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Abstract: Gastrin-releasing peptide precursor (ProGRP) is a bioactive precursor of GRP and might play an important
role as an emerging tumor marker in early cancer diagnosis. It might also be abnormal in the nonmalignant disease
and renal function abnormalities. The present study was undertaken to investigate the changes of ProGRP levels in
patients with kidney injuries, especially with chronic kidney disease (CKD), determine the upper reference intervals
and clinical diagnostic value of ProGRP in CKD, and thus help oncologists in interpreting ProGRP levels and mak-
ing clinical judgments of malignances. 676 individuals were enrolled in this cross-sectional study and divided into
five groups: healthy control (n=194), CKD (n=272), nephrotic syndrome (NS) (n=137), antineutrophil cytoplasmic
antibody (ANCA)-associated vasculitis (AAV) (n=41), and urinary tract infection (UTI) (n=32). A total of 27 features
including age, gender, and 25 laboratory markers were analyzed. Machine learning algorithms were built for the
diagnostic models of CKD. Statistical analysis was performed by R software. It was shown that serum ProGRP level
in CKD was significantly higher than that in healthy controls, UTI and NS (P < 0.01). The upper reference limit of
ProGRP was 188.42 pg/ml for CKD, 245.40 pg/ml for CKD IV-V, and 97.25 pg/ml for NS. Compared with the healthy
control, the level of serum ProGRP in CKD stages II, llI, IV-V was significantly increased and elevated progressively
with CKD grade (P < 0.01). Random Forest (RF) model works best among 4 building machine learning algorithms.
5 vital indicators, ProGRP, estimated glomerular filtration rate (eGFR), urea, albumin (ALB), and direct bilirubin
(DBIL), were selected to establish RF model for diagnosing CKD with an area under the curve (AUC) of 0.96 (95%
confidence interval [Cl]: 0.94-0.97) and high sensitivity (0.89) and specificity (0.92). This study demonstrates that
the level of ProGRP in patients with CKD, nephrotic syndrome or AAV, was significantly higher than that in the healthy
population. The machine learning model of ProGRP with DBIL, eGFR, ALB, and urea, could provide good clinical
value for CKD evaluation.

Keywords: Gastrin-releasing peptide precursor, chronic kidney disease, nephrotic syndrome, machine learning
algorithms, Random Forest model

Introduction Although GRP/GRP receptor signaling has been
implicated in proliferation and progression of

Gastrin-releasing peptide (GRP) could modu- malighancies [4], GRP is difficult to be mea-

late several gastric and intestinal functions,
ranging from inducing secretion of hormones in
the digestive tracts and pancreatic amylase to
stimulating constriction of smooth muscle [1].
The gastrin-releasing peptide receptor (GRPR)
binding to ligands such as GRP plays an impor-
tant role in the pathophysiological processes
of various diseases, including inflammatory
diseases, neurological diseases as well as
many types of tumors [1, 2], and promotes
hyperuricaemia-induced tubular injury, inflam-
mation, and renal fibrosis both in vivo and in
vitro [3].

sured in clinical practice because it is unstable
in serum (half-life of approximately 1.5 min-
utes). As a bioactive precursor to GRP, GRP pre-
cursor (ProGRP) offers advantages of being a
biomarker due to its stable structure and long
half-life (ranging from 19 to 26 days), and the
levels of ProGRP and GRP are highly correlated
[1, 5, 6]. In clinical applications, ProGRP is used
as a novel important biomarker for early cancer
diagnosis, especially highly sensitive in small
cell lung cancer (SCLC) with great prognostic
value [7, 8]. ProGRP is also up-regulated in
many types of tumors, such as pancreatic can-
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cer, colon cancer, prostate cancer, and central
nervous system cancers [1, 5, 9]. Moreover, it
has been shown that tumor markers concen-
trations might be abnormal in the pregnancy,
inflammation, nonmalignant disease, liver func-
tion and (or) renal function abnormalities.

As kidneys are the main excretory organs of
ProGRP, impaired glomerular filtration and
deteriorated renal function will lead to its accu-
mulation in blood circulation as the higher
serum concentrations are observed [7, 10]. A
critical challenge in the clinical application has
emerged: while serum ProGRP increased ab-
ove 50 pg/ml in only a small fraction of benign
diseases (non-malignance), the elevation was
observed in most cases of chronic kidney dis-
ease (CKD) and much higher in CKD than in
other benign diseases [11]. Therefore, ProGRP
evaluation in patients with renal failure was
confused with its clinical value as a tumor
marker [12]. Further analysis also found that
the serum level of ProGRP of chronic renal fail-
ure patients was positively correlated with
serum creatinine of patients, which can be
used as a reliable indicator of pathogenesis
and prognosis assessment of chronic renal
failure patients [13]. The presence of kidney
disease may pose significant problems in in-
terpreting ProGRP level and making clinical
judgment for oncologists. However, the role
and utility of tumor markers such as ProGRP in
cancer diagnosis in patients with renal disease
remains controversial [14].

Therefore, it is vital to determine the effect of
kidney injuries on the level of ProGRP in blood,
to avoid misinterpretation when diagnosing
and treating patients with cancers. The present
study intends to investigate the level change of
ProGRP in patients with kidney-related diseas-
es including nephrotic syndrome (NS), urinary
tract infection (UTI) (often developing into
chronic pyelonephritis and permanently dam-
aging the structures and functions of the kid-
neys [15]), antineutrophil cytoplasmic antibody
(ANCA)-associated vasculitis (AAV) (kidney is
commonly involved and irreversibly injured in
AVV [16, 17]), and especially CKD, to preliminar-
ily determine the upper reference intervals, so
as not to confuse with early stages of malignan-
cy. A further aim is to explore the clinical diag-
nostic value combining ProGRP with traditional
biomarkers of renal function for CKD patients.
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Materials and methods
Subjects

We enrolled a total of 676 subjects into the
cross-sectional study. Of these, 548 patients
of the Department of Nephrology from 1
October, 2022 to 28 February, 2023 were
recruited. After excluding 66 individuals with
hypertension, diabetes mellitus and other dis-
eases (chronic liver disease, chronic bronchitis,
cardiac insufficiency, heart failure, severe mal-
nutrition, malignancies, etc.), 482 subjects
were finally included in this study. These 482
subjects are divided into four groups: CKD
(n=272), NS (n=137), AAV (n=41), and UTI
(n=32). 194 healthy individuals without related
diseases (chronic inflammatory, metabolic dis-
eases, hypertension, cancer, coronary heart
disease, diabetes mellitus, renal disorders,
etc.) or abnormal laboratory examinations were
selected as healthy control. The diagnostic cri-
teria for CKD are based on the Kidney Disease
Outcome Quality Initiative (KDOQI): abnormali-
ties of kidney structure, reduced renal function
evaluated by estimated glomerular filtration
rate (€GFR) < 60 mL/minute/1.73 m?2 (mL/
min/1.73 m?) or a persistent proteinuria in 2
separate measurements within an interval of 3
months [18]. According to the gold standard of
CKD grading followed by the National Kidney
Foundation Kidney Disease Outcomes Quality
Initiative (NKF-KDOQI), CKD was divided into
five stages (CKD I-V) [19]. Among 272 CKD
subjects, there was only 24 CKD V patients and
the stages IV and V of CKD patients were com-
bined into one grade. NS is classically defined
by nephrotic-range proteinuria (= 40 mg/m?/
hour or urine protein/creatinine ratio > 200
mg/mL or 3+ protein on urine dipstick), hypoal-
buminemia (< 25 g/L) and oedema [20]. This
study has been reviewed and approved by
Institutional Ethics Committee of Peking Uni-
versity First Hospital (No. 2023-research-320).

Laboratory measurement

The systemic condition of study subjects was
evaluated by a comprehensive review of medi-
cal history and a series of biochemical assess-
ments. Blood samples were collected after an
overnight fast of at least 12 hours. Serum cre-
atinine, potassium, sodium, chlorine, urea, uric
acid (UA) and fasting plasma glucose (FPG)
were measured concomitantly on AU5800
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automatic biochemical analyzer (Beckman
Coulter, Inc., CA, USA). Serum creatinine levels
were determined by Jaffe’s method. Serum
ProGRP was detected by Roche Cobas €601
electrochemiluminescence immunoassay ana-
lyzer (Roche Diagnostics, GmbH, Mannheim,
Germany). The reference interval of ProGRP
is < 69.2 pg/mL in our laboratory. eGFR was
calculated by the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation
recommended by the Kidney Disease Improving
Global Outcomes [21]. CKD patients were divid-
ed into five stages: CKD | (eGFR > 90 mL/min
per 1.73 m?), CKD Il (¢GFR 60-89 mL/min per
1.73 m?), CKD Ill (¢GFR 30-59 mL/min per 1.73
m?3), CKD IV (eGFR 15-29 mL/min per 1.73 m?)
and CKD V (eGFR < 15 mL/min per 1.73 m?3).

Statistical analysis

Statistical analysis was performed by R soft-
ware (Version 3.6.2, https://www.r-project.
org/) and the Deepwise & Beckman Coulter
DxAI platform (https://dxonline.deepwise.com).
Continuous variables were expressed as mean
* standard deviation or median (25" percen-
tile-75" percentile), and One-way ANOVA or
Kruskal-Wallis tests were used to compare the
differences among the study groups. Cate-
gorical variables were presented as frequen-
cies with percentages, and the Chi-square (x?)
tests were applied to identify categorical vari-
ables. Reference intervals of ProGRP for CKD
and nephrotic syndrome were established
according to the Clinical and Laboratory
Standards Institute (CLSI) guideline C28-A3
[22]. The reference upper limit was calculated
by the non-parametric percentile method (95%,
one-tailed). The diagnostic model was devel-
oped using R software with the rms package
and displayed online through Deepwise and
Beckman Coulter DxAl platform (https://dxon-
line.deepwise.com/). To obtain the best diag-
nostic performance, four machine learning
algorithms, including the eXtreme Gradient
Boosting (XGBoost) algorithm, Logistic regres-
sion (LR), Random Forest (RF), Gradient
Boosting learning model, were built. XGBoost
utilizes decision tree as base learners and
employs regularization techniques to enhance
model generalization. RF combines the output
of multiple decision trees to reach a single
result. LR is used for binary classification where
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it uses sigmoid function, which takes input as
independent variables and produces a proba-
bility value between O and 1. Gradient Boosting
is an algorithm that combines the predictions
of multiple weak learners, typically decision
trees, sequentially. The receiver operating char-
acteristic (ROC) curve was presented to evalu-
ate the discrimination ability of the model. The
area under the ROC curve (AUC) was calculat-
ed, and an AUC of > 0.75 was considered to
indicate good model performance. The P value
of < 0.05 was considered as indicating statisti-
cal significance.

Results

Clinical characteristics and laboratory results
of study subjects

The clinical and biochemical characteristics
of all study subjects are summarized in Table
1. Of the 482 patients enrolled from the
Department of Nephrology, 261 (54.15%) were
male and 221 (45.85%) were female, and they
were divided into four groups based on their
clinical diagnoses: CKD (n=272), NS (n=137),
AAV (n=41), and UTI (n=32). The healthy control
(n=194) included 124 males (63.9%) and 70
females (36.1%). Patients with CKD were sig-
nificantly older than healthy controls (P < 0.01),
but not statistically different in gender between
them. As showed in Table 1, 27 features, in-
cluding ProGRP and renal function-related indi-
cators of creatinine, eGFR and urea were sig-
nificantly different between healthy controls
and CKD patients (P < 0.01).

Comparison of ProGRP levels in study groups

As shown in Table 1 and Supplementary Figure
1, serum ProGRP level in the CKD group was
67.14 (48.98, 100.18) pg/ml, indicating signifi-
cant differences from the healthy controls
(36.65 [30.29, 43.62] pg/ml) and the other
groups (P < 0.01). ProGRP of nephrotic syn-
drome patients (48.95 [35.55, 65.66] pg/ml)
was significantly higher than that in the healthy
subjects (P < 0.01), but not statistically sig-
nificant with the UTI patients (30.51 [26.97,
33.73] pg/ml). AAV group (125.65 [74.70,
163.20] pg/ml) had significantly higher level of
ProGRP compared to the healthy control, CKD,
NS and UTI (P < 0.01).

Am J Cancer Res 2025;15(2):824-832



Evaluation of ProGRP in kidney injuries

Table 1. Clinical characteristics and laboratory assessments of the study groups

Healthy controls
(n=194)

Chronic kidney disease

(n=272)

Nephrotic syndrome
(n=137)

Antineutrophil cytoplasmic

antibody associated
vasculitis (n=41)

Urinary tract infection

(n=32)

P

Age (years)
Male (%)
ProGRP (pg/ml)
eGFR (ml/min/1.73 m?)
A/G

AG (mmol/L)
ALB (g/L)

ALP (IU/L)

ALT (lU/L)

AST (IU/L)

Ca (mmol/L)

Cl (mmol/L)
CO, (mmol/L)
CREA (umol/L)
DBIL (pmol/L)
GGT (IU/L)

GLU (mmol/L)
HDL-C (mmol/L)
IBIL (umol/L)

K (mmol/L)
LDL-C (mmol/L)
Mg (mmol/L)
Na (mmol/L)

P (mmol/L)

PA (mg/L)
PCHE (IU/L)
TBA (pmol/L)
TBIL (umol/L)
TCHO (mmol/L)
TG (mmol/L)
TP (g/L)

UA (umol/L)
UREA (mmol/L)

40.00 (35.00, 46.75)
63.91
36.65 (30.29, 43.62)
97.02 (88.14, 106.45)
1.39 (1.29, 1.54)
12.18 (10.98, 13.08)
45.20 (44.20, 46.85)
68.00 (56.00, 80.00)
16.00 (10.25, 25.75)
21.00 (18.00, 25.00)
2.40 (2.35, 2.45)

103.40 (102.50, 104.58)

27.45 (26.10, 28.40)
81.00 (68.30, 88.52)
2.40 (1.90, 3.20)
20.00 (15.00, 33.00)
4.92 (4.60, 5.31)
1.26 (1.08, 1.54)
11.24 (9.10, 14.13)
3.84 (3.65, 3.99)
2.79 (2.36, 3.30)
0.88 (0.85, 0.91)

139.15 (138.05, 140.30)

1.02 (0.92, 1.12)

266.40 (240.23, 299.10)
8406.0 (7397.5, 9246.0)

210 (1.33, 3.15)
13.55 (10.93, 17.15)
4.76 (4.10, 5.36)
1.02 (0.72, 1.42)
78.25 (75.70, 81.00)

337.00 (272.00, 384.25)

4.74 (4.15, 5.61)

52.00 (39.00, 64.00)*
54.78%

67.14 (48.98, 100.18)*
57.12 (31.20, 77.26)*
1.28 (1.12, 1.50)*
12.30 (10.70, 15.03)
41.35 (38.20, 44.03)*
61.00 (50.75, 71.25)*
17.00 (12.00, 26.00)
18.00 (15.00, 23.00)*
2.31(2.24, 2.37)*

105.00 (104.00, 108.00)*

25.85 (23.20, 27.80)*

113.00 (86.00, 176.00)*

0.32 (0.20, 1.24)*
23.00 (17.00, 33.00)
5.40 (4.94, 6.12)*
1.22 (1.01, 1.58)
8.70 (6.19, 12.09)*
4.10 (3.80, 4.60)*
2.52 (1.94, 3.30)*
0.90 (0.85, 0.97)*

140.00 (138.00, 142.00)*

1.18 (1.04, 1.35)*

291.35 (254.65, 339.23)*
8388.0 (6889.3, 9740.3)

2.50 (1.60, 4.70)*
9.30 (6.40, 13.40)*
4.62 (3.90, 5.58)
1.55 (1.09, 2.19)*
72.85 (68.50, 76.50)*

360.50 (299.75, 435.00)*

8.42(5.93, 13.36)*

55.00 (40.00, 64.00)
58.39
48.95 (35.55, 65.66)
83.96 (64.91, 99.69)
1.27 (1.05, 1.40)
11.10 (9.50, 13.00)
38.10 (32.20, 42.00)
58.00 (47.00, 71.00)
17.00 (13.00,25.00)
18.00 (15.00, 22.00)
2.28(2.21, 2.36)

106.00 (104.00, 108.00)

27.10 (25.20, 28.80)
83.00 (72.00, 100.00)
0.21(0.20, 1.06)
25.00 (18.00, 37.00)
5.50 (5.08, 6.44)
1.40 (1.16, 1.75)
9.53 (6.70, 11.93)
3.90 (3.70, 4.20)
2.84 (2.29, 3.79)
0.86 (0.81, 0.92)

140.00 (139.00, 142.00)

1.18 (1.04, 1.31)

281.30 (242.10, 332.10)
8929.0 (7517.0, 10865.0)

2.80 (1.70, 4.35)
10.10 (6.90, 13.10)
5.36 (4.26, 6.49)
1.64 (1.27, 2.39)
66.70 (59.90, 72.80)

368.00 (318.00, 417.00)

6.47 (4.84, 9.00)

71.00 (65.25, 75.00)
46.34

125.65 (74.70, 163.20)

30.15 (19.90, 46.42)
1.45 (1.35, 1.55)
11.25 (10.45, 13.10)
39.55 (34.45, 44.05)
43.00 (39.75, 68.75)
14.50 (11.25, 16.75)
17.50 (14.50, 20.00)
2.31(2.25, 2.39)

105.50 (103.25, 107.50)

26.45 (25.98, 26.88)

180.00 (115.50, 208.50)

0.20(0.20, 0.57)
23.50 (16.50, 35.50)
5.04 (4.84, 6.00)
1.47 (1.35, 1.83
7.49 (6.25, 9.68
4.10 (4.03,4.28
2.78(2.61,3.94
0.90 (0.87, 1.05)

)
)
)
)

140.00 (139.00, 141.00)

1.22 (1.03, 1.45)

345.55 (263.23, 372.38)
6773.5 (5444.0, 8234.0)

3.55 (1.90, 4.75)
7.70 (6.50, 9.93)
5.29 (4.84, 6.56)
1.24 (0.98, 2.17)
67.75 (57.53, 72.08)

408.50 (323.00, 469.50)

16.17 (10.38, 20.28)

43.00 (36.00, 51.50)
40.63
30.51 (26.97, 33.73)
90.93 (83.58, 106.97)
1.42 (1.31, 1.60)
12.05 (10.20, 14.05)
44.00 (42.25, 45.75)
62.50 (49.25, 71.50)
14.00 (11.25, 16.75)
18.50 (16.25, 20.75)
2.32 (2.25, 2.35)

105.00 (103.25, 105.75)

27.00 (25.28, 29.23)
67.50 (65.25, 73.75)
0.82 (0.31, 1.29)
15.50 (12.25, 19.00)
5.23 (4.97, 5.78)
1.47 (1.23, 1.69)
10.69 (9.41, 12.42)
3.80 (3.60, 4.00)
2.76 (2.30, 3.37)
0.90 (0.85, 0.93)

140.00 (138.25, 142.75)

1.11 (0.93, 1.16)

238.20 (211.30, 251.10)
7951.5 (7166.0, 8852.5)

1.80 (1.20, 2.90)
11.50 (9.93, 13.45)
4.91 (4.06, 5.43)
0.93 (0.80, 1.16)
74.40 (72.63, 77.75)

278.50 (240.25, 353.25)

4.27 (3.79, 4.82)

<0.001
0.043
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.038
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
<0.001
0.001
0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Data are presented as median (25" percentile-75" percentile) or as n (%). *P < 0.05, CKD group compared to healthy control group.
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Table 2. The efficacy of four machine learning models

AUC Sensitivity Specificity Precision Accuracy NPV PPV F1Score Recall
RF 0.98 0.92 0.95 0.96 0.93 0.89 0.96 0.94 0.92
XGBoost 0.98 0.91 0.95 0.97 0.93 0.88 0.96 0.94 0.91
LR 0.97 0.90 0.94 0.96 0.92 0.87 0.95 0.93 0.90
Gradient Boosting  0.98 0.91 0.95 0.96 0.92 0.88 0.96 0.93 0.91

RF, Random Forest; XGBoost, eXtreme Gradient Boosting; LR, Logistic regression; NPV, negative predictive value; PPV, positive

predictive value.

Determination of upper reference limit in CKD
and NS

In the present study, histograms of ProGRP in
the CKD and nephrotic syndrome group indi-
cated non-Gaussian distributions, and ProGRP
levels were not significant in age or sex. There-
fore, non-parametric method was used to cal-
culate the 95th quantile as the upper limit. The
non-parametric method can be used to deter-
mine the reference interval by the percentile
method, which arranges the n individual test
values in order from the smallest to the largest,
and sequentially assigns a rank to them. Di-
vide the n ranks into 100 equal parts, and the
number corresponding to r% rank is called the
rt" percentile, denoted by Pr. The upper refer-
ence limit r (95th percentile) were calculated
as the 95% reference intervals (one-tailed)
for the assay. The upper reference limit of
ProGRP was less than 188.42 pg/ml for CKD,
245.40 pg/ml for CKD IV-V patients, and less
than 97.25 pg/ml for the nephrotic syndrome
patients.

ProGRP levels in CKD-stages

We further compared the levels of serum
ProGRP among the healthy control and the
CKD stages. As showed in Supplementary
Figure 2, the average ProGRP levels were
33.63 (27.09, 39.08) pg/ml, 54.35 (48.45,
64.00) pg/ml, 78.19 (64.77, 93.32) pg/ml,
139.2 (118.8, 191.8) pg/ml in CKD stages |, I,
Il and IV+V, respectively. ProGRP level was not
significantly different between healthy subjec-
ts and CKD stage | patients (P=0.236), but it
was significantly elevated in the CKD stages II,
Il and IV+V compared with the control (P <
0.01). The concentration levels also had statis-
tical differences among different CKD stages (P
< 0.01), showing a progressively increasing
trend in CKD grading.
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Clinical value of ProGRP in CKD diagnosis

A total of 27 indicators including ProGRP and
eGFR were significantly different between
healthy controls and CKD patients (P < 0.01)
(Table 1). All the indicators with statistical dif-
ferences were used to build the machine learn-
ing models. Since eGFR is calculated from
serum creatinine, and creatinine was not con-
sidered in the assessment. Finally, taking AUC
combined with sensitivity into account, among
the four models of XGBoost, RF, LR, and
Gradient Boosting (Table 2), the RF model
could serve as the best diagnostic tool with an
AUC of 0.98 for the ROC curve, a sensitivity of
0.92 and specificity of 0.95.

Moreover, the RF model was developed to fur-
ther identify the important indicators for diag-
nosing CKD. We ranked the importance values
of all the selected features (27 variables) in the
machine learning model and selected the top-
ranked and clinically meaningful ones of them
for analysis. The feature importance of the vari-
ables of this model are ranked accordingly as
direct bilirubin (DBIL), albumin, urea, eGFR,
ProGRP, K, age, Cl, Ca, and total bilirubin (TBIL),
etc. After repeated exclusion and analysis, we
compared the model containing the five fea-
tures with the highest importance (DBIL, albu-
min, urea, eGFR, ProGRP) with that containing
the original 27 variables by the Delong test,
and there was no statistical difference between
them. The diagnostic performance of the top
five variables (DBIL, albumin, urea, eGFR,
ProGRP) for CKD diagnosis respectively in sin-
gle-factor models were showed in Table 3.
Applying these five indicators to establish the
final model, the sensitivity was 0.89, specificity
0.92, accuracy 0.90, and recall 0.89. And the
ROC curve of the RF model was plotted as in
Figure 1 with an AUC of 0.96 (95% CI: 0.94-
0.97). Furthermore, a web-based tool (https://
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Table 3. The diagnostic performance of the one-factor model for

CKD diagnosis

It was observed that serum
ProGRP of chronic renal failure

maximal Youden’s

AUC Cut-off value Sensitivity Specificity

patients was abnormally ele-
vated and positively correlated

Index
DBIL 089 139 0.79 0.93 o.d7€2 r_’itht serum Crt?ati”tiﬂet °If pT"
ients, suggesting that levels
eGFR 087 7716 0.75 0.95 0.70 of ProGRP are correlated with
ALB 0.83 43.25 0.69 0.89 0.58 the degree of kidney injury
UREA 0.85 6.04 0.72 0.87 0.60 [13]. The present study show-
ProGRP 0.86 48.58 0.76 0.88 0.64 ed that ProGRP levels remain
normal in UTI cases, but be-
come elevated in patients with
ROCBEVAL CKD, nephrotic syndrome, and
1.0{ 22 Ratiorea=0.556) AAV. Although recurrent or per-
sistent UTls could develop into
0.8 chronic pyelonephritis, causing
permanent damage the struc-
£ tures and functions of the kid-
; 0.6 neys [15], our finding might
£ indicate that ProGRP accumu-
=] 0.4 lation was specifically asso-
S r ciated with damaged renal
= function rather than simple/
0.2 temporary inflammatory condi-
i tions or other pathogeneses
66 [10]. Notably, the significant
higher level in patients with

0.2 0.4 0.6

False positive Rate

0.8

Figure 1. ROC curve of the RF model for CKD diagnosis.

dxonline.deepwise.com/prediction/index.html
?baseUrl=%2Fapi%2F&id=36907&topicName
=undefined&from=share&platformType=wisd
om) was built for clinicians to use the propos-
ed model. A screenshot of the webpage was
shown in Supplementary Figure 3. After input-
ting the necessary parameters, CKD could be
diagnosed or predicted with probability.

Discussion

GRP plays a critical role in cancer growth and
metastasis, and its precursor, ProGRP, could
serve as an emerging tumor marker in early
cancer diagnosis [23, 24]. In clinical applica-
tions, ProGRP concentrations were also abnor-
mal in some benign diseases, and related to
renal function abnormalities as kidney is the
major organ excreting it [7, 10]. Therefore, due
to disturbing renal metabolism and excretion,
application of the tumor marker ProGRP in early
diagnosing and therapeutic monitoring could
be misinterpreted and limited.
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1.0 AAV compared to those with

CKD and nephrotic syndrome

could be linked to the clinical

features of a more severe ren-

al involvement and reduced
eGFR, supporting the findings that the kidneys
are most commonly and severely affected in
AAV [17]. Moreover, renal disease is common in
AAV with features of irreversible kidney injury
(glomerulosclerosis and interstitial fibrosis),
and is the most important predictor of morta-
lity [16]. The differential elevation of ProGRP
across various kidney conditions provides valu-
able insights into its relationship with renal
pathophysiology.

Several studies reported that impaired glomer-
ular filtration may lead to abnormal substan-
ce metabolism such as increased circulating
ProGRP levels, confound the tumor marker sig-
nificance of elevated values [12, 14]. Conse-
quently, CKD and nephrotic syndrome should
be considered as an interfering factor of Pro-
GRP increase when ProGRP is applied to diag-
nose SCLC and other benign diseases. When a
patient presents with elevated ProGRP levels,
the physician’s considerations should not be
limited to the possibility of cancer, but could

Am J Cancer Res 2025;15(2):824-832
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also be the cause of kidney injuries. Based on
the principle of reference interval establish-
ment [22], the present study determined the
upper reference limit of ProGRP in patients
with CKD and nephrotic syndrome. If ProGRP
exceeds the range, the doctor might need to
consider the possibility that the patient has
cancer rather than kidney diseases. Our found-
ing support the diagnosis values of much high-
er ProGRP levels in SCLC (1,484 pg/ml) [25]
and of ProGRP > 300 pg/ml as conventional
indicator for SCLC [26]. These upper references
would provide clinical values for interpreting
ProGRP levels in patients with kidney disease,
helping to distinguish between elevations due
to renal dysfunction and those potentially indi-
cating malignancy.

To further explore the average ProGRP levels in
CKD grading, we evaluated the differences of
ProGRP among CKD stages. The present study
indicated that ProGRP was not affected in the
early stage of CKD, consistent with other re-
searches’ reports [10, 14]. When renal injury
develops to the middle or late stages, ProGRP
cannot pass freely through the endothelial cells
and basement membrane, and thus accumu-
lating in the blood circulation [27]. It was also
observed that with the aggravation of CKD,
serum ProGRP concentrations elevated signifi-
cantly, reflecting glomerular filtration function
change and adding further evidence to the
previous studies [10]. Thus, the progressive
increase in ProGRP levels across CKD stages
offers particular insight into its relationship
with renal function. There are several formulas
available for assessing glomerular filtration
rate and CKD stage, but most of them involve
serum creatinine or Cystatin C [28, 29]. Cu-
rrently, the diagnosis of CKD is usually based
on traditional indicators including eGFR, albu-
minuria or proteinuria [18]. The CKD-EPI formu-
la for calculating eGFR is mainly based on cre-
atinine, which would be affected by various
exogenous factors such as extremely high or
low body size, muscle metabolism, high-protein
diet, or use of drugs affecting tubular secretion
of creatinine [21, 30, 31], while ProGRP is an
autocrine gastrointestinal hormone which is
less influenced by these exogenous factors
[32] and therefore has the potential to be a
more reliable marker for monitoring renal func-
tion, complementing those traditional indica-
tors. Dai reported that serum ProGRP could
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complement the simplified modification of diet
in renal disease (MDRD) formula in grading
CKD [10], and our study showed that it might
reflect glomerular filtration function as well. The
above findings prompted the hypothesis that
ProGRP may have clinical value in the diagno-
sis of CKD by incorporating ProGRP into the
equation in eGFR calculation for CKD diagnosis
and staging to obtain relatively accurate evalu-
ation in the future.

We have built four machine learning algorithms
using XGBoost, RF, LR and Gradient Boosting
model, and chose the best diagnostic tool, the
RF model, as the final algorithm to further iden-
tify the important indicators for diagnosing
CKD. RF model combines the output of multiple
decision trees to reach a single result, and its
strength is the ability to mitigate overfitting and
provide robust performance. Finally, five vital
indicators (top five variables of feature weight-
ing), including ProGRP, eGFR, urea, albumin,
and direct bilirubin (DBIL), were applied to
establish a CKD diagnostic model. ProGRP as
well as the traditional markers like eGFR and
urea, can reflect changes in renal function of
CKD patients. Albumin, mainly synthesized by
the liver, can assess liver function, and a low
serum albumin is an increased risk for kidney
failure [33]. As an endogenous product of heme
catabolism, bilirubin is also a potent anti-oxi-
dant that effectively scavenges peroxyl radi-
cals, and it might have a protective role in pro-
gression of diabetic kidney disease with greater
oxidative stress [34]. Some studies demon-
strated an independent positive association
between serum bilirubin and eGFR [35], and
independent negative association between
DBIL and CKD [36], suggesting that decreased
bilirubin level would be useful as a potential
risk factor for the progression of CKD [37, 38].
Therefore, the above five variables of the RF
model built for diagnosing CKD in the study
were rational. Moreover, our online model had
better AUC and sensitivity than the single factor
models, showing a good and convenient perfor-
mance on the diagnosis of CKD. The integration
of ProGRP into RF model alongside traditional
markers might open new possibilities for
improving CKD diagnosis and evaluation in
daily clinical work.

However, our research has certain limitations,
partly because it was single-hospital design.
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The sample sizes of this study in CKD-stage
and other diseases were small. Our study is
also limited by retrospective and cross-section-
al design, and sample collection may have
been influenced by external factors. Therefore,
a multi-center, longitudinal, prospective clinical
trial is required to clarify and confirm our
findings.

Conclusion

In conclusion, serum ProGRP levels were ele-
vated significantly in patients with kidney dis-
eases (such as CKD, nephrotic syndrome, and
AAV patients) compared to the healthy con-
trols. Additionally, the upper reference limit of
ProGRP was 188.42 pg/ml for CKD, 245.40
pg/ml for CKD IV-V, and 97.25 pg/ml for
nephrotic syndrome. The average levels of
ProGRP increased significantly with the CKD
stages, indicating that it might reflect glome-
rular filtration function change. The machine
learning model of ProGRP with DBIL, eGFR, ALB
and urea could provide a practical tool for inte-
grating multiple biomarkers in CKD diagnosis
and evaluation.
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Supplementary Figure 1. The levels of serum ProGRP in different groups. Healthy, healthy controls; UTI, urinary tract
infection; NS, nephrotic syndrome; CKD, chronic kidney disease; AAV, antineutrophil cytoplasmic antibody (ANCA)-
associated vasculitis. *P < 0.01, compared to healthy controls. #P < 0.01, comparison between two groups.
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Supplementary Figure 2. Comparison of ProGRP levels in CKD-stages. *P < 0.01, compared to healthy controls. #*P
< 0.01, comparison between two groups.
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Supplementary Figure 3. A screenshot of online diagnostic model webpage.



