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Abstract

:

An ongoing debate surrounds the impact of chemotherapy on post-hepatectomy liver regeneration in patients with colorectal cancer liver metastases (CRLM), with unclear regulatory mechanisms. This study sought to delve into liver regeneration post-resection in CRLM patients, specifically examining the roles of hepatocyte growth factor (HGF) and transforming growth factor β1 (TGF-β1). In this longitudinal observational study, 17 patients undergoing major liver resection for CRLM and 17 with benign indications as controls were enrolled. Liver regeneration within 30 postoperative days was assessed via CT, considering clinicopathological characteristics, liver enzymes, liver stiffness by elastography, and the impact of HGF and TGF-β1 on liver regeneration. The results revealed that the control group exhibited significantly higher mean liver regeneration volume (200 ± 180 mL) within 30 days postoperatively compared to the CRLM group (72 ± 154 mL); p = 0.03. Baseline alkaline phosphatase (AP) and TGF-β1 blood levels were notably higher in the CRLM group. Immunohistochemical analysis indicated a higher proportion of CRLM patients with high TGF-β1 expression in liver tissues compared to the control group (p = 0.034). Correlation analysis showed that resected liver volume, baseline plasma HGF, AP, and albumin levels significantly correlated with liver regeneration volume. However, in multivariable analysis, only resected liver volume (β: 0.31; 95% CI: 0.14–0.47, p = 0.01) remained significant. In conclusion, this study highlights compromised liver regeneration in CRLM patients post-chemotherapy. Additionally, these patients exhibited lower serum TGF-β1 levels and reduced TGF-β1 expression in liver tissue, suggesting TGF-β1 involvement in mechanisms hindering liver regeneration capacity following major resection after chemotherapy.
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1. Background


The colorectal cancer (CRC) incidence rate is growing. It is the third most common and second deadliest malignancy worldwide, with more than 1.9 million new cases and 935,000 cancer-related deaths annually [1]. Recent substantial progress in both diagnostic and therapeutic techniques has enabled the early detection and treatment of this disease [2]. In spite of these enhancements, every second CRC patient develops metastases, and the liver is the most common site [3]. The treatment of colorectal cancer liver metastases (CRLM) requires a multidisciplinary approach in order to apply complex strategies that encompass the synergistic application of systemic and local therapies. However, only local treatment, such as surgical resection, may be curative. Despite the progress made in surgical techniques, the critical constraint in liver resection persists in the form of insufficient remnant liver volume and the subsequent risk of potentially lethal postoperative liver failure [4]. The current recommendation advocates preserving a minimum of 30% of the liver volume post-resection to avoid post-hepatectomy liver failure in patients treated with chemotherapy [5,6]. The liver is unique among solid organs in utilizing regenerative mechanisms to maintain its liver-to-bodyweight ratio consistently at 100%, aligning with the requirements for body homeostasis [7]. A substantial number of CRLM patients, previously categorized as unresectable, can now undergo complete resection due to the implementation of innovative strategies that facilitate the manipulation of liver volume (4). However, chemotherapy’s impact on liver regeneration remains controversial, with conflicting evidence existing [2,8,9]. A healthy liver rapidly restores its mass, particularly within the initial week following a major resection. Subsequently, the pace of regeneration gradually decreases, ultimately ceasing between 6 months and 1-year post-hepatectomy (7). It is crucial to assess the impact of preoperative chemotherapy on liver regeneration, especially when planning a second or repeated hepatectomy. Biomarkers that would predict postoperative liver regeneration would be an option to personalize surgery and further improve CRLM treatment outcomes, although none are available currently. Several studies have investigated hepatocyte growth factor (HGF) and tumor growth factor β1 (TGF-β1), both recognized for their influence on liver volume regeneration and considered as pro- and anti-regenerative indicators, respectively [10,11]. Although, despite the fact that these potential biomarkers for post-hepatectomy liver regeneration are broadly investigated in preclinical research, there is a lack of evidence from clinical studies. Therefore, the objective of this study was to explore liver regeneration in patients undergoing liver resection for CRLM after chemotherapy, focusing on the roles of HGF and TGF-β1 in this process.




2. Materials and Methods


2.1. Ethics


This longitudinal observational study was conducted between 2019 and 2023 at Vilnius University Hospital Santaros Klinikos, Vilnius, Lithuania. The study commenced after the protocol had received approval from the Vilnius University Regional Bioethics Committee (No. 2019/3-1112-605) and was conducted in accordance with the ethical standards of the Helsinki Declaration of 1975. All the patients provided written informed consent before participating in the study.




2.2. Participants and Data Collection


Patients aged between 18 and 90 years who were scheduled to undergo ≥2 segments liver resection for CRLM after treatment with systemic chemotherapy or for benign disease were eligible for the study. Clinicopathologic and treatment data were collected; static liver function tests, elastography, and abdominal computed tomography (CT) were performed to evaluate liver stiffness and post-hepatectomy regeneration; and an enzyme-linked immunosorbent assay (ELISA) and immunohistochemistry (IHC) were performed for HGF and TGF-β1. For a detailed description of the experiments, see below. Synchronous liver metastases were defined as those detected at the time of presentation of the primary CRC, while liver metastases detected after diagnosis of the primary tumor, but absent at presentation, were defined as metachronous metastases [12].




2.3. Calculation of Liver Volume by CT


Abdominal CT was performed before liver resection (baseline) and on postoperative days (POD) 1 and 30. CT scans were performed using the GE Discovery 750hd (128 slices) system (GE HealthCare, Chicago, Illinois USA). Liver volume was calculated using Philips IntelliSpace Portal Image and Information Management Software, Liver volume, and segmentation analysis package, Version 12.1 2020 (Philips Medical Systems, The Netherlands).




2.4. Liver Stiffness Analysis


Liver ultrasound elastography 2D-SWE (Canon Aplio i800 system, Canon Medical Systems Corporation, Otawara, Tochigi, Japan) was performed on the baseline, POD 1, and POD 30 using a convex probe in a supine position with the right arm elevated above the head. Measurements were performed in the right liver lobe, avoiding major blood vessels, and at least 1 cm away from the liver capsule. Ten measurements were performed in each patient, and the results were expressed in kPa. Measurements within the interquartile range to the median range (IQR/M) of less than 30% were accepted as being valid. The 2D-SWE imaging protocol was set according to Barr et al. [13].




2.5. ELISA and Immunohistochemistry for HGF and TGF β1


Serum samples were collected on the day before surgery and POD 1, 7, and 30. ELISA assays were carried out using HGF (HGF Human Instant ELISA Kit, 128 Tests, Thermo Fisher Scientific, Waltham, Massachusetts, USA) and TGF β 1 (TGF β 1 Human Instant ELISA Kit, 128 Tests, Thermo Fisher Scientific, Waltham, Massachusetts, USA) antibodies according to the manufacturers’ instructions.



For immunohistochemistry, 3 µm paraffin-embedded sections of non-tumorous liver tissue from resected specimens were used. IHC for TGF β 1 and HGF was performed with a multimer-technology-based detection system, ultraView Universal DAB (Ventana, Tucson, AZ, USA). The TGF β 1 antibody (Rb mAb TGF beta 1 [EPR21143]; Abcam, Cambridge, UK) was applied at a 1:500 dilution and HGF antibody (rabbit, clone HPA-044088; Sigma-Aldrich, Burlington, Massachusetts, USA) was applied at a 1:50 dilution for 32 min, followed by the Ventana BenchMark XT automated immunostainer (Ventana, Tucson, AZ, USA) standard Cell Conditioner 1 (CC1, a proprietary buffer) at 95 °C for 8 min (TGF β 1) and Cell Conditioner 2 (CC2, a proprietary buffer) at 91 °C for 8 min (HGF). Finally, the sections were developed in DAB at 37 °C for 8 min, counterstained with Mayer’s hematoxylin, and mounted [14].



Digital images of stained slides were captured using the Aperio ScanScope XT Slide Scanner (Aperio Technologies, Vista, CA, USA) under 20× objective magnification (0.5 µm resolution) for analysis.




2.6. Study Outcomes and Statistical Analysis


All participants were grouped into a (1) CRLM or (2) control group based on the type of liver tumor. The main study outcome was regenerated liver volume on POD 30. The impact of TGF β 1 and HGF, together with other clinical variables, on liver regeneration was evaluated. Resected liver volume was defined as the difference between liver volume on baseline and POD 1. Regenerated liver volume was defined as the difference between liver volume on POD 30 and POD 1.



All statistical analyses were conducted using the statistical program SPSS 24.0 (SPSS, Chicago, IL, USA). Continuous variables were expressed as mean and standard deviation (SD). Categorical variables are shown as proportions. An independent-samples t-test was used to compare continuous variables. Fisher’s exact test or Pearson’s chi-square test was used to analyze categorical variables, as appropriate. For correlation, Pearsons’s method was used. For multivariable analysis of variables’ impact on liver regeneration, linear regression was performed. A p-value < 0.05 was considered statistically significant. GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA) was used for graphs.





3. Results


3.1. Patients


In total, 34 patients (17 in each group) were enrolled in the study. The baseline clinicopathologic characteristics were similar between the control and CRLM groups (Table 1). Indications for liver resection in the control group were echinococcosis (n = 6, 35.3%), cystadenoma (n = 5, 29.4%), follicular nodal hyperplasia (n = 1, 5.8%), hemangioma (n = 2, 11.9%), PEComa (n = 1, 5.8%), and liver cyst (n = 2, 11.9%). In the CRLM group, all patients received preoperative chemotherapy. The exact chemotherapy regimens used for first-line treatment are shown in Table 1. Four (23.5%) patients received second-line chemotherapy with capecitabine (n = 3; 17.6%) or FOLFOX + immunotherapy (n = 1; 5.9%).




3.2. Liver Resection


The baseline total liver volume was similar between the control and CRLM groups, 1312 ± 505 mL vs. 1168 ± 321 mL (p = 0.327). The most common type of surgery was atypical resection, and the mean resected liver volume was 312 ± 305 mL and 223 ± 307 mL in the control and CRLM groups, respectively (p = 0.401) (Table 2). Postoperative complications occurred in three (17.6%) patients in each study group. One (5.9%) patient in each group had postoperative bilioma, and one (5.9%) patient suffered a surgical site infection. Additionally, in the control group, one (5.9%) patient developed a biliary fistula, and one (5.9%) patient in the CRLM group suffered postoperative ascites.




3.3. Postoperative Liver Regeneration


The mean liver regeneration volume within 30 days postoperatively was significantly higher in the control group (200 ± 180 mL) compared to the CRLM group (72 ± 154 mL); p = 0.03. Liver functions representing liver enzymes (AST, ALT, GGT), albumin, SPA, and HGF levels were similar between the control and CRLM groups before surgery and on POD 1, 3, and 7. Baseline AP and TGF-β1 blood levels were significantly higher in the CRLM group. Liver stiffness was increased in the CRLM group on POD 1 (Figure 1). Immunohistochemical analysis confirmed that a higher proportion of patients in the CRLM group presented high expression of TGF-β1 in liver tissues compared to the control group (p = 0.034) (Figure 2).




3.4. Biomarkers for Liver Regeneration


Baseline liver stiffness by elastography (R = −0.212; p = 0.22), plasma TGF (R = −0.198; p = 0.26), AST (R = 0.229; p = 0.19), ALT (R = 0.241; p = 0.16), GGT (R = 0.033; p = 0.85), SPA (R = −0.234; p = 0.18), and bilirubin (R = 0.044; p = 0.80) levels did not correlate with postoperative liver regeneration. In contrast, resected liver volume (R = 0.568; p = 0.01), baseline plasma HGF (R = 0.358; p = 0.03), AP (R = −0.361; p = 0.03), and albumin (R = 0.339; p = 0.05) levels had a significant correlation with liver regeneration. Subsequent multivariable linear regression showed that only resected liver volume (β: 0.31; 95% CI: 0.14–0.47, p = 0.01) significantly impacted liver regeneration (Table 3).





4. Discussion


This longitudinal observational study showed that CRLM patients with previous chemotherapy treatment have compromised liver regeneration capacity compared to those undergoing liver resections for benign pathology. Individuals with CRLM and previous chemotherapy treatment exhibit lower levels of TGFβ-1 in their blood and reduced TGF-β1 expression in the liver tissue. Thus, it can be assumed that TGF-β1 may be involved in mechanisms that hinder the capacity of liver regeneration following major resection after chemotherapy.



Recent advancements in surgery and chemotherapy have significantly improved the survival rates of patients with metastatic liver cancer, particularly those with CRLM [15]. Surgical resection continues to be the preferred treatment approach for isolated CRLM, demonstrating 5- and 10-year survival rates of approximately 40% and 25%, respectively [16]. While modern surgical techniques and effective intraoperative bleeding control contribute to preventing postoperative liver failure, emerging evidence suggests that the microstructure of liver parenchyma also plays a crucial role in both liver regeneration and the avoidance of postoperative liver failure [6,17,18,19]. As a result, currently, there is a strong recommendation for a meticulous selection process when choosing patients for major liver resection. It is advised to thoroughly assess liver volume and function to minimize the risk of postoperative liver failure, with a special emphasis on maintaining at least 30% of the liver as a future liver remnant, especially for patients after chemotherapy [5,20,21]. However, some conflicting evidence exists regarding chemotherapy’s impact on liver regeneration. A recent meta-analysis suggests that neoadjuvant chemotherapy has no negative impact on post-hepatectomy liver regeneration [9,22]. Such findings contradict our current study, which revealed a significant decrease in regenerated liver volume among patients with CRLM who underwent chemotherapy when compared to controls who underwent surgery for benign pathology. The differences between the previous and current findings may be attributed to the robust methodology of the present study. First, we longitudinally observed the patients and measured liver volume at baseline, on POD 1 and POD 30. Second, we had a control group that consisted of chemotherapy treatment-naïve patients with benign pathology.



The process of the restoration of liver volume involves the replication of different intrahepatic cell types, accompanied by an enlargement of cell size. The timing of hepatocyte replication onset and its peak varies across species [4]. In humans, following partial hepatectomy, intracellular signaling pathways in hepatocytes are rapidly activated within minutes, although the specific mechanisms triggering these pathways remain unclear [7]. The primary mechanism for liver regeneration after both acute and chronic liver injury appears to be the compensatory proliferation of remaining hepatocytes. Moreover, various studies have acknowledged the occurrence of transdifferentiation between hepatocytes and cholangiocytes [23].



The exact pathological mechanisms of how chemotherapy impairs liver regeneration remain unknown, but HGF and TGF-β1 may be involved in the initiation and termination of regeneration [11,24,25]. These factors’ role has been widely investigated in preclinical research, but there is a lack of evidence from clinical studies. It is considered that HGF participates in liver regeneration in the proliferation stage by inducing mitosis [26]. This event happens as a follow-up to increased portal blood flow to remaining segments and might increase liver stiffness [27]. Once an adequate liver volume is achieved, TGF-β1 acts as a brake on the regeneration process by downregulating HGF synthesis [28]. In the present study, we investigated these molecules in a clinical setting. Our experiments showed for the first time that CRLM patients treated with chemotherapy have lower TGF-β1 serum levels and TGF-β1 expression in liver tissue by immunohistochemistry. Further, we showed increased liver stiffness in the CRLM group on POD 1, confirming previous evidence that the start of liver regeneration is not mediated through edema [29].



Biomarkers for postoperative liver regeneration may improve CRLM treatment outcomes because they would allow a personalization of surgical treatment and may avoid omitting the surgery in patients with borderline insufficient remnant liver volume. Liver function representing enzymes has been investigated as a potential biomarker for regeneration, and some combinational scores are available [30,31,32]. The current study investigated a panel of liver enzymes, albumin, SPA, liver stiffness by elastography, and serum HGF and TGF-β1 correlation with liver regeneration and found that resected liver volume, baseline serum HGF, alkaline phosphatase, and albumin levels have a moderate correlation. However, subsequent multivariable analysis showed only resected liver volume as an independent predictor for liver regeneration. Of course, the present study has a relatively small sample size; thus, it may be underpowered for biomarker analysis.



The current study has some limitations. First, this study is not a randomized trial, due to the nature of the selection criteria and specific pathology; multicenter randomized trials might provide more in-depth evidence. Secondly, HGF and TGF-β1 are only a part of a multiprotein family involved in mechanisms in liver regeneration. Thirdly, it needs to be further investigated whether HGF and TGF-β1 tissue expression is associated with induction by chemotherapy or tumor burden.




5. Conclusions


This study showed that CRLM patients with previous chemotherapy treatment have compromised liver regeneration capacity compared to patients with benign pathology. Individuals with CRLM and previous chemotherapy treatment exhibit lower serum TGF-β1 levels and reduced TGF-β1 expression in the liver tissue. Thus, it can be assumed that TGF-β1 may be involved in mechanisms that hinder the capacity of liver regeneration following major resection after chemotherapy.
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	Carcinoembryonic antigen



	C-D
	Clavien–Dindo



	CT
	Computed tomography



	FNH
	Focal nodular hyperplasia



	FOLFOX
	Leucovorin, fluoruracil, oxaliplatin



	GE
	General Electrics



	GGT
	Gamma-glutamyl transferase



	HGF
	Hepatocyte growth factor



	IHC
	Immunohistochemistry



	SPA
	Prothrombin



	TGF-β1
	Tumor growth factor β1



	XELOX
	Oxaliplatin and capecitabine







References


	



Sung, H.A.-O.; Ferlay, J.; Siegel, R.A.-O.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef]

	



Inoue, Y.; Fujii, K.; Tashiro, K.; Ishii, M.; Masubuchi, S.; Yamamoto, M.; Shimizu, T.; Asakuma, M.; Hirokawa, F.; Hayashi, M.; et al. Preoperative Chemotherapy May Not Influence the Remnant Liver Regenerations and Outcomes After Hepatectomy for Colorectal Liver Metastasis. World J. Surg. 2018, 42, 3316–3330. [Google Scholar] [CrossRef]

	



Maneikyte, J.; Bausys, A.; Leber, B.; Horvath, A.; Feldbacher, N.; Hoefler, G.; Strupas, K.; Stiegler, P.; Schemmer, P. Dietary glycine decreases both tumor volume and vascularization in a combined colorectal liver metastasis and chemotherapy model. Int. J. Biol. Sci. 2019, 15, 1582–1590, (1449-2288 (Electronic)). [Google Scholar] [CrossRef]

	



Balzan, S.; Belghiti, J.; Farges, O.; Ogata, S.; Sauvanet, A.; Delefosse, D.; Durand, F. The “50-50 criteria” on postoperative day 5: An accurate predictor of liver failure and death after hepatectomy. Ann. Surg. 2005, 242, 824–828, discussion 828–829. [Google Scholar] [CrossRef]

	



Clavien, P.-A.; Petrowsky, H.; DeOliveira, M.L.; Graf, R. Strategies for Safer Liver Surgery and Partial Liver Transplantation. N. Engl. J. Med. 2007, 356, 1545–1559. [Google Scholar] [CrossRef] [PubMed]

	



Jones, R.P.; Stättner, S.; Sutton, P.; Dunne, D.F.; McWhirter, D.; Fenwick, S.W.; Malik, H.Z.; Poston, G.J. Controversies in the oncosurgical management of liver limited stage IV colorectal cancer. Surg. Oncol. 2014, 23, 53–60. [Google Scholar] [CrossRef] [PubMed]

	



Michalopoulos, G.K.; Bhushan, B. Liver regeneration: Biological and pathological mechanisms and implications. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 40–55. [Google Scholar] [CrossRef]

	



Sturesson, C.; Nilsson, J.; Eriksson, S.; Spelt, L.; Andersson, R. Limiting factors for liver regeneration after a major hepatic resection for colorectal cancer metastases. HPB 2013, 15, 646–652. [Google Scholar] [CrossRef] [PubMed]

	



Pavel, M.C.; Casanova, R.; Estalella, L.; Memba, R.; Llacer-Millan, E.; Julia, E.; Merino, S.; Geoghegan, J.; Jorba, R. Impact of neoadjuvant chemotherapy on post-hepatectomy regeneration for patients with colorectal cancer liver metastasis—Systematic review and meta-analysis. Eur. J. Surg. Oncol. 2023, 49, 533–541. [Google Scholar] [CrossRef] [PubMed]

	



Tao, Y.; Wang, M.; Chen, E.; Tang, H. Liver Regeneration: Analysis of the Main Relevant Signaling Molecules. Mediat. Inflamm 2017, 2017, 4256352. [Google Scholar] [CrossRef]

	



Romero-Gallo, J.; Sozmen Eg Fau-Chytil, A.; Chytil, A. Fau-Russell, W.E.; Russell We Fau-Whitehead, R.; Whitehead R. Fau-Parks, W.T.; Parks Wt Fau-Holdren, M.S.; Holdren Ms Fau-Her, M.F.; Her Mf Fau-Gautam, S.; Gautam S. Fau-Magnuson, M.; Magnuson M. Fau-Moses, H.L.; et al. Inactivation of TGF-beta signaling in hepatocytes results in an increased proliferative response after partial hepatectomy. Oncogene 2005, 24, 3028–3041, (0950-9232 (Print)). [Google Scholar]

	



Siriwardena, A.A.-O.; Serrablo, A.; Fretland Å., A. A.-O.; Wigmore, S.J.; Ramia-Angel, J.A.-O.; Malik, H.Z.; Stättner, S.; Søreide, K.; Zmora, O.; Meijerink, M.; et al. Multisocietal European consensus on the terminology, diagnosis, and management of patients with synchronous colorectal cancer and liver metastases: An E-AHPBA consensus in partnership with ESSO, ESCP, ESGAR, and CIRSE. Br. J. Surg. 2023, 110, 1161–1170, (1365-2168 (Electronic)). [Google Scholar]

	



Barr, R.A.-O.; Wilson, S.A.-O.; Rubens, D.A.-O.X.; Garcia-Tsao, G.; Ferraioli, G.A.-O.X. Update to the Society of Radiologists in Ultrasound Liver Elastography Consensus Statement. Therap. Adv. Gastroenterol. 2022, 15, 17562848221140657, (1527-1315 (Electronic)). [Google Scholar] [CrossRef]

	



Laurinavicius, A.; Plancoulaine, B.; Laurinaviciene, A.; Herlin, P.; Meskauskas, R.; Baltrusaityte, I.; Besusparis, J.; Dasevicius, D.; Elie, N.; Iqbal, Y.; et al. A methodology to ensure and improve accuracy of Ki67 labelling index estimation by automated digital image analysis in breast cancer tissue. Breast Cancer Res. 2014, 16, R35. [Google Scholar] [CrossRef] [PubMed]

	



Sandhu, J.; Lavingia, V.; Fakih, M. Systemic treatment for metastatic colorectal cancer in the era of precision medicine. J. Surg. Oncol. 2019, 119, 564–582. [Google Scholar] [CrossRef] [PubMed]

	



Kvietkauskas, M.A.-O.; Zitkute, V.A.-O.; Leber, B.A.-O.; Strupas, K.; Stiegler, P.; Schemmer, P.A.-O. Dietary Melatonin and Glycine Decrease Tumor Growth through Antiangiogenic Activity in Experimental Colorectal Liver Metastasis. Nutrients 2021, 13, 2035, (2072-6643 (Electronic)). [Google Scholar] [CrossRef] [PubMed]

	



Vauthey, J.N.; Pawlik, T.M.; Ribero, D.; Wu, T.T.; Zorzi, D.; Hoff, P.M.; Xiong, H.Q.; Eng, C.; Lauwers, G.Y.; Mino-Kenudson, M.; et al. Chemotherapy regimen predicts steatohepatitis and an increase in 90-day mortality after surgery for hepatic colorectal metastases. J. Clin. Oncol. 2006, 24, 2065–2072. [Google Scholar] [CrossRef] [PubMed]

	



Kingham, T.P.; Correa-Gallego, C.; D’Angelica, M.I.; Gönen, M.; DeMatteo, R.P.; Fong, Y.; Allen, P.J.; Blumgart, L.H.; Jarnagin, W.R. Hepatic parenchymal preservation surgery: Decreasing morbidity and mortality rates in 4152 resections for malignancy. J. Am. Coll. Surg. 2014, 220, 471–479, (1879-1190 (Electronic)). [Google Scholar] [CrossRef] [PubMed]

	



Mullen, J.T.; Ribero, D.; Fau-Reddy, S.K.; Reddy Sk Fau Donadon, M.; Donadon, M.; Fau-Zorzi, D.; Zorzi, D.; Fau-Gautam, S.; Gautam, S.; Fau-Abdalla, E.K.; et al. Hepatic insufficiency and mortality in 1059 noncirrhotic patients undergoing major hepatectomy. J. Am. Coll. Surg. 2007, 204, 854–862, (1072-7515 (Print)). [Google Scholar] [CrossRef] [PubMed]

	



Rahnemai-Azar, A.A.; Cloyd, J.M.; Weber, S.M.; Dillhoff, M.; Schmidt, C.; Winslow, E.R.; Pawlik, T.M. Update on Liver Failure Following Hepatic Resection: Strategies for Prediction and Avoidance of Post-operative Liver Insufficiency. J. Clin. Transl. Hepatol. 2018, 6, 97–104. [Google Scholar] [CrossRef] [PubMed]

	



Milana, F.A.-O.; Famularo, S.A.-O.; Diana, M.A.-O.; Mishima, K.A.-O.; Reitano, E.A.-O.; Cho, H.D.; Kim, K.H.; Marescaux, J.A.-O.; Donadon, M.A.-O.; Torzilli, G.A.-O. How Much Is Enough? A Surgical Perspective on Imaging Modalities to Estimate Function and Volume of the Future Liver Remnant before Hepatic Resection. Diagnostics 2023, 13, 2726, (2075-4418 (Print)). [Google Scholar] [CrossRef] [PubMed]

	



Done, J.A.-O.; Papanikolaou, A.; Stem, M.; Radomski, S.N.; Chen, S.Y.; Atallah, C.; Efron, J.E.; Safar, B. Impact of preoperative chemotherapy on perioperative morbidity in combined resection of colon cancer and liver metastases. J. Gastrointest. Surg. 2023, 27, 2380–2387, (1873-4626 (Electronic)). [Google Scholar] [CrossRef] [PubMed]

	



Huang, R.A.-O.; Zhang, X.; Gracia-Sancho, J.; Xie, W.A.-O.X. Liver regeneration: Cellular origin and molecular mechanisms. Liver Int. 2022, 42, 1486–1495, (1478-3231 (Electronic)). [Google Scholar] [CrossRef] [PubMed]

	



Sparrelid, E.; Johansson, H.; Gilg, S.; Nowak, G.; Ellis, E.; Isaksson, B. Serial Assessment of Growth Factors Associated with Liver Regeneration in Patients Operated with Associating Liver Partition and Portal Vein Ligation for Staged Hepatectomy. Eur. Surg. Res. 2018, 59, 72–82, (1421-9921 (Electronic)). [Google Scholar] [CrossRef]

	



Matsumoto, K.; Miyake, Y.; Fau-Umeda, Y.; Umeda, Y.; Fau-Matsushita, H.; Matsushita, H.; Fau-Matsuda, H.; Matsuda, H.; Fau-Takaki, A.; Takaki, A.; et al. Serial changes of serum growth factor levels and liver regeneration after partial hepatectomy in healthy humans. Int. J. Mol. Sci. 2013, 14, 20877–20889, (1422-0067 (Electronic)). [Google Scholar] [CrossRef] [PubMed]

	



Michalopoulos, G.K. Principles of liver regeneration and growth homeostasis. Compr. Physiol. 2013, 3, 485–513, (2040-4603 (Electronic)). [Google Scholar] [PubMed]

	



Kobayashi, K.; Hirota, S.; Kako, Y.; Yamamoto, S.; Takaki, H.; Yamakado, K. Changes in liver stiffness on real-time tissue elastography before and after occlusion of spontaneous portosystemic shunts. Diagn. Interv. Imaging 2017, 98, 321–326, (1095-8673 (Electronic)). [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.C.; Jeong, H.J.; Choi, B.J.; Kim, S.J. Role of the spleen in liver regeneration in relation to transforming growth factor-β1 and hepatocyte growth factor. J. Surg. Res. 2015, 196, 270–277. [Google Scholar] [CrossRef]

	



Fausto, N.; Campbell, J.S.; Riehle, K.J. Liver Regeneration. Hepatology 2006, 43, S45–S53. [Google Scholar] [CrossRef]

	



Mai, R.A.-O.; Wang, Y.Y.; Bai, T.; Chen, J.; Xiang, B.D.; Wu, G.A.-O.; Wu, F.X.; Li, L.A.-O.; Ye, J.Z. Combination of ALBI and APRI to Predict Post-Hepatectomy Liver Failure after Liver Resection for HBV-Related HCC Patients. Cancer Manag. Res. 2019, 11, 8799–8806, (1179-1322 (Print)). [Google Scholar] [CrossRef]

	



Nanashima, A.; Tobinaga, S.; Fau-Abo, T.; Abo, T.; Fau-Nonaka, T.; Nonaka, T.; Fau-Takeshita, H.; Takeshita, H.; Fau-Hidaka, S.; Hidaka, S.; et al. Reducing the incidence of post-hepatectomy hepatic complications by preoperatively applying parameters predictive of liver function. J. Hepatobiliary Pancreat Sci. 2010, 17, 871–878, (1868-6982 (Electronic)). [Google Scholar] [CrossRef] [PubMed]

	



Primavesi, F.; Maglione, M.; Cipriani, F.; Denecke, T.; Oberkofler, C.E.; Starlinger, P.; Dasari, B.V.M.; Heil, J.; Sgarbura, O.; Soreide, K.; et al. E-AHPBA-ESSO-ESSR Innsbruck consensus guidelines for preoperative liver function assessment before hepatectomy. Br. J. Surg. 2023, 110, 1331–1347. [Google Scholar] [CrossRef] [PubMed]








[image: Jpm 14 00144 g001] 





Figure 1. Dynamics of static liver function enzymes, liver stiffness, liver volume, and regeneration marker expression. Data are represented as means with standard deviation. Significance was achieved when p < 0.05. 
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Figure 2. Sample histology (hematoxylin–eosin, column (a)) and immunohistochemistry (HGF, column (b) and TGF, column (c)). 1 and 2—chemotherapy cases; 3—control group case. Graph of HGF and TGF-β1 intensity distribution among groups. 
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Table 1. Baseline clinicopathologic features of individuals who had liver resections in the control and CRLM groups. Data are shown as means with standard errors. Significance was considered when p < 0.05.
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Control Group (n = 17)

	
CRLM Group (n = 17)

	
p-Value






	
Age (years), mean (SD)

	
50 ± 14.

	
59 ± 12

	
0.07




	
Gender, M/F

	
5/12

	
5/12

	
0.99




	
BMI (kg/m2), mean (SD)

	
30.7 ± 7.3

	
25.6 ± 5.9

	
0.07




	
Comorbidities, n (%)

	
Cardiovascular

	
2 (11.7%)

	
9 (52.9%)

	
0.06




	
Diabetes

	
2 (11.7%)

	
0 (0%)

	
0.48




	
Other

	
1 (5.8%)

	
0 (0%)

	
0.99




	
Primary tumor site, n (%)

	
Cecum

	
N/A

	
2 (11.9%)

	
N/A




	
Hepatic flexure

	
2 (11.9%)




	
Sigmoid colon

	
7 (41.2%)




	
Rectum

	
6 (35.3%)




	
Number of metastases, n (%)

	
1

	
N/A

	
11 (64.7%)

	
N/A




	
2–5

	
4 (23.5%)




	
>5

	
2 (11.8%)




	
Type of metastases, n (%)

	
Synchronous

	
N/A

	
5 (29.4%)

	
N/A




	
Metachronous

	
12 (70.6%)




	
Preoperative CEA level (ng/mL), mean (SD)

	
N/A

	
44 ± 167

	
N/A




	
Preoperative CA 19.9 (U/mL), mean (SD)

	
N/A

	
37 ± 78

	
N/A




	
Median number of preoperative chemotherapy cycles (Q1–Q3)

	
N/A

	
8 (6; 12)

	
N/A




	
Type of first-line preoperative chemotherapy, n (%)

	
FOLFOX

	
N/A

	
5 (29.4%)

	
N/A




	
FOLFOX + bevacizumab

	
N/A

	
7 (41.2%)

	
N/A




	
XELOX

	
N/A

	
1 (5.9%)

	
N/A




	
XELOX + bevacizumab

	
N/A

	
2, (11.9%)

	




	
Capecetabin

	
N/A

	
2, (11.9%)

	











 





Table 2. Characteristics of metastasis and treatment in the chemotherapy group. Data are shown as means with standard error or percentage.
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Control Group (n = 17)

	
CRLM Group (n = 17)

	
p-Value






	
Type of liver resection, n (%)

	
Atypical

	
8 (47.1%)

	
11 (64.7%)

	
0.21




	
Left lobectomy

	
4 (23.5%)

	
3 (17.6%)




	
Right lobectomy

	
1 (5.9%)

	
0 (0%)




	
Left hepatectomy

	
1 (5.9%)

	
1 (5.9%)




	
Right hepatectomy

	
3 (17.6%)

	
0 (0%)




	
ALPPS

	
0

	
2 (11.9%)




	
Length of surgery (minutes), mean (SD)

	
181 ± 64

	
251 ± 168

	
0.12




	
Blood loss (mL), mean (SE)

	
520 ± 552

	
516 ± 648

	
0.98




	
Patients requiring postoperative blood transfusions, n (%)

	
6 (35.3%)

	
5 (29.4%)

	
0.58




	
Postoperative hemotransfusion units, mean (SD)

	
0.53 ± 1.12

	
0.76 ± 1.30

	
0.58











 





Table 3. Multivariable analysis of factors for postoperative liver regeneration.
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	Variable
	β Coefficient (95% Confidence Interval)
	p-Value





	Baseline HGF value
	0.52 (−0.27–1.31)
	0.189



	Baseline albumin value
	7.11 (−10.01–23.24)
	0.403



	Baseline alkaline phosphatase value
	−1.403 (−2.95–0.14)
	0.074



	Resected liver volume
	0.31 (0.14–0.47)
	0.001







95% CI: 95% confidence interval.
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