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ABSTRACT
Background: As a critical metabolic substrate, glutamine is not only involved in
the progression of many cancers but is also related to angiogenesis. Glutamate
dehydrogenase (GLDH), a key enzyme in glutamine metabolism, has been reported
to regulate tumor proliferation; however, its relationship with microvascular invasion
(MVI) is unclear. This study evaluated the ability of preoperative serum GLDH
levels to predict MVI and the long-term survival of hepatocellular carcinoma (HCC)
patients after liver transplantation (LT).
Methods: HCC patients that underwent LT from January 2015 to May 2020 at the
First Affiliated Hospital of Sun Yat-Sen University were enrolled in our retrospective
analysis. Clinicopathological variables were extracted from medical records.
A receiver operating characteristic curve was created to determine the optimal cut-off
value of GLDH for MVI.
Results: Preoperative GLDH was significantly elevated in the MVI-positive group
(U = 454.00, p = 0.000). The optimal cut-off value of GLDH for MVI was 7.45 U/L,
with an area under the curve of 0.747 (95% CI [0.639–0.856], p = 0.000).
The sensitivity was 79.3%, while the specificity was 64.5%. GLDH > 7.45 U/L
(p = 0.023) and maximum diameter >5 cm (p = 0.001) were independent risk factors
for the presence of MVI. Patients with GLDH > 7.45 U/L had significantly poorer
overall survival (p = 0.001) and recurrence-free survival (p = 0.001) after LT than
patients with GLDH ≤ 7.45 U/L. Similarly, patients with MVI were associated with
poor survival (p = 0.000).
Conclusions: Preoperative elevated serum GLDH levels predict MVI and poorer
long-term survival for HCC after LT.
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INTRODUCTION
Hepatocellular carcinoma (HCC) accounts for 85–90% of all primary liver cancer cases
(Zhou et al., 2018). It is the fourth most common malignancy and the third leading cause
of tumor-related deaths in China (Chen et al., 2016). Liver transplantation (LT) is
considered the definitive treatment option for HCC as it removes not only the tumor but
also the cirrhotic liver, which has the potential to develop new HCC lesions (Yang et al.,
2019a). However, recurrence post-LT is a major problem that threatens the long-term
survival of HCC patients. Currently, even if the Milan or University of California San
Francisco (UCSF) criteria are used to select transplant recipients, the probability of HCC
recurrence post-LT ranges from 16% to 33% (Verna et al., 2020; Xu et al., 2016), with the
median survival post-recurrence being only 10.6–12.2 months (Bodzin et al., 2017;
Sapisochin et al., 2015). These numbers indicate that the traditional recipient selection and
organ allocation criteria, which are based on tumor burden, do not always reflect tumor
biology. Alternatively, molecular biomarkers may be superior in revealing tumor
aggressiveness (Felden & Villanueva, 2020).

Given the scarcity of available organs for transplantation, the recurrence risk in HCC
patients should be evaluated preoperatively to improve recipient selection strategy and to
develop individualized immunosuppressive and anti-cancer regiments. Microvascular
invasion (MVI) is widely recognized as a powerful adverse predictor for HCC recurrence
after LT (Victor et al., 2020; Mehta et al., 2017). However, MVI is usually difficult to
assay before surgery because it depends on pathological examination. Therefore, the
development of a noninvasive method that can accurately identify MVI preoperatively has
become a research hotspot (Xu et al., 2019; Ma et al., 2020).

Glutamate dehydrogenase (GLDH) belongs to the amino acid dehydrogenase enzyme
superfamily. It catalyzes the reversible inter-conversion of glutamate to a-ketoglutarate
and ammonia using NADP(H) and/or NAD(H) as cofactors and plays an important
role in nitrogen and carbon metabolism (Oliveira et al., 2012; Spanaki, Kotzamani &
Plaitakis, 2017). Glutamine is an important source of metabolic energy in many cancers
(Matés et al., 2019). Consequently, as the main enzyme regulating glutamate metabolism,
GLDH may play a crucial role in tumor growth (Spinelli et al., 2017; Jin et al., 2015).
Jin et al. (2018) found that GLDH1 mediates the metabolic reprogramming of
glutaminolysis and regulates lung cancer metastasis, subsequently Yang et al. (2020)
demonstrated that GLDH1-mediated glutaminolysis is associated with epidermal
growth factor-promoted glioblastoma cell proliferation. Moreover, a clinical study
(Piras-Straub et al., 2015) reported that GLDH is an independent predictor for HCC
recurrence post-LT.

Glutamine metabolism has also been reported to be essential in angiogenesis (Huang
et al., 2017). Consequently, we hypothesize that, given its role in glutamate metabolism,
GLDH can serve as a serum biomarker for MVI. To date, no studies have examined
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the relationship between GLDH and MVI in HCC. Accordingly, we evaluated the ability of
preoperative serum GLDH levels in predicting MVI and the survival of HCC patients
following LT.

PATIENTS AND METHODS
Ethical statement
This study was approved by the Institutional Ethics Committee for Clinical Research and
Animal Trials of the First Affiliated Hospital of Sun Yat-sen University (Ethical
Application Ref:2021-352). The ethical principles were in line with the Declaration of
Helsinki. All patients signed an informed consent form before LT. The sole source of LTs
in our study were from civilian liver donations; no organs from executed prisoners were
transplanted.

Patient selection
Patients who underwent LT at the First Affiliated Hospital of Sun Yat-Sen University from
January 2015 to May 2020 were recruited for our study. The inclusion criteria were:
underwent LT and pathological confirmation of HCC. The exclusion criteria were: patients
with a history of hepatectomy, transarterial chemoembolization, or ablation before LT;
cases with incomplete medical records that made it impossible to extract all needed
clinicopathological parameters; perioperative death in hospital. Distant metastases or other
concurrent malignancies were considered contraindications for LT.

Surgical technique and immunosuppression regimens
Generally, classic orthotopic LT was performed for the HCC patients. In patients who had
renal insufficiency before surgery, piggyback LT was chosen cautiously. Venovenous
bypass was not used. Our institution’s immunosuppression regimen consisted of two doses
of Basiliximab (20 mg each) during LT and on the fourth day post-LT. Inhibitors of
calcineurin (usually Tacrolimus, in a few cases cyclosporine) and mechanistic target of
rapamycin (mTOR) (usually Sirolimus) were used for maintenance immunosuppression.
Depending on the side effects, the specific maintenance immunosuppression regimen was
adjusted during the follow-up.

Patient variable extraction and follow-up
Patient variables were extracted from the electronic medical records. All serum
biochemical variables were taken from the results of the last preoperative test.
Tumor-related variables, including tumor size, number, and liver cirrhosis, were based on
the results of the last preoperative radiological examination. MVI was diagnosed post-LT
via pathological examination.

After being discharged, patients were routinely followed-up as outpatients or with
phone calls. Elevated serum alpha-fetoprotein (AFP) was considered as a sign of
recurrence; however, recurrence was defined based on radiological findings of recurrent
lesions using contrast-enhanced CT/MRI or ultrasound. Overall survival (OS) was
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calculated from the date of LT to the date of death or last follow-up, while recurrence-free
survival (RFS) was calculated from the date of LT to the date of recurrence.

Statistical analysis
Statistical analyses were carried out using SPSS (version 23.0, IBM). Data that were not
normally distributed are presented as median value and the M (range), and differences
between groups were detected via the Mann-Whitney U test. The optimal cut-off value of
GLDH was determined using receiver operating characteristic (ROC) curve analysis.
To identify the risk factors and independent risk factors for MVI, univariate and
multivariate logistic regression analyses were performed. Baseline variables that showed
univariate significance were entered into the multivariate logistic analysis. OS and RFS
were calculated using the Kaplan-Meier method and compared using the log-rank test.
In all analyses, p < 0.05 was considered statistically significant.

RESULTS
Patient characteristics
In total, 91 patients were ultimately enrolled in our study. A total of 92.31% (84) were male,
while only seven (7.69%) were female. Most (67, 73.63%) patients were under 60 years
old, while 24 (26.37%) were over 60. Sixty-two (68.13%) patients had AFP levels under
200 mg/L; the remaining 29 (31.87%) had elevated AFP levels (i.e., greater than 200 mg/L).
The majority (90.11%) of patients were hepatitis B surface antigen-positive; accordingly,
nearly 90% (84.62%) of the patients had hepatitis B virus-related liver cirrhosis.
The radiological examinations revealed that 42 patients (46.15%) had multiple tumors, and
43 (47.25%) had maximum tumor diameters greater than 5 cm. MVI was confirmed via
postoperative pathological examination in 29 (31.87%) patients.

The following variables did not follow a normal distribution that are expressed as
median value and M (range): albumin/globulin: 1.20 (0.50–3), prealbumin (PA): 95
(38–365) mg/L, total bilirubin (TB): 37.30 (9–584) mmol/L, alanine aminotransferase
(ALT): 30 (4–825) U/L, cancer antigen 125 (CA125): 61.90 (4.90–4854.80) U/mL, and
GLDH: 7.30 (1.30–918.80) U/L (Table 1).

Expression profiles and the optimal cut-off value of GLDH
As illustrated in Fig. 1A, preoperative serum GLDH levels were significantly higher in the
MVI-positive patients (U = 454.00, p = 0.000).

Next, we conducted a ROC curve analysis to determine the optimal cut-off value of
GLDH for the presence of MVI (Fig. 1B). The optimal cut-off value of GLDHwas 7.45 U/L
for MVI, and the area under the curve was 0.747 (95% CI [0.639–0.856], p = 0.000).
The sensitivity and specificity were, respectively, 79.3% and 64.5%. The maximum Youden
index was 0.438.

The clinical value of GLDH in predicting MVI
GLDH levels were divided into categorical variables (>7.45 U/L and ≤7.45 U/L) based on
the optimal cut-off value from the ROC curve. The univariate logistic regression analysis
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indicated that AFP > 200 mg/L (p = 0.000), maximum diameter >5 cm (p = 0.000), liver
cirrhosis (p = 0.008), and GLDH > 7.45 U/L (p = 0.000) were risk factors for MVI in
HCC. Furthermore, the multivariate analysis revealed that maximum diameter >5 cm
(p = 0.001) and GLDH > 7.45 U/L (p = 0.023) were independent risk factors for MVI
(Table 2).

Prognostic significance of GLDH in the OS and RFS of HCC patients
We produced Kaplan-Meier curves to evaluate the effect of high preoperative serum
GLDH levels on the long-term survival of HCC patients following LT. As depicted in

Table 1 Baseline characteristics of 91 patients.

Variables No. of patients (%)/Median (M)

Sex

Male 84 (92.31)

Female 7 (7.69)

Age (years)

≤60 67 (73.63)

>60 24 (26.37)

AFP (mg/L)

≤200 62 (68.13)

>200 29 (31.87)

HBsAg

Negative 9 (9.89)

Positive 82 (90.11)

Maximum diameter (cm)

≤5 48 (52.75)

>5 43 (47.25)

Tumor number

Single 49 (53.85)

Multiple 42 (46.15)

MVI

Negative 62 (68.13)

Positive 29 (31.87)

Liver cirrhosis

Negative 14 (15.38)

Positive 77 (84.62)

Albumin/Globulin 1.20 (0.50–3)

PA (mg/L) 95 (38–365)

TB (mmol/L) 37.30 (9–584)

ALT (U/L) 30 (4–825)

CA125 (U/mL) 61.90 (4.90–4854.80)

GLDH (U/L) 7.30 (1.30–918.80)

Note:
AFP, alpha-fetoprotein; HBsAg, hepatitis B surface antigen; MVI, microvascular invasion; PA, prealbumin; ALT, alanine
aminotransferase; GLDH, glutamate dehydrogenase.
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Figs. 2A and 2B, patients with GLDH > 7.45 U/L had significantly poorer OS (p = 0.001)
and RFS (p = 0.001) than patients with GLDH ≤ 7.45U/L. Similarly, as a powerful
predictor, the predictive ability of MVI has also been verified in our cohort. Those patients
with MVI were associated with worse survival (Figs. 2C, 2D).

DISCUSSION
This study found that elevated preoperative serum GLDH levels is an effective predictor
for MVI in HCC and is associated with poor prognosis post-LT. The ROC curve indicated
that the optimal cut-off value of GLDH for MVI was 7.45 U/L, with a sensitivity and

Figure 1 The correlation and optimal cut-off value between preoperative serum GLDH levels and
MVI. (A) Distribution of GLDH levels in patients with and without MVI. (B) ROC curve of GLDH
for MVI. AUC, area under the curve; GLDH, glutamate dehydrogenase; MVI, microvascular invasion;
ROC, receiver operating characteristic. Full-size DOI: 10.7717/peerj.12420/fig-1

Table 2 Univariable and multivariable logistic analysis of risk factors to MVI

Variables OR Univariate analysis OR Multivariate analysis

HR (95% CI) p HR (95% CI) p

Sex (male vs female) 0.999

Age, y (>60 vs ≤60) 0.64 [0.22–1.83] 0.402

AFP, mg/L (>200 vs ≤200) 5.90 [2.24–15.59] 0.000 3.06 0.96–9.75 0.059

HBsAg (positive vs negative) 1.72 [0.33–8.84] 0.517

Maximum diameter, cm (>5 vs ≤5) 15.28 [4.65–50.19] 0.000 8.85 2.41–32.56 0.001

Tumor number (multiple vs single) 1.39 [0.57–3.36] 0.467

Liver cirrhosis (positive vs negative) 0.20 [0.06–0.65] 0.008 0.75 0.19–3.02 0.687

Albumin/Globulin 0.52 [0.17–1.65] 0.267

PA (mg/L) 1.01 [1.00–1.01] 0.185

TB (mmol/L) 0.99 [0.98–1.00] 0.122

ALT (U/L) 1.00 [1.00–1.01] 0.248

CA125 (U/mL) 1.00 [1.00–1.00] 0.343

GLDH, U/L (>7.45 vs ≤7.45) 6.97 [2.47–19.68] 0.000 4.01 1.21–13.34 0.023

Note:
AFP, alpha-fetoprotein; HBsAg, hepatitis B surface antigen; MVI, microvascular invasion; PA, prealbumin; ALT, alanine
aminotransferase; GLDH, glutamate dehydrogenase.
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specificity of 79.3% and 64.5%, respectively. The multivariate analysis found that GLDH >
7.45 U/L and maximum diameter >5 cm were independent risk factors for MVI. Moreover,
Kaplan-Meier curves revealed that higher preoperative levels of GLDH was associated
with significantly poorer OS and RFS post-LT in HCC patients.

Recurrence has become the greatest adverse factor in decreasing the survival of HCC
patients after LT. Thus, effectively predicting the risk of tumor recurrence before surgery
so that corresponding treatments can be carried out is vital. Since MVI is widely
recognized as a powerful risk factor for HCC recurrence, the prediction of MVI may be
used as a proxy of recurrence risk. Previous studies (Lee et al., 2017; Yang et al., 2019b)
have reported some progress in predicting MVI based on radiological evidence.
Additionally, serum biomarkers such as the neutrophil-to-lymphocyte ratio or circulating
tumor cells have demonstrated some promise in this area (Nitta et al., 2019; Zhou et al.,
2020).

Our results demonstrate the potential value of GLDH in predicting MVI from the
clinical perspective. We hypothesize that this predictive ability may be due to its critical
role in glutamine metabolism. GLDH catalyzes both the oxidative deamination of
glutamate to a-ketoglutarate as well as the reductive amination in the reverse direction

Figure 2 Kaplan-Meier analysis in patients with different levels of GLDH (A, B) and patients with or
without MVI (C, D). GLDH, glutamate dehydrogenase; MVI, microvascular invasion.

Full-size DOI: 10.7717/peerj.12420/fig-2
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(Hohnholt et al., 2018). In addition to being an energy substrate for tumor metabolism,
glutamine is essential in angiogenesis. Kim et al. (2017) found that glutamine serves as
a nitrogen source in the generation of biomass in endothelial cell proliferation.
Furthermore,Huang et al. (2017) reported that glutamine metabolism is essential for vessel
sprouting in vitro and in vivo. Therefore, as a key enzyme in glutamine metabolism,
GLDH likely regulates angiogenesis. Nevertheless, to the best of our knowledge, no studies
have, to date, directly confirmed the relationship between GLDH and tumor-angiogenesis-
related physiological processes. Basic research may be needed to elucidate the potential
mechanisms underlying the regulation of angiogenesis by GLDH. As well, our results
confirmed the effectiveness of maximum tumor diameter in predicting MVI, which is
consistent with a previous study (Yan et al., 2020).

The cut-off value of GLDH predicting MVI in our study was found to be 7.45 U/L,
very close to the upper limit of the normal level (7.5 U/L) in our center. The possible
reasons are listed as followings: Firstly, for a specific indicator, the reference ranges of the
normal level in different centers are common to be different, mainly owing to different
detecting methods. Secondly, the clinical significance of our study lies in indicating the
existence of MVI in HCC through the increasing trend in GLDH. In contrast, no
consensus exists on the specific cut-off value of GLDH, mainly due to the small sample
size of our study. Therefore, studies with large samples are necessary to explore and verify
the optimal cut-off value of the GLDH in future. In addition, the population characteristics
of patients in each region are also different, which may introduce some individual
differences into the statistical analysis.

Our results may be effective in stratifying recurrence risk in HCC patients pre-LT and
may provide a reference in designing immunosuppression and anti-tumor regimens.
Patients with significantly elevated preoperative serum GLDH levels may need closer
monitoring after LT.

The major limitation of this study was the small sample size as mentioned above.
To ensure the accuracy of the pathological diagnoses, only cases that did not
undergo anti-tumor therapy before LT were enrolled in our study. Transarterial
chemoembolization/ablation may result in the necrosis of HCC lesions, which creates
difficulties in identifying MVI under the microscope. Thus, larger sample sizes will be
needed in future studies.

In conclusion, our study identified the potential clinical value of GLDH in predicting
MVI and the long-term prognosis of HCC patients after LT.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
The authors received no funding for this work.

Competing Interests
The authors declare that they have no competing interests.

Gong et al. (2021), PeerJ, DOI 10.7717/peerj.12420 8/12

http://dx.doi.org/10.7717/peerj.12420
https://peerj.com/


Author Contributions
� Jinlong Gong conceived and designed the experiments, performed the experiments,
analyzed the data, authored or reviewed drafts of the paper, and approved the final draft.

� Yaxiong Li performed the experiments, analyzed the data, prepared figures and/or tables,
and approved the final draft.

� Jia Yu performed the experiments, prepared figures and/or tables, and approved the final
draft.

� Tielong Wang performed the experiments, prepared figures and/or tables, and approved
the final draft.

� Jinliang Duan performed the experiments, prepared figures and/or tables, and approved
the final draft.

� Anbin Hu conceived and designed the experiments, authored or reviewed drafts of the
paper, and approved the final draft.

� Xiaoshun He conceived and designed the experiments, authored or reviewed drafts of
the paper, and approved the final draft.

� Xiaofeng Zhu conceived and designed the experiments, authored or reviewed drafts of
the paper, and approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The study was approved by the Institutional Ethics Committee for Clinical Research
and Animal Trials of the First Affiliated Hospital of Sun Yat-sen University (Ethical
Application Ref:2021-352).

Data Availability
The following information was supplied regarding data availability:

The raw data is provided in the File S1. All statistical analysis data were derived from the
raw data.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12420#supplemental-information.

REFERENCES
Bodzin AS, Lunsford KE, Markovic D, Harlander-Locke MP, Busuttil RW, Agopian VG. 2017.

Predicting mortality in patients developing recurrent hepatocellular carcinoma after liver
transplantation: impact of treatment modality and recurrence characteristics. Annals of Surgery
266(1):118–125 DOI 10.1097/SLA.0000000000001894.

Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, Jemal A, Yu XQ, He J. 2016. Cancer
statistics in China, 2015. CA: A Cancer Journal for Clinicians 66(2):115–132
DOI 10.3322/caac.21338.

Felden J, Villanueva A. 2020. Role of molecular biomarkers in liver transplantation for
hepatocellular carcinoma. Liver Transplantation 26(6):823–831 DOI 10.1002/lt.25731.

Gong et al. (2021), PeerJ, DOI 10.7717/peerj.12420 9/12

http://dx.doi.org/10.7717/peerj.12420/supp-1
http://dx.doi.org/10.7717/peerj.12420#supplemental-information
http://dx.doi.org/10.7717/peerj.12420#supplemental-information
http://dx.doi.org/10.1097/SLA.0000000000001894
http://dx.doi.org/10.3322/caac.21338
http://dx.doi.org/10.1002/lt.25731
http://dx.doi.org/10.7717/peerj.12420
https://peerj.com/


Hohnholt MC, Andersen VH, Andersen JV, Christensen SK, Karaca M, Maechler P,
Waagepetersen HS. 2018. Glutamate dehydrogenase is essential to sustain neuronal oxidative
energy metabolism during stimulation. Journal of Cerebral Blood Flow & Metabolism
38(10):1754–1768 DOI 10.1177/0271678X17714680.

Huang H, Vandekeere S, Kalucka J, Bierhansl L, Zecchin A, Brüning U, Visnagri A,
Yuldasheva N, Goveia J, Cruys B, Brepoels K, Wyns S, Rayport S, Ghesquière B, Vinckier S,
Schoonjans L, Cubbon R, Dewerchin M, Eelen G, Carmeliet P. 2017. Role of glutamine and
interlinked asparagine metabolism in vessel formation. The EMBO Journal 36(16):2334–2352
DOI 10.15252/embj.201695518.

Jin L, Chun J, Pan C, Kumar A, Zhang G, Ha Y, Li D, Alesi GN, Kang Y, Zhou L, Yu W,
Magliocca KR, Khuri FR, Qu C, Metallo C, Owonikoko TK, Kang S. 2018. The PLAG1-
GDH1 axis promotes anoikis resistance and tumor metastasis through CamKK2-AMPK
signaling in LKB1-deficient lung cancer. Molecular Cell 69(1):87–99
DOI 10.1016/j.molcel.2017.11.025.

Jin L, Li D, Alesi GN, Fan J, Kang H, Lu Z, Boggon TJ, Jin P, Yi H, Wright ER, Duong D,
Seyfried NT, Egnatchik R, DeBerardinis RJ, Magliocca KR, He C, Arellano ML, Khoury HJ,
Shin DM, Khuri FR, Kang S. 2015. Glutamate dehydrogenase 1 signals through antioxidant
glutathione peroxidase 1 to regulate redox homeostasis and tumor growth. Cancer Cell
27(2):257–270 DOI 10.1016/j.ccell.2014.12.006.

Kim B, Li J, Jang C, Arany Z. 2017. Glutamine fuels proliferation but not migration of endothelial
cells. The EMBO Journal 36(16):2321–2333 DOI 10.15252/embj.201796436.

Lee S, Kim SH, Lee JE, Sinn DH, Park CK. 2017. Preoperative gadoxetic acid-enhanced MRI for
predicting microvascular invasion in patients with single hepatocellular carcinoma. Journal of
Hepatology 67(3):526–534 DOI 10.1016/j.jhep.2017.04.024.

Ma X, Tang W, Yang M, Xie S, Wu M, Lin G, Lu R. 2020. Serum STIP1, a novel indicator for
microvascular invasion, predicts outcomes and treatment response in hepatocellular carcinoma.
Frontiers in Oncology 10:511 DOI 10.3389/fonc.2020.00511.

Matés JM, Campos-Sandoval JA, Santos-Jiménez JDL, Márquez J. 2019. Dysregulation of
glutaminase and glutamine synthetase in cancer. Cancer Letters 467(19):29–39
DOI 10.1016/j.canlet.2019.09.011.

Mehta N, Heimbach J, Harnois DM, Sapisochin G, Dodge JL, Lee D, Burns JM, Sanchez W,
Greig PD, Grant DR, Roberts JP, Yao FY. 2017. Validation of a risk estimation of tumor
recurrence after transplant (RETREAT) score for hepatocellular carcinoma recurrence after liver
transplant. JAMA Oncology 3(4):493–500 DOI 10.1001/jamaoncol.2016.5116.

Nitta H, Allard M, Sebagh M, Karam V, Ciacio O, Pittau G, Vibert E, Sa Cunha A, Cherqui D,
Castaing D, Bismuth H, Guettier C, Samuel D, Baba H, Adam R. 2019. Predictive model for
microvascular invasion of hepatocellular carcinoma among candidates for either hepatic
resection or liver transplantation. Surgery 165(6):1168–1175 DOI 10.1016/j.surg.2019.01.012.

Oliveira T, Panjikar S, Carrigan JB, Hamza M, Sharkey MA, Engel PC, Khan AR. 2012. Crystal
structure of NAD+-dependent Peptoniphilus asaccharolyticus glutamate dehydrogenase reveals
determinants of cofactor specificity. Journal of Structural Biology 177(2):543–552
DOI 10.1016/j.jsb.2011.10.006.

Piras-Straub K, Khairzada K, Gerken G, Saner F, Treckmann JR, Paul A, Canbay A, Herzer K.
2015. Glutamate dehydrogenase and alkaline phosphatase as very early predictors of
hepatocellular carcinoma recurrence after liver transplantation. Digestion 91(2):117–127
DOI 10.1159/000370212.

Gong et al. (2021), PeerJ, DOI 10.7717/peerj.12420 10/12

http://dx.doi.org/10.1177/0271678X17714680
http://dx.doi.org/10.15252/embj.201695518
http://dx.doi.org/10.1016/j.molcel.2017.11.025
http://dx.doi.org/10.1016/j.ccell.2014.12.006
http://dx.doi.org/10.15252/embj.201796436
http://dx.doi.org/10.1016/j.jhep.2017.04.024
http://dx.doi.org/10.3389/fonc.2020.00511
http://dx.doi.org/10.1016/j.canlet.2019.09.011
http://dx.doi.org/10.1001/jamaoncol.2016.5116
http://dx.doi.org/10.1016/j.surg.2019.01.012
http://dx.doi.org/10.1016/j.jsb.2011.10.006
http://dx.doi.org/10.1159/000370212
http://dx.doi.org/10.7717/peerj.12420
https://peerj.com/


Sapisochin G, Goldaracena N, Astete S, Laurence JM, Davidson D, Rafael E, Castells L,
Sandroussi C, Bilbao I, Dopazo C, Grant DR, Lázaro JL, Caralt M, Ghanekar A,
McGilvray ID, Lilly L, Cattral MS, Selzner M, Charco R, Greig PD. 2015. Benefit of treating
hepatocellular carcinoma recurrence after liver transplantation and analysis of prognostic
factors for survival in a large Euro-American series. Annals of Surgical Oncology 22:2286–2294
DOI 10.1245/s10434-014-4273-6.

Spanaki C, Kotzamani D, Plaitakis A. 2017. Widening spectrum of cellular and subcellular
expression of human GLUD1 and GLUD2 glutamate dehydrogenases suggests novel functions.
Neurochemical Research 42(1):92–107 DOI 10.1007/s11064-016-1986-x.

Spinelli JB, Yoon H, Ringel AE, Jeanfavre S, Clish CB, Haigis MC. 2017. Metabolic recycling of
ammonia via glutamate dehydrogenase supports breast cancer biomass. Science
358(6365):941–946 DOI 10.1126/science.aam9305.

Verna EC, Patel YA, Aggarwal A, Desai AP, Frenette C, Pillai AA, Salgia R, Seetharam A,
Sharma P, Sherman C, Tsoulfas G, Yao FY. 2020. Liver transplantation for hepatocellular
carcinoma: management after the transplant. American Journal of Transplantation
20(2):333–347 DOI 10.1111/ajt.15697.

Victor DR, Monsour HJ, Boktour M, Lunsford K, Balogh J, Graviss EA, Nguyen DT,
McFadden R, Divatia MK, Heyne K, Ankoma-Sey V, Egwim C, Galati J, Duchini A,
Saharia A, Mobley C, Gaber AO, Ghobrial RM. 2020. Outcomes of liver transplantation for
hepatocellular carcinoma beyond the university of California San Francisco criteria: a
single-center experience. Transplantation 104(1):113–121 DOI 10.1097/TP.0000000000002835.

Xu X, Lu D, Ling Q, Wei X, Wu J, Zhou L, Yan S, Wu L, Geng L, Ke Q, Gao F, Tu Z, Wang W,
Zhang M, Shen Y, Xie H, Jiang W, Wang H, Zheng S. 2016. Liver transplantation for
hepatocellular carcinoma beyond the Milan criteria. Gut 65(6):1035–1041
DOI 10.1136/gutjnl-2014-308513.

Xu X, Zhang H, Liu Q, Sun S, Zhang J, Zhu F, Yang G, Yan X, Zhang Y, Liu X. 2019. Radiomic
analysis of contrast-enhanced CT predicts microvascular invasion and outcome in
hepatocellular carcinoma. Journal of Hepatology 70(6):1133–1144
DOI 10.1016/j.jhep.2019.02.023.

Yan Y, Zhou Q, Zhang M, Liu H, Lin J, Liu Q, Shi B, Wen K, Chen R, Wang J, Mao K, Xiao Z.
2020. Integrated nomograms for preoperative prediction of microvascular invasion and lymph
node metastasis risk in hepatocellular carcinoma patients. Annals of Surgical Oncology
27:1361–1371 DOI 10.1245/s10434-019-08071-7.

Yang JD, Hainaut P, Gores GJ, Amadou A, Plymoth A, Roberts LR. 2019a. A global view of
hepatocellular carcinoma: trends, risk, prevention and management. Nature Reviews
Gastroenterology & Hepatology 16(10):589–604 DOI 10.1038/s41575-019-0186-y.

Yang L, Gu D, Wei J, Yang C, Rao S, Wang W, Chen C, Ding Y, Tian J, Zeng M. 2019b.
A radiomics nomogram for preoperative prediction of microvascular invasion in hepatocellular
carcinoma. Liver Cancer 8(5):373–386 DOI 10.1159/000494099.

Yang R, Li X, Wu Y, Zhang G, Liu X, Li Y, Bao Y, Yang W, Cui H. 2020. EGFR activates GDH1
transcription to promote glutamine metabolism through MEK/ERK/ELK1 pathway in
glioblastoma. Oncogene 39(14):2975–2986 DOI 10.1038/s41388-020-1199-2.

Zhou J, Sun HC, Wang Z, Cong WM, Wang JH, Zeng MS, Yang JM, Bie P, Liu LX, Wen TF,
Han GH, Wang MQ, Liu RB, Lu LG, Ren ZG, Chen MS, Zeng ZC, Liang P, Liang CH,
Chen M, Yan FH, Wang WP, Ji Y, Cheng WW, Dai CL, Jia WD, Li YM, Li YX, Liang J,
Liu TS, Lv GY, Mao YL, Ren WX, Shi HC, Wang WT, Wang XY, Xing BC, Xu JM, Yang JY,
Yang YF, Ye SL, Yin ZY, Zhang BH, Zhang SJ, Zhou WP, Zhu JY, Liu R, Shi YH, Xiao YS,

Gong et al. (2021), PeerJ, DOI 10.7717/peerj.12420 11/12

http://dx.doi.org/10.1245/s10434-014-4273-6
http://dx.doi.org/10.1007/s11064-016-1986-x
http://dx.doi.org/10.1126/science.aam9305
http://dx.doi.org/10.1111/ajt.15697
http://dx.doi.org/10.1097/TP.0000000000002835
http://dx.doi.org/10.1136/gutjnl-2014-308513
http://dx.doi.org/10.1016/j.jhep.2019.02.023
http://dx.doi.org/10.1245/s10434-019-08071-7
http://dx.doi.org/10.1038/s41575-019-0186-y
http://dx.doi.org/10.1159/000494099
http://dx.doi.org/10.1038/s41388-020-1199-2
http://dx.doi.org/10.7717/peerj.12420
https://peerj.com/


Dai Z, Teng GJ, Cai JQ, Wang WL, Dong JH, Li Q, Shen F, Qin SK, Fan J. 2018. Guidelines
for diagnosis and treatment of primary liver cancer in China (2017 Edition). Liver Cancer
7:235–260 DOI 10.1159/000488035.

Zhou J, Zhang Z, Zhou H, Leng C, Hou B, Zhou C, Hu X, Wang J, Chen X. 2020. Preoperative
circulating tumor cells to predict microvascular invasion and dynamical detection indicate the
prognosis of hepatocellular carcinoma. BMC Cancer 20(1):1047
DOI 10.1186/s12885-020-07488-8.

Gong et al. (2021), PeerJ, DOI 10.7717/peerj.12420 12/12

http://dx.doi.org/10.1159/000488035
http://dx.doi.org/10.1186/s12885-020-07488-8
http://dx.doi.org/10.7717/peerj.12420
https://peerj.com/

	The predictive role of preoperative serum glutamate dehydrogenase levels in microvascular invasion and hepatocellular carcinoma prognosis following liver transplantation&#x2014;a single center retrospective study ...
	Introduction
	Patients and methods
	Results
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


