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Simple Summary: We investigated the ability of using protein adipophilin (ADP) levels to predict
long-term survival after liver surgery in patients with colorectal liver metastases (CRLMs). We
studied 102 patients with CRLM who had liver surgery between 2006 and 2022. ADP levels were
examined in the surgically removed tumors. Long-term outcomes for ADP-positive (n = 51) and
ADP-negative (n = 51) groups were compared. Rates of survival without disease recurrence and
overall survival were significantly decreased for ADP-positive patients relative to ADP-negative
patients. Analyses demonstrated that patients with ADP-positive CRLM had a worse prognosis than
those with ADP-negative CRLM, as reflected by both survival without disease recurrence (p = 0.002)
and overall survival (p = 0.003). Thus, the ADP level was able to predict the survival of patients with
CRLM after liver surgery.

Abstract: Background/Objectives: Adipophilin (ADP) is a protein associated with lipid droplets, and
its expression is related to poor prognosis in certain cancers. However, its impact on the survival of pa-
tients with colorectal liver metastases (CRLMs) remains unclear. This study investigated the impact of
ADP expression on long-term survival following hepatectomy in patients with CRLM. Methods: We
retrospectively analyzed 102 consecutive patients who underwent hepatectomy between 2006 and
2022. ADP expression was examined in resected specimens through immunohistochemical stain-
ing using tissue microarrays. Long-term outcomes for ADP-positive (n = 51) and ADP-negative
(n = 51) groups were compared with Kaplan–Meier survival analysis. Results: We found significantly
decreased 5-year recurrence-free survival (RFS) and overall survival (OS) rates for ADP-positive
patients relative to ADP-negative patients (29.4% versus 52.1%, respectively; p = 0.001 and 43.7%
versus 72.2%, respectively; p = 0.003). Moreover, multivariate Cox hazards analysis demonstrated
that patients with ADP-positive CRLM had a worse prognosis after hepatectomy than those with
ADP-negative CRLM, as reflected by both RFS (HR 2.46, 95% CI 1.39–4.36, p = 0.002) and OS (HR: 2.89,
95% CI 1.43–5.85, p = 0.003). Conclusions: ADP expression had a significant prognostic impact on the
survival of patients with CRLM following liver resection and may aid in optimal treatment planning.
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1. Introduction

Colorectal cancer (CRC) was the second most common cancer and the second leading
cause of cancer deaths by site worldwide in both sexes in 2022. In Japan, it was the most
common cancer, with approximately 145,000 new cases, and the second leading cause of
cancer deaths in both sexes (after lung cancer) in 2022 [1]. The liver is the most common
site of metastasis by hematogenous spread via the portal circulation [2]. It is estimated
that 25–30% of patients with CRC have liver metastases during their disease [3–5]. Liver
resection is the only chance of long-term survival for patients with colorectal liver metastasis
(CRLM), providing a 5-year overall survival (OS) ranging from 30% to 60% [6,7]. However,
relapse after hepatectomy occurs in 50–75% of these patients [8,9] and poses challenges
to treatment. Although some recurrence prediction patterns have been built based on
clinical features [10,11], finding new biomarkers to predict recurrence and personalize the
treatment of patients with CRLM is still necessary.

Adipophilin (ADP) is a protein associated with lipid droplets (LDs) that plays a role
in regulating their structure and formation. It is found in various tumors and may serve
as a new marker for identifying specialized cells with LDs, as well as for diseases related
to fat-accumulating cells [12]. Recent studies have shown a relationship between ADP
expression and poor prognosis in certain types of cancers, such as lung cancer [13], kidney
cancer [14], pancreatic cancer [15], breast cancer [16], melanoma [17], and salivary gland
cancer [18]. The expression of ADP in CRC was observed at the cellular level [19], and it has
been a potential factor in helping to detect early-stage CRC [20]. However, the predictive
value of ADP expression for survival and recurrence in patients with CRLM who undergo
hepatectomy remains unclear. Therefore, we aimed to examine the correlation between
ADP expression and the prognosis of patients with CRLM who underwent hepatectomy.

2. Materials and Methods
2.1. Patient Selection

We retrospectively analyzed the clinical and histopathological data of patients with
CRLM who underwent liver resection at Kansai Medical University Hospital from Decem-
ber 2006 to October 2022.

Right-sided CRC tumors were defined as those that arose from the caecum, ascending
colon, and proximal two-thirds of the transverse colon, and left-sided CRC tumors were
defined as those that arose from the distal one-third of the transverse colon, descending
colon, sigmoid colon, and rectum [21,22]. CRLM was defined as synchronous when
detected before primary tumor resection or intraoperatively at the time of surgery on the
primary tumor and as metachronous when detected after primary tumor resection [23–25].
Neoadjuvant chemotherapy consisted of fluorouracil-based regimens containing oxaliplatin
and/or irinotecan (mFOLFOX6, XELOX, FOLFIRI, FOLFOXIRI, 5-FU/leucovorin) with or
without targeted agents (bevacizumab, cetuximab, panitumumab). Adjuvant chemotherapy
regimens were similar, except for FOLFOXIRI, and also included irinotecan plus S1 or
oral chemotherapeutic regimens (capecitabine, UFT, S-1). Postoperative complications
were reported based on the classification proposed by Dindo and Clavien [26,27]. Early
recurrence was defined as recurrence within six months after liver resection [28,29].

This study was conducted in accordance with the Declaration of Helsinki, and the
study protocol was approved by the Institutional Review Board of the Kansai Medical
University (No. 2019045). Clinical data were collected at the Department of Hepatobiliary
Surgery, Kansai Medical University. Immunohistochemistry was analyzed at the Depart-
ment of Pathology, Osaka Medical and Pharmaceutical University. Data were analyzed
at the Department of Mathematics and Statistics in Medical Sciences, Kyoto Prefectural
University of Medicine.

2.2. Follow-Up

After discharge from the hospital following liver resection, all surviving patients were
followed up with at least every three months with physical examination, liver function tests,
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and ultrasound (US), computed tomography (CT), or magnetic resonance imaging (MRI)
to check for intrahepatic recurrence. In addition, chest X-rays and CT scans were obtained
every three months and six months, respectively. Bone metastases were determined by
bone scintigraphy. If intrahepatic recurrence was indicated by changes in tumor markers
and/or imaging findings, recurrence limited to the remnant liver was treated by repeat
hepatectomy, percutaneous local ablative therapy (such as radiofrequency ablation [RFA]),
or systemic therapy, depending on the lesion, liver function, and Eastern Cooperative
Oncology Group Performance Status (ECOG-PS). If extrahepatic metastases were detected,
active treatment was administered to patients with a good ECOG-PS (0 or 1), while others
received the best supportive care or radiation therapy for symptomatic bone metastases.
Surgical resection was performed for patients with a solitary extrahepatic metastasis and
no intrahepatic recurrence.

2.3. Histopathological Analysis

Excised tumors were fixed in 10% formalin, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin for histopathological evaluation. Two pathologists
independently evaluated histopathological features, and when discrepancies arose between
them, reassessment was performed using a double-headed microscope to reach a consensus.
Histological findings and the stages of all cases were defined according to the Japanese
Classification of Colorectal, Appendiceal and Anal Carcinoma: the 3rd English Edition [30].

2.4. Immunohistochemistry

One whole section of the most morphologically representative carcinoma regions iden-
tified on hematoxylin and eosin-stained slides was used for immunohistochemical analysis
for each patient. Immunohistochemical analyses were conducted using an automated
staining system (Discovery ULTRA system; Roche Diagnostics, Basel, Switzerland) accord-
ing to the manufacturer’s instructions. A primary antibody for ADP (mouse monoclonal
antibody, AP125, 1:100 dilution, Progen Biotechnik, Heidelberg, Germany) was utilized
to analyze ADP expression. Staining results were visualized with 3,3′-diaminobenzidine
(DAB). Human sebaceous gland tissues served as built-in positive controls for ADP staining.
Two researchers independently evaluated the immunohistochemical (IHC) staining results.

ADP expression was categorized as either positive or negative. Previously defined
criteria indicated that ADP expression was positive when neoplastic cells exhibited gran-
ular and/or globular cytoplasmic expression [13,15,16,18]. We counted the percentage of
ADP-positive carcinoma cells to identify a cut-off value, which was determined by the
median value.

2.5. Statistical Analyses

Comparisons between the two groups were made with Fisher’s exact test or Pearson
Chi-Square test for categorical variables and the Mann–Whitney U test or Student’s t-test
for continuous variables. The rates of OS and recurrence-free survival (RFS) were evaluated
with Kaplan–Meier analysis. Univariable and multivariable analyses were performed with
the Cox proportional hazards regression model to examine the association between clinical–
pathological parameters and survival. Continuous variables (carcinoembryonic antigen
[CEA] expression, albumin level, and ADP expression) were binarized using the cut-off
values based on the median values to ensure an equal sample size for both groups [31] and
achieve consistency in the Cox proportional hazards regression model. p < 0.05 (two-sided)
was considered significant. All analyses were conducted with SPSS Statistics 25.0 (IBM,
Armonk, NY, USA).

3. Results
3.1. Background Characteristics

From December 2006 to October 2022, 107 consecutive patients with CRLM underwent
liver resection at Kansai Medical University Hospital. After the exclusion of patients who
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died of postoperative complications (n = 2) or had R2 resection (n = 3), 102 patients who
had R0 or R1 resection were included in this study. Based on the median value, the ADP
expression cut-off value was set at 17.5%. Accordingly, 51 (50.0%) patients were classified
in the ADP-positive group, and the remaining 51 (50.0%) were placed in the ADP-negative
group. Figure 1 shows typical ADP immunohistochemical staining, with expression levels
of 0%, 50%, and 90%.
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Preoperative characteristics of all 102 patients are shown in Table 1. The median age
was 70 (62–75) years, with 56 (54.9%) patients being female. The ADP-positive group had
a significantly higher incidence of females compared with the ADP-negative group. The
median levels of CEA, CA 19-9, and albumin were 11.0 (4.4–33.3) ng/mL, 20.8 (9.0–61.6)
U/mL, and 4.1 (3.7–4.4) mg/dL, respectively. In terms of preoperative blood tests, a
significant difference between groups was found only in prothrombin time, with a higher
value in the ADP-negative group. Right-side and left-side CRC appeared in 37 (36.3%)
and 65 (63.7%) patients, respectively. Synchronous metastases were identified in 34 (33.3%)
patients, while metachronous metastases were present in 68 (66.7%) patients.

Table 1. Preoperative characteristics.

Variable Overall
(N = 102)

ADP-Negative
(n = 51)

ADP-Positive
(n = 51) p Value

Age, years 70 (62–75) 69 (61–75) 70 (64–77) 0.457

Gender 0.047
Male 46 (45.1%) 28 (54.9%) 18 (35.3%)
Female 56 (54.9%) 23 (45.1%) 33 (64.7%)

BMI, kg/m2 22.4 (20.1–24.7) 22.8 (20.2–24.5) 22.2 (19.3–24.8) 0.741

CEA, ng/mL 11.0 (4.4–33.3) 9.4 (4.8–24.9) 14.4 (3.9–47.1) 0.261

CA19-9, U/mL 20.8 (9.0–61.6) 17.7 (8.3–47.5) 28.3 (9.2–75.2) 0.271

Albumin, mg/dL 4.1 (3.7–4.4) 4.1 (3.8–4.4) 4.1 (3.5–4.4) 0.180

Prothrombin time, % 98.7 (89.0–108.9) 102.8 (90.4–109.7) 95.8 (85.8–105.7) 0.033

Total bilirubin, mg/dL 0.6 (0.5–0.7) 0.6 (0.5–0.8) 0.5 (0.5–0.7) 0.409

Neoadjuvant chemotherapy 1.000
Present 18 (17.6%) 9 (17.6%) 9 (17.6%)
Absent 84 (82.4%) 42 (82.4%) 42 (82.4%)

Tumor size > 5 cm
Yes 18 (17.6%) 9 (17.6%) 9 (17.6%) 1.000
No 84 (82.4%) 42 (82.4%) 42 (82.4%)

Number of tumors 0.835
Solitary 67 (65.7%) 33 (64.7%) 34 (66.7%)
Multiple 35 (34.3%) 18 (35.3%) 17 (33.3%)
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Table 1. Cont.

Variable Overall
(N = 102)

ADP-Negative
(n = 51)

ADP-Positive
(n = 51) p Value

Location of colorectal tumor 0.837
Right side 37 (36.3%) 19 (37.3%) 18 (35.3%)
Left side 65 (63.7%) 32 (62.7%) 33 (64.7%)

Type of liver metastases 1.000
Synchronous 34 (33.3%) 17 (33.3%) 17 (33.3%)
Metachronous 68 (66.7%) 34 (66.7%) 34 (66.7%)

H—category of colorectal liver metastasis 0.250
H1 85 (83.4%) 40 (78.4%) 45 (88.3%)
H2 14 (13.7%) 10 (19.6%) 4 (7.8%)
H3 3 (2.9%) 1 (2.0%) 2 (3.9%)

Data are shown as median (25th percentile to 75th percentile) or n (%); ADP, adipophilin; BMI, body mass index;
CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9.

Surgical outcomes and pathological features are summarized in Table 2. Notably,
laparoscopic hepatectomy, R0 resection, and postoperative complications of grade ≥ IIIa
were observed in 24 (23.5%), 95 (93.1%), and 13 (12.7%) patients, respectively. Adjuvant
chemotherapy was administered to 48 (47.1%) patients. ADP expression was associated
with histological tumor differentiation.

Table 2. Surgical outcomes and pathology.

Variable Overall
(N = 102)

ADP-Negative
(n = 51)

ADP-Positive
(n = 51) p

Laparoscopic hepatectomy 1.000
Yes 24 (23.5%) 12 (23.5%) 12 (23.5%)
No 78 (76.5%) 39 (76.5%) 39 (76.5%)

Surgical procedure 0.678
Partial hepatectomy 38 (37.2%) 16 (31.4%) 22 (43.2%)
Partial hepatectomy (two sites or more) 11 (10.8%) 7 (13.7%) 4 (7.8%)
Sectionectomy 28 (27.5%) 15 (29.4%) 13 (25.5%)
Bisectionectomy 22 (21.6%) 12 (23.5%) 10 (19.6%)
Trisectionectomy 3 (2.9%) 1 (2.0%) 2 (3.9%)

Blood transfusion 0.214
Yes 66 (64.7%) 36 (70.6%) 30 (58.8%)
No 36 (35.3%) 15 (29.4%) 21 (41.2%)

Blood loss, mL 495 (202–993) 475 (192–1016) 501 (233–813) 0.965

Operation time, mins 295 (242–405) 311 (246–459) 270 (239–366) 0.123

Resection status 0.436
R0 95 (93.1%) 46 (90.2%) 49 (96.1%)
R1 7 (6.9%) 5 (9.8%) 2 (3.9%)

Histological tumor differentiation 0.005
Well-differentiated type 15 (14.7%) 12 (23.5%) 3 (5.9%)
Moderately differentiated type 72 (70.6%) 29 (56.9%) 43 (84.3%)
Poorly differentiated type 3 (2.9%) 1 (2.0%) 2 (3.9%)
Mucinous carcinoma 12 (11.8%) 9 (17.6%) 3 (5.9%)

Hospital stay, days 12 (9–16) 11 (9–15) 12 (9–16) 0.554

Clavien—Dindo classification, ≥IIIa 0.138
Yes 13 (12.7%) 4 (7.8%) 9 (17.6%)
No 89 (87.3%) 47 (92.2%) 42 (82.4%)

Adjuvant chemotherapy 0.692
Present 48 (47.1%) 23 (45.1%) 25 (49.0%)
Absent 54 (52.9%) 28 (54.9%) 26 (51.0%)
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Table 2. Cont.

Variable Overall
(N = 102)

ADP-Negative
(n = 51)

ADP-Positive
(n = 51) p

Recurrence 0.005
Yes 56 (54.9%) 21 (41.2%) 35 (68.6%)
No 46 (45.1%) 30 (58.8%) 16 (31.4%)

Early recurrence <0.001
Yes 28 (27.5%) 6 (11.8%) 22 (43.1%)
No 74 (72.5%) 45 (88.2%) 29 (56.9%)

Pattern of recurrence 0.010
No recurrence 46 (45.1%) 30 (58.8%) 16 (31.4%)
Intrahepatic only 17 (16.7%) 6 (11.8%) 11 (21.6%)
Extrahepatic only 16 (15.7%) 9 (17.6%) 7 (13.7%)
Both intrahepatic and extrahepatic 23 (22.5%) 6 (11.8%) 17 (33.3%)

Intrahepatic recurrence 0.001
Yes 40 (39.2%) 12 (23.5%) 28 (54.9%)
No 62 (60.8%) 39 (76.5%) 23 (45.1%)

Extrahepatic recurrence 0.067
Yes 39 (38.2%) 15 (29.4%) 24 (47.1%)
No 63 (61.8%) 36 (70.6%) 27 (52.9%)

Observation period, months 51.4 (22.1–84.2) 70.7 (29.9–95.0) 29.4 (16.0–62.9) <0.001

Data are shown as median (25th percentile to 75th percentile) or n (%); ADP, adipophilin.

3.2. Long-Term Survival

Features of recurrence are shown in Table 2. During the follow-up period, 56 (54.9%)
patients relapsed, and 42 (41.2%) patients died. The ADP-negative group had significantly
lower incidences of overall recurrence, early recurrence, and intrahepatic recurrence com-
pared with the ADP-positive group (p = 0.005, p < 0.001, and p = 0.001, respectively). In
addition, the two groups differed substantially in the pattern of recurrence, but not in the
extrahepatic recurrence rate.

Kaplan–Meier survival curves revealed that patients in the ADP-negative group had
better long-term survival compared with those in the ADP-positive group. Specifically,
the 5-year RFS rate was 52.1% in the ADP-negative group and 29.4% in the ADP-positive
group (p = 0.001; Figure 2A). The 5-year OS rate was 72.2% in the ADP-negative group and
43.7% in the ADP-positive group (p = 0.003; Figure 2B).

Cancers 2024, 16, x FOR PEER REVIEW  7  of  12 
 

 

   

Figure 2. Kaplan–Meier analysis of the association of adipophilin (ADP) expression with survival in 

patients with colorectal  liver metastases who underwent hepatectomy: (A) recurrence-free survival 

curves and (B) overall survival curves for patients with ADP-positive and ADP-negative disease. 

3.3. Examination of Prognostic Factors for Long‐Term Survival 

Multivariate Cox hazards analyses identified three independent adverse prognostic 

predictors  for RFS: ADP-positive disease  (HR, 2.46; 95% CI, 1.39–4.36; p = 0.002), body 

mass index (BMI) ≥ 25 kg/m2 (HR, 2.11; 95% CI, 1.12–3.99; p = 0.021), and CEA level ≥ 11.0 

ng/mL (HR, 2.52; 95% CI, 1.35–4.70; p = 0.004; Table 3). It also found three independent 

adverse prognostic predictors for OS: ADP-positive disease (HR, 2.89; 95% CI, 1.43–5.85; 

p = 0.003), BMI ≥ 25 kg/m2 (HR, 3.12; 95% CI, 1.50–6.50; p = 0.002), and right-sided CRC 

(HR, 2.28; 95% CI, 1.13–4.61; p = 0.021; Table 4). 

Table 3. Univariate and multivariate analyses of recurrence-free survival 

Variable 
Univariate  Multivariate 

HR  95% CI  p  HR  95% CI  p 

Adipophilin (positive versus negative)  2.32  1.38–3.90  0.001  2.46  1.39–4.36  0.002 

Age (≥75 versus <75 years)  1.14  0.66–1.98  0.646  0.64  0.34–1.20  0.163 

Gender (female versus male)  1.42  0.85–2.38  0.178  1.36  0.77–2.39  0.294 

Body mass index (≥25 versus <25 kg/m2)  1.72  0.97–3.05  0.065  2.11  1.12–3.99  0.021 

CEA (≥11.0 versus <11.0 ng/mL)  2.06  1.23–3.45  0.006  2.52  1.35–4.70  0.004 

Albumin (≥4.1 versus <4.1 mg/dL)  0.74  0.45–1.23  0.243  0.60  0.33–1.11  0.103 

Tumor diameter (≥5 versus <5 cm)  1.61  0.85–3.04  0.141  0.81  0.34–1.95  0.641 

Type of liver metastasis (metachronous versus synchronous)  0.73  0.43–1.23  0.235  0.82  0.43–1.57  0.556 

Location of colorectal cancer (right-sided versus left-sided)  1.35  0.81–2.27  0.252  1.64  0.93–2.87  0.086 

Surgical  procedure  (sectionectomy  or more  than  sectionectomy

versus partial hepatectomy) 
1.19  0.72–1.98  0.498  1.24  0.71–2.16  0.444 

Resection status (R0 versus R1)  1.19  0.48–2.98  0.710  1.57  0.56–4.41  0.393 

Histological tumor differentiation (poor/muc versus well/mod)  1.16  0.57–2.35  0.685  0.72  0.31–1.70  0.456 

HR, hazards ratio; CI, confidence interval; CEA, carcinoembryonic antigen. 

   

Figure 2. Kaplan–Meier analysis of the association of adipophilin (ADP) expression with survival in
patients with colorectal liver metastases who underwent hepatectomy: (A) recurrence-free survival
curves and (B) overall survival curves for patients with ADP-positive and ADP-negative disease.
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3.3. Examination of Prognostic Factors for Long-Term Survival

Multivariate Cox hazards analyses identified three independent adverse prognos-
tic predictors for RFS: ADP-positive disease (HR, 2.46; 95% CI, 1.39–4.36; p = 0.002),
body mass index (BMI) ≥ 25 kg/m2 (HR, 2.11; 95% CI, 1.12–3.99; p = 0.021), and CEA
level ≥ 11.0 ng/mL (HR, 2.52; 95% CI, 1.35–4.70; p = 0.004; Table 3). It also found three in-
dependent adverse prognostic predictors for OS: ADP-positive disease (HR, 2.89; 95% CI,
1.43–5.85; p = 0.003), BMI ≥ 25 kg/m2 (HR, 3.12; 95% CI, 1.50–6.50; p = 0.002), and right-
sided CRC (HR, 2.28; 95% CI, 1.13–4.61; p = 0.021; Table 4).

Table 3. Univariate and multivariate analyses of recurrence-free survival.

Variable
Univariate Multivariate

HR 95% CI p HR 95% CI p

Adipophilin (positive versus negative) 2.32 1.38–3.90 0.001 2.46 1.39–4.36 0.002
Age (≥75 versus <75 years) 1.14 0.66–1.98 0.646 0.64 0.34–1.20 0.163
Gender (female versus male) 1.42 0.85–2.38 0.178 1.36 0.77–2.39 0.294
Body mass index (≥25 versus <25 kg/m2) 1.72 0.97–3.05 0.065 2.11 1.12–3.99 0.021
CEA (≥11.0 versus <11.0 ng/mL) 2.06 1.23–3.45 0.006 2.52 1.35–4.70 0.004
Albumin (≥4.1 versus <4.1 mg/dL) 0.74 0.45–1.23 0.243 0.60 0.33–1.11 0.103
Tumor diameter (≥5 versus <5 cm) 1.61 0.85–3.04 0.141 0.81 0.34–1.95 0.641
Type of liver metastasis (metachronous
versus synchronous) 0.73 0.43–1.23 0.235 0.82 0.43–1.57 0.556

Location of colorectal cancer (right-sided
versus left-sided) 1.35 0.81–2.27 0.252 1.64 0.93–2.87 0.086

Surgical procedure (sectionectomy or more than
sectionectomy versus partial hepatectomy) 1.19 0.72–1.98 0.498 1.24 0.71–2.16 0.444

Resection status (R0 versus R1) 1.19 0.48–2.98 0.710 1.57 0.56–4.41 0.393
Histological tumor differentiation (poor/muc
versus well/mod) 1.16 0.57–2.35 0.685 0.72 0.31–1.70 0.456

HR, hazards ratio; CI, confidence interval; CEA, carcinoembryonic antigen.

Table 4. Univariate and multivariate analyses of overall survival.

Variable
Univariate Multivariate

HR 95% CI p HR 95% CI p

Adipophilin (positive versus negative) 2.64 1.38–5.02 0.003 2.89 1.43–5.85 0.003
Age (≥75 versus <75 years) 1.63 0.86–3.10 0.137 1.30 0.63–2.69 0.471
Gender (female versus male) 1.96 1.03–3.72 0.040 1.74 0.88–3.43 0.114
Body mass index (≥25 versus <25 kg/m2) 2.25 1.18–4.29 0.014 3.12 1.50–6.50 0.002
CEA (≥11.0 versus <11.0 ng/mL) 2.13 1.13–4.01 0.019 1.72 0.83–3.57 0.147
Albumin (≥4.1 versus <4.1 mg/dL) 0.63 0.34–1.16 0.138 0.57 0.28–1.17 0.126
Tumor diameter (≥5 versus <5 cm) 1.67 0.82–3.40 0.156 1.34 0.56–3.17 0.509
Type of liver metastasis (metachronous
versus synchronous) 0.92 0.49–1.72 0.787 1.57 0.68–3.60 0.289

Location of colorectal cancer (right-sided
versus left-sided) 1.77 0.96–3.24 0.067 2.28 1.13–4.61 0.021

Surgical procedure (sectionectomy or more than
sectionectomy versus partial hepatectomy) 1.13 0.62–2.08 0.688 0.96 0.49–1.86 0.902

Resection status (R1 versus R0) 1.09 0.34–3.53 0.887 2.59 0.68–9.83 0.163
Histological tumor differentiation (poor/muc
versus well/mod) 1.43 0.66–3.09 0.363 0.68 0.27–1.74 0.422

HR, hazards ratio; CI, confidence interval; CEA, carcinoembryonic antigen.

4. Discussion

ADP is a protein associated with LD and a member of the PAT family of proteins [32].
It is also known by other names, such as adipose differentiation-related protein (ADRP)
or perilipin 2 (PLIN2) [33]. Previous research has shown that ADP may be directly or



Cancers 2024, 16, 3827 8 of 12

indirectly associated with the malignant potential of CRC, and it is a potential biomarker
for the detection of early-stage CRC [20]. It is more prevalent in massive submucosal inva-
sion carcinomas than in adenomas, high-grade dysplasias, or slight submucosal invasive
carcinomas in CRC [34]. However, the expression profile of ADP in CRLM has not been
clarified. Therefore, in this study, we investigated the clinicopathological significance of
ADP expression in patients with CRLM who underwent liver resection. We demonstrated
the following: by multivariate analysis, ADP expression was an independent factor for
determining the prognosis of patients with CRLM who underwent liver resection, and
ADP-negative patients had a significantly better prognosis compared with ADP-positive
patients. To our knowledge, this is the first study to address the prognostic significance of
ADP expression in patients with CRLM who underwent hepatectomy.

Many studies have attempted to identify prognostic factors in patients with CRLM
who have undergone liver resection. Among these, the Fong clinical risk score is perhaps
the most well-known algorithm for assessing prognosis in patients with CRLM being
considered for liver resection. This score includes independent predictors of recurrence,
such as CEA levels ≥200 ng/mL, disease-free interval <12 months, multiple tumors,
tumor size >5 cm, and lymph node metastasis in CRC [10]. In addition, many other
models for clinical risk stratification have been developed to enhance the accuracy of
prognostic predictions [9,35,36]. However, there is still room for improvement in identifying
independent prognostic factors that more precisely reflect the biological characteristics of
individual tumors related to invasiveness, metastatic potential, or response to therapy. This
will help in personalizing treatment approaches.

In this study, the recurrence rate was significantly higher in the ADP-positive group
than in the ADP-negative group (Table 2). Multivariate analysis for RFS showed that
ADP-positive disease, BMI ≥ 25 kg/m2, and CEA level ≥ 11.0 ng/mL were prognostic
factors for poor RFS in patients with CRLM who underwent hepatectomy. Multivariate
analysis for OS showed that ADP-positive disease, BMI ≥ 25 kg/m2, and right-sided CRC
were prognostic factors for poor OS in these patients. Similarly to the results observed in
this study, previous studies found that high BMI (>24 kg/m2) [37] and right-sided CRC [38]
were significant factors for predicting the overall survival of patients with CRLM after
hepatectomy. A high CEA level (>50 ng/mL) has been reported as a predictor of recur-
rence [39], while an elevated CEA level (≥25 ng/mL) and/or CA 199 level (≥50 U/mL)
has a prognostic impact on OS in these patients [40]. In our study, a high CEA level
(>11 ng/mL) was significantly associated with RFS, but not OS, potentially due to differ-
ences in cut-off values. Tumor diameter ≥ 5 cm, R1 resection, and metachronous liver
metastasis were identified as independent predictors of poor prognosis in patients with
CRLM in other studies [10,25]. However, these were not identified as predictors in our
multivariate analysis (Tables 3 and 4), possibly due to the small sample size, which is one
of our study’s limitations.

The results of this study indicate that ADP expression is a valuable prognostic marker
for both OS and RFS in patients with CRLM after liver resection. Supporting this finding,
previous research showed that ADP expression in tumor cells is associated with upregulated
lipid synthesis in neoplastic cells and poor prognosis in several types of carcinoma [13–15].
ADP expression in neoplastic cells is considered to represent lipid accumulation within the
cytoplasm and fatty changes. It might reflect an increase in lipid synthesis, probably via
the enhancement of glucose uptake, a phenomenon known as the “Warburg effect”, which
is commonly observed in cancer cells [12,17,41–43]. Increased cancer cell proliferation,
invasion, and metastasis require large amounts of lipids to produce cell membranes and
signaling molecules [42]. In CRC, abnormal lipid metabolism is associated with progres-
sion [41,43]. Moreover, a severe fatty microenvironment in the liver also promotes invasion
and metastasis in CRC [44]. Accordingly, ADP expression in neoplastic cells within CRLM
might be associated with increased proliferative activity, as well as enhanced invasiveness
and metastatic potential, which may influence survival outcomes.
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In addition to ADP expression detected in excised tumors by IHC, ADP can also be
identified in plasma samples using the combination of hollow fiber membrane (HFM)-based
low-molecular weight protein enrichment and two-dimensional image converted analysis
of liquid chromatography and mass spectrometry (2DICAL) or through a high-density
reverse-phase protein microarray as a plasma biomarker potentially useful for the detection
of early-stage CRC [20]. However, the association between ADP expression in plasma
samples and long-term survival in CRC or CRLM has not been established. Furthermore,
the correlation between ADP expression levels measured in excised tumors by IHC and
those in plasma samples has not been determined. These gaps in knowledge provide
opportunities for future research aimed at developing ADP as a reliable biomarker for the
diagnosis and prognosis of many types of cancers.

ADP expression is a new biomarker for prognosis after hepatectomy in patients with
CRLM. It reflects the specific biological characteristics of CRLM tumors, assisting in patient
stratification after liver resection when combined with other prognostic factors. This
biomarker may support clinicians in individualizing postoperative monitoring and in
deciding between repeat hepatectomy and systemic or alternative therapies for subsequent
hepatic recurrences. The association between chemotherapy response and ADP expression
should be examined in future studies to inform chemotherapy decision making.

Recognizing the limitations associated with this study is essential. First, this was a
retrospective study conducted at a single center with a small sample size, which may have
introduced selection bias that affected the results. Second, ADP expression may be hetero-
geneous in different locations of the same tumor, so that may also have affected the results,
even if we used the whole section of the most morphologically representative carcinoma
regions for immunohistochemical analysis in each patient. Moreover, neoadjuvant and
adjuvant chemotherapy, which are essential factors for predicting CRLM [45,46], were not
applied consistently across all patients, which may have influenced the results. Further
analyses are needed to investigate the prognostic value of ADP expression, not only in
CRLM but also in CRC, across biopsy samples, surgically resected specimens, and plasma
samples, regarding chemotherapy response and survival.

5. Conclusions

In conclusion, this study demonstrated that ADP expression is an independent prog-
nostic factor for RFS and OS in patients with CRLM following liver resection, and it may
assist in optimal treatment planning and patient selection for liver resection.
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