi: 10.1186/
s13054-019-2504-8

23. Kakkanattu TJ, Kaur ], Nagesh V, Kundu M, Kamboj K, Kaur P, et al. Serum myo-
inositol oxygenase levels at hospital discharge predict progression to chronic kidney
disease in community-acquired acute kidney injury. Sci Rep. (2022) 12:13225. doi:
10.1038/541598-022-17599-w

24. Court M, Garin J, Masselon CD. Urine sample preparation and fractionation for
global proteome profiling by LC-MS. Methods Mol Biol. (2015) 1243:175-86. doi:
10.1007/978-1-4939-1872-0_10

25. Fabregat A, Sidiropoulos K, Viteri G, Forner O, Marin-Garcia P, Arnau V, et al.
Reactome pathway analysis: a high-performance in-memory approach. BMC Bioinform.
(2017) 18:1-9. doi: 10.1186/s12859-017-1559-2

26. Gaipov A, Makhammaja.nov Z, Dauyey Z, Markhametova Z, Mussina K,
Nogaibayeva A, et al. Urinary protein profiling for potential biomarkers of chronic kidney
disease: a pilot study. Diagnostics. (2022) 12:2583. doi: 10.3390/diagnostics12112583

27. Liu D, Lv L-L. New understanding on the role of proteinuria in progression of chronic
kidney disease. Adv Exp Med Biol. (2019) 1165:487-500. doi: 10.1007/978-981-13-8871-2_24

28. Mullen W, Delles C, Mischak H. Urinary proteomics in the assessment of chronic
kidney disease. Curr Opin Nephrol Hypertens. (2011) 20:654-61. doi: 10.1097/
MNH.0b013e32834b7ffa

29.Yan M, Shu S, Guo C, Tang C, Dong Z. Endoplasmic reticulum stress in ischemic
and nephrotoxic acute kidney injury. Amn Med. (2018) 50:381-90. doi:
10.1080/07853890.2018.1489142

30.Li Z, Liu Z, Luo M, Li X, Chen H, Gong S, et al. The pathological role of damaged
organelles in renal tubular epithelial cells in the progression of acute kidney injury. Cell
Death Discovery. (2022) 8:239. doi: 10.1038/s41420-022-01034-0

31.Zhu Z, Hu ], Chen Z, Feng J, Yang X, Liang W, et al. Transition of acute kidney
injury to chronic kidney disease: role of metabolic reprogramming. Metabolism. (2022)
131:155194:155194. doi: 10.1016/j.metabol.2022.155194

32. Cunningham PN, Wang Y, Guo R, He G, Quigg R]J. Role of toll-like receptor 4 in
endotoxin-induced acute renal failure. ] Immunol. (2004) 172:2629-35. doi: 10.4049/
jimmunol.172.4.2629

33. Duranton C, Rubera I, Choste S, Cougnon M, Poujeol P, Barhanin J, et al. KCNQ1
K+ channels are involved in lipopolysaccharide-induced apoptosis of distal kidney cells.
Cell Physiol Biochem. (2010) 25:367-78. doi: 10.1159/000303041

34. Liu B-C, Tang T-T, Lv L-L, Lan H-Y. Renal tubule injury: a driving force toward
chronic kidney disease. Kidney Int. (2018) 93:568-79. doi: 10.1016/j.kint.2017.09.033

35. Marko L, Vigolo E, Hinze C, Park JK, Roél G, Balogh A, et al. Tubular epithelial
NF-kB activity regulates ischemic AKI. J Am Soc Nephrol. (2016) 27:2658-69. doi:
10.1681/ASN.2015070748

36. Grgic I, Campanholle G, Bijol V, Wang C, Sabbisetti VS, Ichimura T, et al. Targeted
proximal tubule injury triggers interstitial fibrosis and glomerulosclerosis. Kidney Int.
(2012) 82:172-83. doi: 10.1038/ki.2012.20

Frontiers in Medicine

13

10.3389/fmed.2024.1412561

37. Takeshita A, Yasuma T, Nishihama K, D’Alessandro-Gabazza CN, Toda M, Totoki
T, et al. Thrombomodulin ameliorates transforming growth factor-$1-mediated chronic
kidney disease via the G-protein coupled receptor 15/Akt signal pathway. Kidney Int.
(2020) 98:1179-92. doi: 10.1016/j.kint.2020.05.041

38. Watanabe-Kusunoki K, Nakazawa D, Ishizu A, Atsumi T. Thrombomodulin as a
physiological modulator of intravascular injury. Front Immunol. (2020) 11:575890. doi:
10.3389/fimmu.2020.575890

39.Li L, Chen X, Zhang H, Wang M, Lu W. MRC2 promotes proliferation and inhibits
apoptosis of diabetic nephropathy. Anal Cell Pathol. (2021) 2021:1-10. doi:
10.1155/2021/6619870

40. Guan X, Qian Y, Shen Y, Zhang L, du Y, Dai H, et al. Autophagy protects renal
tubular cells against ischemia/reperfusion injury in a time-dependent manner. Cell
Physiol Biochem. (2015) 36:285-98. doi: 10.1159/000374071

41.Lin E Autophagy in renal tubular injury and repair. Acta Physiol. (2017)
220:229-37. doi: 10.1111/apha.12852

42. Grahammer F, Haenisch N, Steinhardt F, Sandner L, Roerden M, Arnold F, et al.
mTORCI maintains renal tubular homeostasis and is essential in response to ischemic
stress. Proc Natl Acad Sci. (2014) 111:E2817-26. doi: 10.1073/pnas.1402352111

43. Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease.
Cell. (2017) 168:960-76. doi: 10.1016/j.cell.2017.02.004

44. Walshe CM, Odejayi E, Ng S, Marsh B. Urinary glutathione S-transferase as an
early marker for renal dysfunction in patients admitted to intensive care with sepsis. Crit
Care Resusc. (2009) 11:204-9. doi: 10.1016/S1441-2772(23)01557-0

45. Hasegawa S, Inagi R. Organelle stress and crosstalk in kidney disease. Kidney360.
(2020) 1:1157. doi: 10.34067/KID.0002442020

46. Aparicio-Trejo OE, Avila—Rojas SH, Tapia E, Rojas—Morales P, Ledn-Contreras JC,
Martinez-Klimova E, et al. Chronic impairment of mitochondrial bioenergetics and -
oxidation promotes experimental AKI-to-CKD transition induced by folic acid. Free
Radic Biol Med. (2020) 154:18-32. doi: 10.1016/j.freeradbiomed.2020.04.016

47. Kang HM, Ahn SH, Choi P, Ko YA, Han SH, Chinga F, et al. Defective fatty acid
oxidation in renal tubular epithelial cells has a key role in kidney fibrosis development.
Nat Med. (2015) 21:37-46. doi: 10.1038/nm.3762

48. Stadler K, Goldberg IJ, Susztak K. The evolving understanding of the contribution
of lipid metabolism to diabetic kidney disease. Curr Diab Rep. (2015) 15:1-8. doi:
10.1007/s11892-015-0611-8

49. Pokkunuri ID, Lokhandwala MF, Banday AA. Protein disulfide isomerase
inhibition impairs Keapl/Nrf2 signaling and mitochondrial function and induces
apoptosis in renal proximal tubular cells. Am J Physiol Renal Physiol. (2020) 319:F686-96.
doi: 10.1152/ajprenal.00049.2020

50. Ostermann M, Zarbock A, Goldstein S, Kashani K, Macedo E, Murugan R, et al.
Recommendations on acute kidney injury biomarkers from the acute disease quality
initiative consensus conference: a consensus statement. JAMA Netw Open. (2020)
3:€2019209-9. doi: 10.1001/jamanetworkopen.2020.19209

51. Yoon SY, Kim JS, Jeong KH, Kim SK. Acute kidney injury: Biomarker-guided diagnosis
and management. Medicina (Kaunas). (2022) 58:340. doi: 10.3390/medicina58030340

frontiersin.org


https://doi.org/10.3389/fmed.2024.1412561
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1186/s13054-019-2504-8
https://doi.org/10.1186/s13054-019-2504-8
https://doi.org/10.1038/s41598-022-17599-w
https://doi.org/10.1007/978-1-4939-1872-0_10
https://doi.org/10.1186/s12859-017-1559-2
https://doi.org/10.3390/diagnostics12112583
https://doi.org/10.1007/978-981-13-8871-2_24
https://doi.org/10.1097/MNH.0b013e32834b7ffa
https://doi.org/10.1097/MNH.0b013e32834b7ffa
https://doi.org/10.1080/07853890.2018.1489142
https://doi.org/10.1038/s41420-022-01034-0
https://doi.org/10.1016/j.metabol.2022.155194
https://doi.org/10.4049/jimmunol.172.4.2629
https://doi.org/10.4049/jimmunol.172.4.2629
https://doi.org/10.1159/000303041
https://doi.org/10.1016/j.kint.2017.09.033
https://doi.org/10.1681/ASN.2015070748
https://doi.org/10.1038/ki.2012.20
https://doi.org/10.1016/j.kint.2020.05.041
https://doi.org/10.3389/fimmu.2020.575890
https://doi.org/10.1155/2021/6619870
https://doi.org/10.1159/000374071
https://doi.org/10.1111/apha.12852
https://doi.org/10.1073/pnas.1402352111
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1016/S1441-2772(23)01557-0
https://doi.org/10.34067/KID.0002442020
https://doi.org/10.1016/j.freeradbiomed.2020.04.016
https://doi.org/10.1038/nm.3762
https://doi.org/10.1007/s11892-015-0611-8
https://doi.org/10.1152/ajprenal.00049.2020
https://doi.org/10.1001/jamanetworkopen.2020.19209
https://doi.org/10.3390/medicina58030340

	A pilot study on the differential urine proteomic profile of subjects with community-acquired acute kidney injury who recover versus those who do not recover completely at 4 months after hospital discharge
	Introduction
	Materials and methods
	Study population
	Study conduct and follow-up
	Recovery and incomplete recovery from CA-AKI
	Proteomic urine sample preparation
	LC–MS/MS analysis
	Protein shortlisting
	Statistical analyses

	Results
	Baseline characteristics of study subjects
	Generation of urinary protein profile and protein shortlisting
	Determining tissue specificity of selected urinary proteome
	Go enrichment analysis of selected proteome
	Pathway enrichment analysis of urinary proteome

	Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

