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Abstract
[Objective] To observe the dynamic changes in the urinary proteome across
different disease stages in a DEN-induced inflammation-cancer model of
hepatocellular carcinoma. Methods In this study, a rat inflammation-cancer
model of hepatocellular carcinoma was established via intraperitoneal injection
of DEN. Urine was collected weekly, differential proteins were identified by
liquid chromatography-tandem mass spectrometry (LC-MS/MS), biological
pathway analysis of differential proteins was performed using IPA software, and
changes in urinary proteins at different disease stages were observed. Results
Through DEN induction, 15 experimental rats developed different stages of the
disease model from hepatitis to cirrhosis to hepatocellular carcinoma, with each
rat exhibiting different rates of disease progression due to individual differences.
Each rat displayed numerous differential proteins at different disease time
points, and the differential proteins from different rats were all enriched in
the same biological pathways related to liver injury, inflammatory lesions,
tumorigenesis, and potential therapeutic targets for tumors. [Discussion] We
can observe distinct changes in the urinary proteome at various stages of the
inflammation-cancer model, and different rats exhibit different rates of disease
progression due to individual differences, which suggests that we need to pay
greater attention to individualized and precise detection in the future.

Full Text
Abstract
Objective: To investigate the dynamic changes in the urinary proteome across
different stages of disease progression in a diethylnitrosamine (DEN)-induced
rat model of inflammation-to-cancer transition.
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Methods: We established a rat liver cancer-inflammatory cancer model
through intraperitoneal injection of DEN and collected urine samples weekly.
Differential proteins were identified using liquid chromatography-tandem mass
spectrometry (LC-MS/MS), and biological pathway analysis of these proteins
was performed using IPA software to observe urinary protein changes at
different disease stages.

Results: Fifteen experimental rats were induced with DEN to develop various
stages of hepatitis-cirrhosis-liver cancer. Individual rats exhibited different dis-
ease progression rates due to biological variation. Each rat showed numerous
differential proteins at different time points, and these proteins were enriched in
common biological pathways related to liver injury, inflammatory lesions, tumor
development, and potential therapeutic targets.

Discussion: We observed distinct urinary proteome changes at each stage of
the liver cancer-inflammatory cancer model. The individual variation in dis-
ease progression among different rats suggests the need for greater emphasis on
personalized and precise detection strategies in future research.
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Introduction
Urine, formed through blood filtration and not subject to homeostatic regula-
tion, accumulates various changes expelled by the body to maintain stability.
Consequently, urine reflects physiological changes more rapidly and sensitively
than blood, making it an important source for mining early disease biomarkers
[1,2]. Previous studies have identified significant differential proteins in urine for
conditions including pulmonary fibrosis [3], astrocytoma [3], pancreatic cancer
[4], and bladder cancer [5]. Additionally, urine offers the advantages of non-
invasive collection, large sample volumes, and continuous sampling. Therefore,
we consider urine to be an excellent biological source for biomarker discovery.
Animal models can exclude numerous complex confounding factors, minimizing
their influence [6]. DEN-induced hepatocarcinogenesis differs from direct tumor
modeling through cancer cell inoculation by simulating the stepwise human pro-
gression from hepatitis to cirrhosis to liver cancer, making it more practically
significant for identifying early human liver cancer markers.

Liver cancer is a highly common malignant tumor with an insidious onset and
rapid progression, yet relatively high incidence and mortality rates [7]. It oc-
curs worldwide, with 626,000 new cases and 589,000 deaths annually, ranking
as the sixth most common tumor globally and third in cancer-related mortality
[8]. This demonstrates that liver cancer seriously threatens human health and
life. China is among the countries with high liver cancer incidence, with approx-
imately 100,000 deaths from primary liver cancer each year. Globally, 80% of
liver cancer cases are directly related to infection-induced occult hepatitis and
chronic viral hepatitis, leading to liver inflammation, fibrosis, and regenerative
nodules [9]. Therefore, early diagnosis and treatment are crucial for improv-
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ing survival in liver cancer patients. As the third leading cause of cancer death
and lacking effective treatment measures, preventing liver cancer occurrence has
become a major challenge.

Diethylnitrosamine, a nitrosamine compound, is not only a potent chemical
carcinogen but also a common food contaminant found in food, cosmetics, beer,
and cigarettes. Using DEN to induce liver cancer models allows determination
of the timing of each stage of hepatocarcinogenesis and precancerous lesions,
providing a reliable carcinogenesis model.

In this study, we constructed a rat liver cancer-inflammatory cancer model,
collected urine weekly, and performed blood collection and tissue sampling at
different time points. Blood biochemical indicators and liver tissue HE staining
were used to determine pathological progression. Mass spectrometry analysis
of collected urine samples was conducted to investigate changes in the urinary
proteome and related biological pathways during disease progression, providing
clues and a basis for clinical diagnosis and therapeutic target identification in
liver cancer.

Methods
Animal Model and Sample Collection

Twenty male Wistar rats weighing 180g were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. Rats received weekly intraperitoneal
injections of DEN at a dose of 50mg/kg and were housed under standard condi-
tions with a 12-hour light-dark cycle, temperature of 22℃$±$1℃, and humidity
of 65%-70%. Urine was collected weekly. Blood liver function tests and liver
tissue HE sections were performed before injection (week 0) and at weeks 4, 12,
16, and 18 post-injection to evaluate model progression. All experimental pro-
cedures complied with animal ethics review standards (Animal License: SCXK
(Beijing) 2016-0006; approved by the Institutional Animal Care and Use Com-
mittee of the Institute of Basic Medical Sciences, Chinese Academy of Medical
Sciences, Animal Welfare Assurance Number: ACUC-A02-2014-007).

Blood Biochemical Analysis

To assess model progression and blood changes during the inflammatory-cancer
transition, blood samples were collected from the abdominal aorta (2ml) under
anesthesia with 2% pentobarbital sodium (0.2ml/100g) before DEN injection
(week 0) and at weeks 4, 12, 16, and 18. Serum was obtained by centrifugation
at 3000rpm for 10 minutes at 4℃. Levels of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase (ALP), total protein
(TP), and albumin (ALB) were measured.
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Histopathological Analysis

Following blood collection, rats underwent cardiac perfusion. A needle was in-
serted from the left ventricular apex into the aorta, and physiological saline was
rapidly perfused while a small incision was made in the right atrial appendage.
After approximately 60ml of saline was perfused and the outflow became color-
less, 4% paraformaldehyde was substituted. The liver was examined macroscop-
ically, and liver tissue was collected for HE sectioning. Pathological sections
were observed using Image Scope software to evaluate disease progression in the
liver cancer-inflammatory cancer model.

Urine Collection and Sample Processing

Urine Collection: Urine was collected weekly, six days after each intraperi-
toneal DEN injection and before the next injection to minimize drug effects on
urinary proteins. Each rat was placed in a metabolic cage overnight for 10-hour
urine collection without food or water. Collected urine was immediately stored
at -80℃ for subsequent analysis.

Urinary Protein Extraction and Digestion: Urine was centrifuged at
12,000g for 40 minutes at 4℃ to obtain the supernatant. Supernatant (500�l
aliquots) was transferred to new EP tubes, and pre-cooled ethanol was added
at a 1:3 ratio (supernatant:ethanol), mixed thoroughly, and stored overnight at
-20℃ for 12 hours. The solution was then centrifuged at 12,000g for 30 min-
utes at 4℃, the supernatant was discarded, and the pellet was dried with cold
air from a hair dryer. Lysis buffer (37.5�l) was added, mixed until no precip-
itate remained, and centrifuged again at 12,000g for 30 minutes at 4℃. The
supernatant was transferred to new EP tubes and stored at -80℃. Protein
concentration was determined using the Bradford method after resuspension.

For enzymatic digestion, the FASP method was employed [10]. Briefly, 100�g of
urinary protein was loaded onto a 10kD ultrafiltration tube (Pall, Port Wash-
ington, NY, USA), washed twice with UA solution (8mol/L urea, 0.1mol/L
Tris-HCl, pH8.5) and 25 mmol/L NH4HCO3 solution. Trypsin (Trypsin Gold,
Promega, Fitchburg, WI, USA) was added at a 1:50 enzyme-to-protein ratio for
overnight digestion at 37℃. Peptides were collected by centrifugation, desalted
using HLB solid-phase extraction columns (Waters, Milford, MA), vacuum-
dried, and stored at -80℃.

LC-MS/MS Analysis: Digested samples were resuspended in 0.1% formic
acid and diluted to 0.5�g/�L. A pooled peptide sample was prepared from each
sample and fractionated using a high pH reversed-phase peptide separation kit
(Thermo Fisher Scientific). The pooled peptide sample was loaded onto a col-
umn and eluted with an acetonitrile gradient, collecting ten fractions by cen-
trifugation. Fractions were vacuum-dried and resuspended in 0.1% formic acid.
iRT synthetic peptides (Biognosis) were added to each fraction and individual
sample at a 10:1 volume ratio.
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Data acquisition was performed using an EASY-nLC 1200 ultra-high perfor-
mance liquid chromatography system coupled to an Orbitrap Fusion Lumos
high-resolution mass spectrometer. Peptides dissolved in 0.1% formic acid were
loaded onto a pre-column (75 µm$×2𝑐𝑚, 3𝑚, 𝐶18, 100)𝑎𝑛𝑑𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑒𝑑𝑜𝑛𝑎𝑟𝑒𝑣𝑒𝑟𝑠𝑒𝑑−
𝑝ℎ𝑎𝑠𝑒𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙𝑐𝑜𝑙𝑢𝑚𝑛(50𝑚×$250mm, 2µm, C18, 100Å) with a 4%-35% gra-
dient of mobile phase B (80% acetonitrile + 0.1% formic acid + 20% water) at
a flow rate of 300nL/min for 90 minutes. For automated and sensitive signal
processing, a calibration kit (iRT kit, Biognosys, Switzerland) was used at 1:20
v/v concentration across all samples. Ten fractions were analyzed in DDA-MS
mode with the following parameters: spray voltage 2.4kV, Orbitrap primary
resolution 60,000, scan range 350-1550 m/z, secondary scan range 200-2000
m/z, resolution 30,000, isolation window 2Da, collision energy 30% HCD, AGC
target 5e4, and maximum injection time 30ms. Raw files were processed using
Proteome Discoverer 2.1 (PD, Thermo Fisher Scientific) for database searching
and analysis.

Mass Spectrometry Data Processing: PD search results were used to es-
tablish DIA acquisition methods, with window width and quantity calculated
based on m/z distribution density. Individual peptide samples were analyzed in
DIA mode. Spectronaut X software was used for data processing and analysis,
importing raw DIA files for database searching. High-confidence protein criteria
were peptide q-value <0.01, with protein quantification based on the peak area
of all fragment ions from secondary peptides.

Statistical Analysis: Missing values in mass spectrometry results were im-
puted using the KNN method [11], and CV screening (CV<0.3) was applied
[12]. Independent sample t-tests were used for comparisons between each two
groups. To minimize the impact of rat growth and development on urinary pro-
teins, we employed adjacent time point comparisons: week 4 vs. week 0, week 8
vs. week 4, week 12 vs. week 8, week 16 vs. week 12, and week 18 vs. week 16. Dif-
ferential proteins were screened using criteria of fold change FC$�1.5𝑜𝑟𝐹𝐶�$0.67,
with P<0.05.

Functional Annotation of Differential Proteins: Differential pro-
teins were analyzed for functional enrichment using the DAVID database
(https://david.ncifcrf.gov/) [13] and IPA software (Ingenuity Systems, Moun-
tain View, CA, USA), with significance threshold P<0.05.

Results
Rat Weight Changes

To broadly assess model progression, we recorded the weekly weight of 15 Wistar
rats in the liver cancer-inflammatory cancer model. Weight changes followed
expected patterns. Approximately 8-9 weeks after intraperitoneal injection, as
hepatitis progressed, weight gain slowed. Around week 15, weight began to
decline, corresponding to later histopathological results showing progression to
the liver cancer stage (see Figure 1).
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Blood Biochemistry Analysis

Blood biochemistry results revealed changes in five liver function parameters
during the inflammatory-cancer transition. Alanine aminotransferase (ALT), in-
fluenced by hepatocellular membrane permeability, is generally associated with
acute hepatitis and chronic cirrhosis. As shown in Figure 2a, ALT began to
increase after week 12, indicating hepatocellular damage had affected the blood-
stream. Aspartate aminotransferase (AST) elevation lagged behind ALT (Fig-
ure 2b), suggesting damage had progressed to the organelle level, with blood
AST levels rising after week 16. The AST/ALT ratio showed corresponding
changes (Figure 2c): initially decreasing as ALT increased during early hepa-
tocellular injury, then rising as AST increased following mitochondrial damage.
Between 0-12 weeks, hepatocytes began to sustain damage, with severe destruc-
tion occurring after week 16. Alkaline phosphatase (ALP) showed the most
sensitive response, with significant elevation as early as week 4 that persisted
throughout disease progression (Figure 2d). Despite liver damage, total protein
(TP) and albumin (ALB) remained normal, likely due to homeostatic mecha-
nisms (Figures 2e and 2f).

Macroscopic Liver Analysis

For direct model evaluation, we examined the surface appearance of livers from
rats at different disease stages. Figures 3a-3d correspond to normal, hepatitis,
cirrhosis, and liver cancer stages, respectively. Healthy livers appeared pale
red, smooth, and soft. During hepatitis, livers became darker and firmer. In
cirrhosis, the surface developed strong granularity with yellow-white spots. In
liver cancer, dark red masses and diffuse gray-white nodules were visible.

Histopathological Analysis

Normal rat liver showed radially arranged hepatocyte cords with homogeneous
red-stained cytoplasm, centrally located round nuclei, and no inflammatory cell
infiltration in portal areas (Figure 4a). After 4 weeks, mild hepatitis with in-
flammatory cell infiltration in interstitial and portal areas was observed (Figure
4b), with some showing moderate hepatitis (Figure 4c). After 12 weeks, fibrous
tissue proliferation, inflammatory infiltration, and pseudolobule formation indi-
cated nodular cirrhosis (Figure 4d). At 16-18 weeks, large areas of tumor tissue
with relatively well-differentiated, regularly arranged tumor cells and rare mi-
totic figures were observed, with extensive perivenous connective tissue prolifer-
ation and diffuse lymphocytic infiltration indicating early liver cancer (Figure
4e). In advanced liver cancer, tumor cells were poorly differentiated, irregularly
arranged, with frequent mitotic figures and diffuse apoptosis, nuclear fragmen-
tation, or dissolution (Figure 4f).
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Urinary Proteome Analysis

Unsupervised Clustering Analysis: To better understand overall urinary
proteome changes, we performed unsupervised clustering of all rats at all time
points (Figure 5). The notation 1-0 represents rat #1 before DEN injection, 1-4
represents rat #1 at 4 weeks post-injection, and so forth. The clustering revealed
that among 7 rats in the final liver cancer stage, 6 rats (1, 4, 5, 6, 7, 9) showed
disease-associated urinary protein changes, while rat #3 exhibited significant
individual variation. This highlights the importance of considering individual
differences in disease models and the need for precision medicine tailored to each
individual. Among the 6 disease-responsive rats, pre-injection week 0 samples
clustered distinctly from other time points. Weeks 4-8 samples intermingled,
likely reflecting the hepatitis stage where varying immune responses among rats
led to different disease severity and progression rates. Week 16 samples clustered
with either week 12 or week 18 samples, possibly due to individual variation
in disease progression timing (some developing cirrhosis at week 12 vs. 16, or
liver cancer at week 16 vs. 18). Overall, despite some intermingling of adjacent
time points, unsupervised clustering successfully distinguished healthy, hepatitis,
cirrhosis, and liver cancer stages while highlighting notable individual variation.

Differential Protein and Pathway Analysis: To minimize growth-related
effects in self-controlled comparisons, we identified differential proteins in 7 rats
using adjacent time point comparisons. Differential protein numbers at weeks
4, 8, 12, 16, and 18 are shown in Table 1 (specific UniProt information in
Supplementary Table 1). Differential proteins were analyzed using Ingenuity
Pathway Analysis software, with IPA pathways for different samples and time
points summarized in Table 2 (partial pathways for 7 rats; complete pathways
in Supplementary Table 2).

Statistical analysis of 7 rats identified 32 shared IPA pathways, most related to
various stages of the inflammatory-cancer model. Among these, 18 pathways
were liver disease-related, covering three main aspects: liver injury and inflam-
mation, tumor development, and potential therapeutic targets. Five pathways
involved liver damage, inflammation, and lesions: xenobiotic metabolism
PXR signaling [14], 𝛼-adrenergic signaling [15], LXR/RXR activation [16],
FXR/RXR activation [16], and iron homeostasis signaling [17]. Literature
indicates PXR signaling and 𝛼-adrenergic signaling are associated with liver
injury and inflammation, LXR/RXR and FXR/RXR activation relate to liver
development, metabolism, and inflammation, and iron homeostasis signaling
is linked to hepatic fibrosis. Most of these pathways were enriched at weeks
4 and 8. Nine pathways have been reported in literature as tumor-related,
including SPINK1 pancreatic cancer pathway [18], NRF2-mediated oxidative
stress response [19], glutathione-mediated detoxification [20], PXR/RXR
activation [21], xenobiotic metabolism AHR signaling pathway [22], acute
phase response signaling [23], gluconeogenesis I [24], complement system
[25], and clathrin-mediated endocytosis signaling [26], all associated with
tumor development including liver cancer. Four pathways were identified as
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potential therapeutic targets, involving tumor growth, migration, cancer cell
metabolism, and apoptosis: unfolded protein response [27], coagulation system
[28], apoptosis signaling [29], and glycolysis I [30].

In summary, our results demonstrate that urinary proteomics can detect changes
at each stage of the inflammatory-cancer model, with enriched biological pro-
cesses documented in literature as hepatitis and liver cancer-related. Individual
biological variation leads to different disease progression rates in carcinogenesis
models.
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