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Abstract

Background & aims

It remains limited whether diabetes mellitus (DM) and hypertension (HTN) affect the progno-

sis of advanced hepatocellular carcinoma (HCC) treated with sorafenib. Our study

attempted to elucidate the roles of DM/HTN and the effects of diabetes medications among

advanced HCC patients receiving sorafenib.

Methods

From August 2012 to February 2018, 733 advanced HCC patients receiving sorafenib were

enrolled at China Medical University, Taichung, Taiwan. According to the presence/absence

of DM or HTN, they were divided into four groups: control [DM(-)/HTN(-), n = 353], DM-only

[DM(+)/HTN(-), n = 91], HTN-only [DM(-)/HTN(+), n = 184] and DM+HTN groups [DM

(+)/HTN(+), n = 105]. Based on the types of diabetes medications, there were three groups

among DM patients (the combined cohort of DM-only and DM+HTN groups), including met-

formin (n = 63), non-metformin oral hypoglycemic agent (OHA) (n = 104) and regular insulin

(RI)/neutral protamine hagedorn (NPH) groups (n = 29). We then assessed the survival dif-

ferences between these groups.

Results

DM-only and DM+HTN groups significantly presented longer overall survival (OS) than con-

trol group (control vs. DM-only, 7.70 vs. 11.83 months, p = 0.003; control vs. DM+HTN, 7.70

vs. 11.43 months, p = 0.008). However, there was no significant OS difference between con-

trol and HTN-only group (7.70 vs. 8.80 months, p = 0.111). Besides, all groups of DM

patients showed significantly longer OS than control group (control vs. metformin, 7.70 vs.

12.60 months, p = 0.011; control vs. non-metformin OHA, 7.70 vs. 10.80 months, p = 0.016;

control vs. RI/NPH, 7.70 vs. 15.20 months, p = 0.026).
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Conclusions

Rather than HTN, DM predicts better prognosis in advanced HCC treated with sorafenib.

Besides, metformin, non-metformin OHA and RI/NPH are associated with longer survival

among DM-related advanced HCC patients receiving sorafenib.

Introduction

In 2018, liver cancer is estimated to be the sixth most frequently diagnosed cancer and the

fourth prevailing cause of cancer-related deaths globally with approximately 841,000 new cases

and 782,000 deaths [1]. Among primary liver cancer, hepatocellular carcinoma (HCC) is the

most common type [2]. Although various therapeutic modalities have been applied in HCC

management, the mortality of HCC patients is still high due to a large proportion of cases diag-

nosed with advanced tumors [3]. Patients with advanced stage HCC are defined as those with

intra-hepatic venous invasion and/or extra-hepatic metastases but preserved liver function

(Child-Pugh class A) [4]. Before the development and approval of targeted therapy, transarter-

ial embolization and conformal radiotherapy were available for advanced HCC and both

exerted a survival benefit in comparison with supportive care [5]. At present, systemic therapy

is recommended for patients with advanced HCC or well-selected HCC patients with Child-

Pugh class B cirrhosis plus intra-hepatic venous invasion and/or metastatic disease [6]. Among

systemic therapy for HCC, sorafenib is the standard first-line agent [4]. As a multi-kinase

inhibitor, sorafenib targets Raf-1 or B-Raf/MEK/ERK signaling and tyrosine kinases of vascu-

lar endothelial growth factor (VEGF) receptor (VEGFR)-1, VEGFR-2, VEGFR-3 and platelet-

derived growth factor receptor (PDGFR)-β, thus inhibiting tumor survival, proliferation and

angiogenesis [7, 8]. Sorafenib has been validated to improve the prognosis of advanced HCC

[8].

The incidence of HCC is associated with increased age, emphasizing the importance of

comorbidity management for HCC since elderly patients present a higher prevalence of

chronic comorbidities, including diabetes mellitus (DM) and hypertension (HTN) [9–11].

In 2017, there were 451 million diabetic patients globally and responded 9.9% of worldwide

deaths [10]. Besides, HTN contributes to over 45% of heart-disease deaths, 51% of stroke-

related deaths and 9.4 million total deaths worldwide annually [11]. A recent study proposed

DM is associated with a longer time-to-progression in sorafenib-treated HCC patients [12].

However, some studies explored no survival difference between diabetic and nondiabetic

HCC patients treated with sorafenib [13, 14]. Due to inconsistent results, whether DM

affects the prognosis of sorafenib-treated HCC cannot be drawn to definite conclusion. In

addition, the prognostic role of HTN remains unknown in sorafenib-treated HCC patients.

Of note, the adverse health consequences of HTN are compounded since many patients pos-

sess risk factors, including obesity and DM, which increase the odds of heart attack, stroke

and kidney failure [11]. Therefore, DM and HTN are closely linked [11]; when assessed, one

cannot be confirmed to affect patients’ survival without excluding the other. By grouping the

study patients based on the presence of non HTN-associated DM, non DM-associated HTN

and comorbid DM plus HTN, we could differentiate the individual roles of DM and HTN in

sorafenib-treated advanced HCC. To attain greater clinical benefit, we also assessed the sur-

vival effects between different diabetes medications, including metformin, non-metformin

oral hypoglycemic agents (OHA) and regular insulin (RI)/neutral protamine hagedorn

(NPH).
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Materials and methods

Patients and study design

During the period from August 2012 to February 2018, 733 HCC patients exhibiting Child-

Pugh class A (score 5 or 6) with intra-hepatic venous invasion and/or extra-hepatic metastases

accepted sorafenib therapy at China Medical University Hospital, Taichung, Taiwan. Based on

their comorbidity at baseline (the presence/absence of DM or HTN), they were divided into

four groups: control (patients without DM and HTN, n = 353), DM-only [patients with DM

but without HTN (non HTN-associated DM), n = 91], HTN-only [patients with HTN but

without DM (non DM-associated HTN), n = 184] and DM+HTN groups (patients with DM

and HTN, n = 105). Furthermore, to assess the survival effects of diabetes medications, DM-

only and DM+HTN groups were combined as the cohort of diabetic patients (DM cohort,

n = 196) which was divided into three groups base on the types of given diabetes medications:

metformin (n = 63), non-metformin OHA (n = 104) and RI/NPH groups (n = 29). We evalu-

ated patients’ overall survival (OS) and progression-free survival (PFS) until December 2018.

OS was defined as the time from starting sorafenib therapy to death or last follow-up. PFS was

measured from the initiation of sorafenib therapy to the presence of progression disease (PD),

death or last follow-up. Afterward, we compared the survival outcomes of separate groups

(control vs. DM-only; control vs. HTN-only; control vs. DM+HTN; control vs. metformin;

control vs. non-metformin OHA; control vs. RI/NPH).

Sorafenib therapy: Administration and therapeutic response evaluation

In this study, standard administration of sorafenib was 400 mg twice daily (800 mg per day).

Dosage reduction was considered if intolerable sorafenib-induced adverse events occurred. At

each visit during the study period, patients accepted detailed history taking and physical exam-

ination. Following the criteria of National Health Insurance Administration in Taiwan,

patients underwent therapeutic response evaluation every two to three months since baseline,

and only those with benign response [complete response (CR), partial response (PR) or stable

disease (SD) rated by modified Response Evaluation Criteria in Solid Tumors (mRECIST)]

and the maintenance of Child-Pugh class A were allowed to continue the next course of sorafe-

nib therapy. Besides, none of the enrolled patients received second-line treatment for HCC

during the study period. To assess patients’ response to sorafenib therapy, contrast-enhanced

tomography, serum biochemical tests and scoring of Child-Pugh scale were performed every

two to three months since the initiation of treatment.

Statistical analysis

All statistical analyses were performed with SPSS 20.0 (Released 2011. IBM SPSS Statistics for

Macintosh, Version 20.0. Armonk, NY: IBM Corp.). Categorical variables were presented as abso-

lute frequencies with relative proportions and compared by using Fisher exact test. Baseline con-

tinuous data were expressed as mean ± standard deviation with range and compared by using

independent-samples t-test. Data for the duration of sorafenib therapy were shown as median

with range and compared by using Mann-Whitney U test. Survival analysis was performed with

Kaplan-Meier method by which data of OS and PFS were shown as median ± standard error

with 95% confidence interval (CI). The differences between survival curves were evaluated with

Log-rank test. Hazard ratio (HR) was calculated with Cox regression model in which variables

assessed under univariate analysis were all entered into multivariate analysis to confirm the corre-

lation between explanatory and response variables. With the use of multivariate Cox regression,

survival risks in experimental groups were adjusted by variables showing statistical significance in
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homogeneity analysis of baseline characteristics. All statistical tests were two-tailed, and a p-value

below 0.05 was considered statistically significant.

Ethics statements

The present study was approved by the institutional review board of China Medical University

Hospital (No. CMUH109-REC2-033). All procedures performed in the present study were in

accordance with the ethical standards of the institutional review board and the 1964 Helsinki

Declaration with its later amendments. Written informed consent was obtained from all indi-

vidual participants.

Results

Patient characteristics

Patient characteristics in separate groups of the entire study cohort (n = 733) are shown in

Table 1. At baseline, all enrolled HCC patients were Child-Pugh class A with intra-hepatic

venous invasion and/or extra-hepatic metastases. Compared with control group, DM-only,

HTN-only and DM+HTN groups had a significantly higher mean age at baseline (control vs.

DM-only, 57.67±12.24 vs. 63.12±9.42 years, p<0.001; control vs. HTN-only, 57.67±12.24 vs.

66.83±11.27 years, p<0.001; control vs. DM+HTN, 57.67±12.24 vs. 66.22±9.21 years,

p<0.001) (Table 1), explaining the age-dependent prevalence of DM and HTN [10, 11].

Survival outcomes

For the survival outcomes of control, DM-only, HTN-only and DM+HTN groups, median OS

and PFS are shown in Table 2 with OS and PFS curves illustrated in Fig 1A and 1B respectively.

Among these four groups, both DM-only and DM+HTN groups significantly presented better

OS and PFS than control group (OS: control vs. DM-only, 7.70±0.58 vs. 11.83±1.38 months,

p = 0.003; control vs. DM+HTN, 7.70±0.58 vs. 11.43±2.24 months, p = 0.008) (Table 2; Fig

1A) (PFS: control vs. DM-only, 3.70±0.37 vs. 6.83±1.70 months, p = 0.008; control vs. DM

+HTN, 3.70±0.37 vs. 6.33±1.78 months, p = 0.004) (Table 2; Fig 1B). However, there was no

significant survival difference between control and HTN-only groups (OS: 7.70±0.58 vs. 8.80

±0.85 months, p = 0.111) (Table 2; Fig 1A) (PFS: 3.70±0.37 vs. 4.43±0.80 months, p = 0.094)

(Table 2; Fig 1B).

Survival risks

Table 3 shows respective HR of OS and PFS in DM-only, HTN-only or DM+HTN group com-

pared with control group. To eliminate the bias, HR was adjusted by variables showing statisti-

cal significance in homogeneity analysis of baseline characteristics (homogeneity analysis:

referred to Table 1). Compared with control group, the risk regarding death or PD was signifi-

cantly lower in DM-only [OS: HR = 0.708 (95% CI: 0.547–0.917), p = 0.009; PFS: HR = 0.725

(95% CI: 0.560–0.939), p = 0.015] or DM+HTN group [OS: HR = 0.720 (95% CI: 0.560–0.925),

p = 0.010; PFS: HR = 0.668 (95% CI: 0.519–0.859), p = 0.002] (Table 3). Besides, in comparison

with control group, HTN-only group showed an insignificant difference of risk regarding

death [OS: HR = 0.845 (95% CI: 0.687–1.039), p = 0.110] or PD [PFS: HR = 0.841 (95% CI:

0.683–1.037), p = 0.106] (Table 3).

Variables associated with survival in the entire study cohort

Survival risks under different categorizing variables in the entire study cohort are shown in

Tables 4 and 5. Among all variables, three factors significantly correlated with better OS in
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Table 1. Patient characteristics in separate groups of the entire study cohort (n = 733).

Separate groups of the entire study cohort (n = 733)a p-value

I: Control (n = 353) II: DM-only (n = 91) III: HTN-only

(n = 184)

IV: DM+HTN

(n = 105)

I vs. II I vs. III I vs. IV

Baseline characteristics

Male† 307 (87.0%) 71 (78.0%) 140 (76.1%) 71 (67.6%) 0.046� 0.002� <0.001�

Age, mean (range)‡ 57.67±12.24 (21–85) 63.12±9.42 (36–84) 66.83±11.27 (33–88) 66.22±9.21 (44–85) <0.001� <0.001� <0.001�

HBV or HCV infection†

HBV only 161 (45.6%) 41 (45.1%) 61 (33.2%) 26 (24.8%) 1.000 0.006� <0.001�

HCV only 27 (7.6%) 11 (12.1%) 30 (16.3%) 10 (9.5%) 0.206 0.003� 0.543

HBV+HCV 8 (2.3%) 2 (2.2%) 3 (1.6%) 1 (1.0%) 1.000 0.756 0.691

None 157 (44.5%) 37 (40.7%) 90 (48.9%) 68 (64.8%) 0.554 0.362 <0.001�

Liver cirrhosis† 285 (80.7%) 76 (83.5%) 148 (80.4%) 88 (83.8%) 0.651 1.000 0.568

Tumor site†

Intra-hepatic venous invasion only 149 (42.2%) 39 (42.9%) 67 (36.4%) 37 (35.2%) 0.906 0.228 0.215

Extra-hepatic metastases only 166 (47.0%) 44 (48.4%) 102 (55.4%) 55 (52.4%) 0.906 0.069 0.374

lymph nodes 32 (19.3%) 11 (25.0%) 25 (24.5%) 9 (16.4%) 0.406 0.357 0.694

lung 69 (41.6%) 20 (45.5%) 40 (39.2%) 21 (38.2%) 0.732 0.798 0.752

adrenal gland 6 (3.6%) 1 (2.3%) 3 (2.9%) 1 (1.8%) 1.000 1.000 0.684

bone 23 (13.9%) 5 (11.4%) 15 (14.7%) 7 (12.7%) 0.806 0.858 1.000

otherb 15 (9.0%) 1 (2.3%) 4 (3.9%) 8 (14.5%) 0.202 0.144 0.307

multi-organ 21 (12.7%) 6 (13.6%) 15 (14.7%) 9 (16.4%) 0.805 0.713 0.499

Intra-hepatic venous invasion plus

extra-hepatic metastases

38 (10.8%) 8 (8.8%) 15 (8.2%) 13 (12.4%) 0.701 0.364 0.601

BP (mmHg)c‡

Systolic, mean (range) 123.38±12.46 (90–

164)

127.40±15.10 (87–

160)

140.66±19.03 (104–

206)

137.95±18.67 (103–

190)

0.021� <0.001� <0.001�

Diastolic, mean (range) 76.54±9.08 (50–107) 75.19±9.56 (53–99) 80.49±12.82 (10–115) 76.97±11.35 (44–114) 0.211 <0.001� 0.720

Glucose, mean (mg/dL) (range)c‡ 116.16±27.38 (25–

289)

168.73±62.01 (73–

433)

122.01±27.17 (74–

214)

167.28±65.19 (66–

443)

<0.001� 0.019� <0.001�

AFP, mean (ng/mL) (range)‡ 8529.92±17138.68

(1.48–54001.00)

3135.10±9459.73

(0.91–54001.00)

6257.92±14091.10

(0.89–54001.00)

3767.92±11294.73

(1.16–54001.00)

<0.001� 0.101 0.001�

Sorafenib duration, median (month)

(range)d§

2.67 (0.10–66.63) 4.00 (0.13–61.40) 3.63 (0.10–73.97) 4.13 (0.17–77.63) 0.034� 0.014� 0.006�

Events during the study†

Expired 315 (89.2%) 78 (85.7%) 154 (83.7%) 90 (85.7%) 0.358 0.076 0.384

PD 237 (67.1%) 56 (61.5%) 138 (75.0%) 68 (64.8%) 0.323 0.061 0.640

Abbreviation: DM, diabetes mellitus; HTN, hypertension; HBV, hepatitis B virus; HCV, hepatitis C virus; BP, blood pressure; AFP, alpha-fetoprotein; PD, progression

disease.
aAt baseline, all patients were Child-Pugh class A with intra-hepatic venous invasion and/or extra-hepatic metastases.
bTumor involvement of an extra-hepatic organ other than lymph nodes, lung, adrenal gland and bone.
cTo eliminate the bias, data of baseline blood pressure (BP) and glucose level for each patient were determined by calculating the mean values of BP and glucose level

measured multiple (two or three) times at baseline.
dThe duration of sorafenib therapy depended on the therapeutic response evaluated every two to three months since baseline. Patients allowed to continue the next

course of sorafenib therapy were those with benign response [complete response (CR), partial response (PR) or stable disease (SD) rated by modified Response

Evaluation Criteria in Solid Tumors (mRECIST)] and the maintenance of Child-Pugh class A.

†Fisher exact test.

‡independent-samples t-test.

§Mann-Whitney U test.

�A p-value below 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0244293.t001
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univariate analysis, including the presence of DM (HR = 0.748, p = 0.001), hepatitis B virus

(HBV) and/or hepatitis C virus (HCV) infection (HR = 0.714, p<0.001) and baseline alpha-

fetoprotein (AFP) <400 ng/mL (HR = 0.584, p<0.001) (Table 4). Furthermore, all of these fac-

tors independently predicted better OS in multivariate analysis (DM: HR = 0.762, p = 0.003;

HBV and/or HCV infection: HR = 0.709, p<0.001; baseline AFP <400 ng/mL: HR = 0.598,

p<0.001) (Table 4). Conversely, intra-hepatic venous invasion and multi-organ metastases sig-

nificantly predicted poorer OS in univariate (HR = 1.230, p = 0.009; HR = 1.352, p = 0.033

respectively) and multivariate analysis (HR = 1.251, p = 0.011; HR = 1.431, p = 0.015 respec-

tively) (Table 4). Of note, the presence of HTN insignificantly correlated with OS in univariate

(HR = 0.872, p = 0.094) and multivariate analysis (HR = 0.906, p = 0.251) (Table 4).

For the predictors of PFS, four factors significantly correlated with better PFS in univariate

analysis, including the presence of DM (HR = 0.747, p = 0.001), HTN (HR = 0.852, p = 0.049),

HBV and/or HCV infection (HR = 0.672, p<0.001) and baseline AFP<400 ng/mL (HR =

0.611, p<0.001) (Table 5). Among these factors, those independently predicting better PFS in

multivariate analysis were the presence of DM (HR = 0.770, p = 0.005), HBV and/or HCV

infection (HR = 0.655, p<0.001) and baseline AFP<400 ng/mL (HR = 0.616, p<0.001), while

the presence of HTN was insignificantly associated with PFS in multivariate analysis (HR =

0.865, p = 0.093) (Table 5). At last, multi-organ metastases (HR = 1.448, p = 0.009) and intra-

hepatic venous invasion plus extra-hepatic metastases (HR = 1.331, p = 0.026) significantly

predicted poorer PFS in univariate analysis; in multivariate analysis, the former remained sta-

tistically significant (HR = 1.516, p = 0.005) while the later was insignificant (HR = 1.238,

p = 0.129) (Table 5).

The prognostic roles of diabetes medications

Patient characteristics in separate groups of the DM cohort are shown in S1 Table. Among the

DM cohort, baseline or on-sorafenib (during sorafenib therapy) hemoglobin A1c (HbA1c)

level<7% (considered well-controlled) insignificantly correlated with the duration of sorafe-

nib therapy in univariate (baseline: HR = 0.953, p = 0.755; on-sorafenib: HR = 0.865, p =

0.348) and multivariate analysis (baseline: HR = 0.979, p = 0.908; on-sorafenib: HR = 0.810,

p = 0.254) (S2 Table). For the survival outcomes in separate groups of the DM cohort, median

Table 2. Overall survival (OS) and progression-free survival (PFS) in separate groups of the entire study cohort

(n = 733).

OS, median (95% CI) (month)† PFS, median (95% CI) (month)†

Control (n = 353) 7.70±0.58 (6.57–8.84) 3.70±0.37 (2.98–4.43)

DM-only (n = 91) 11.83±1.38 (9.14–14.53) 6.83±1.70 (3.50–10.17)

HTN-only (n = 184) 8.80±0.85 (7.14–10.46) 4.43±0.80 (2.86–6.01)

DM+HTN (n = 105) 11.43±2.24 (7.05–15.82) 6.33±1.78 (2.84–9.82)

Log-rank test

OS PFS

Control vs. DM-only p = 0.003� p = 0.008�

Control vs. HTN-only p = 0.111 p = 0.094

Control vs. DM+HTN p = 0.008� p = 0.004�

Abbreviation: OS, overall survival; CI, confidence interval; PFS, progression-free survival; DM, diabetes mellitus;

HTN, hypertension.

†Kaplan-Meier method: OS and PFS were shown as median ± standard error with 95% CI.

�A p-value below 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0244293.t002
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OS and PFS are shown in Table 6 with OS and PFS curves illustrated in Fig 2A and 2B respec-

tively. In comparison with control group, all separate groups of the DM cohort, including met-

formin, non-metformin OHA and RI/NPH groups, significantly presented better OS (control

vs. metformin, 7.70±0.58 vs. 12.60±2.17 months, p = 0.011; control vs. non-metformin OHA,

7.70±0.58 vs. 10.80±1.20 months, p = 0.016; control vs. RI/NPH, 7.70±0.58 vs. 15.20±4.45

months, p = 0.026) (Table 6; Fig 2A) and PFS (control vs. metformin, 3.70±0.37 vs. 8.17±1.53

months, p = 0.009; control vs. non-metformin OHA, 3.70±0.37 vs. 5.67±1.57 months,

p = 0.017; control vs. RI/NPH, 3.70±0.37 vs. 7.17±2.04 months, p = 0.039) (Table 6; Fig 2B).

Discussion

Since DM is closely linked with HCC development at both molecular [15, 16] and epidemio-

logical levels [15–18], we previously presumed DM could lead to poorer prognosis in advanced

HCC patients receiving sorafenib. However, our study found that DM predicts better OS and

PFS in sorafenib-treated advanced HCC patients. To explain the unexpected results, we

inferred specific mechanisms may lead to better prognosis in DM-associated advanced HCC

treated with sorafenib. Besides, diabetes medications with anti-tumor effects may co-contrib-

ute to the positive prognostic role of DM in advanced HCC treated with sorafenib.

Fig 1. Overall survival (OS) and progression-free survival (PFS) curves of control, DM-only, HTN-only and DM

+HTN groups. (A) The median OS was 7.70±0.58, 11.83±1.38, 8.80±0.85 and 11.43±2.24 months in control, DM-only,

HTN-only and DM+HTN groups respectively. In comparison with control group, both DM-only and DM+HTN

groups had better OS (p = 0.003 and p = 0.008 respectively) while HTN-only group showed an insignificant OS

difference (p = 0.111). (B) The median PFS was 3.70±0.37, 6.83±1.70, 4.43±0.80 and 6.33±1.78 months in control, DM-

only, HTN-only and DM+HTN groups respectively. In comparison with control group, both DM-only and DM+HTN

groups had better PFS (p = 0.008 and p = 0.004 respectively) while HTN-only group showed an insignificant PFS

difference (p = 0.094). �Log-rank test: A p-value below 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0244293.g001

Table 3. Survival risks in DM-only (n = 91), HTN-only (n = 184) or DM+HTN group (n = 105) compared with

control group (n = 353).

OS PFS

HR (95% CI) p-value HR (95% CI) p-value

Control (n = 353) Ref Ref

DM-only (n = 91) 0.708 (0.547–0.917)† 0.009� 0.725 (0.560–0.939)† 0.015�

HTN-only (n = 184) 0.845 (0.687–1.039)‡ 0.110 0.841 (0.683–1.037)‡ 0.106

DM+HTN (n = 105) 0.720 (0.560–0.925)§ 0.010� 0.668 (0.519–0.859)§ 0.002�

Abbreviation: OS, overall survival; PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; Ref,

reference variable; DM, diabetes mellitus; HTN, hypertension.

HR was adjusted by variables showing statistical significance in homogeneity analysis of baseline characteristics

(referred to Table 1).

†adjusted by male frequency, age, systolic blood pressure (BP) and alpha-fetoprotein (AFP) level at baseline. (Glucose

level was excluded from adjustment since DM-only group contained diabetic patients.).

‡adjusted by male frequency, age, percentage of cases with hepatitis B virus (HBV) infection only, percentage of cases

with hepatitis C virus (HCV) infection only and glucose level at baseline. (Systolic and diastolic BP were excluded

from adjustment since HTN-only group contained HTN patients.).

§adjusted by male frequency, age, percentage of cases with HBV infection only, percentage of cases without HBV/

HCV infection and AFP level at baseline. (Systolic BP and glucose level were excluded from adjustment since DM

+HTN group contained patients with DM plus HTN.).

�Cox regression model: A p-value below 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0244293.t003
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Though insulin-resistance-related hyperinsulinemia and DM-related chronic inflammation

promote HCC development, specific DM-associated mechanisms, including reduction of

hepatic glycolysis and impairment of insulin hypersecretion, may exert anti-tumor effects in

sorafenib-treated HCC. Wang et al. proposed hepatic gluconeogenesis is significantly reduced

in HCC via interleukin (IL)-6-Stat3-mediated activation of microRNA-23a which suppresses

glucose-6-phosphatase and the transcription factor PGC-1a, aiding HCC growth and prolifer-

ation by maintaining a high level of glycolysis required for cancerous cells [19]. Besides, Tesori

et al. reported that gene expression of HCC cells shifts toward glycolysis, diminishing sorafenib

cytotoxicity which can be strengthened by glycolysis inhibition [20]. Furthermore, hepatic gly-

colysis is reduced under DM status due to insulin resistance [21]. These findings collectively

Table 4. Cox regression of overall survival (OS) in the entire study cohort (n = 733).

variable case number Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value

Baseline characteristics

DM(+)/HTN(+ or -)

No 537 Ref Ref

Yes 196 0.748 (0.627–0.894) 0.001� 0.762 (0.636–0.913) 0.003�

HTN(+)/DM(+ or -)

No 444 Ref Ref

Yes 289 0.872 (0.743–1.023) 0.094 0.906 (0.765–1.072) 0.251

Sex

Female 144 Ref Ref

Male 589 1.111 (0.911–1.354) 0.299 1.155 (0.941–1.420) 0.169

Age

<65 409 Ref Ref

�65 324 1.079 (0.923–1.262) 0.341 1.152 (0.974–1.363) 0.098

HBV and/or HCV infection

No 352 Ref Ref

Yes 381 0.714 (0.611–0.835) <0.001� 0.709 (0.604–0.831) <0.001�

Liver cirrhosis

No 136 Ref Ref

Yes 597 0.848 (0.695–1.034) 0.102 0.921 (0.753–1.126) 0.422

Intra-hepatic venous invasion

No 367 Ref Ref

Yes 366 1.230 (1.053–1.437) 0.009� 1.251 (1.052–1.486) 0.011�

Multi-organ metastases

No 672 Ref Ref

Yes 61 1.352 (1.025–1.784) 0.033� 1.431 (1.072–1.912) 0.015�

Intra-hepatic venous invasion plus extra-hepatic metastases

No 659 Ref Ref

Yes 74 1.191 (0.926–1.531) 0.174 0.997 (0.759–1.311) 0.986

AFP

�400 ng/mL 289 Ref Ref

<400 ng/mL 444 0.584 (0.498–0.685) <0.001� 0.598 (0.509–0.704) <0.001�

Abbreviation: HR, hazard ratio; CI, confidence interval; DM, diabetes mellitus; Ref, reference variable; HTN, hypertension; HBV, hepatitis B virus; HCV, hepatitis C

virus; AFP, alpha-fetoprotein. To confirm the correlation between each variable and OS, all variables were entered into multivariate analysis.

�A p-value below 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0244293.t004
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suggest decreased glycolysis in hepatocytes suppresses HCC tumorigenesis and resistance to

sorafenib, explaining the positive prognostic role of DM in this study. On the other hand, pro-

tumor hyperinsulinemia in type 2 DM is followed by hypoinsulinemia [22–24] due to β-cell

dysfunction led by oxidative stress [23, 24], which diminishes the hyperinsulinemia-related

negative effect of DM in HCC prognosis. Therefore, for DM-associated HCC, patients benefit-

ing better from sorafenib may be those with less expressed hepatic glycolysis or reduced insulin

hypersecretion.

In the present study, prescribed OHA included metformin, repaglinide, acarbose, glimepir-

ide, glipizide, glibenclamide (glyburide), gliclazide, linagliptin, sitagliptin, vildagliptin, saxa-

gliptin and pioglitazone. Metformin, the first-line OHA for type 2 DM, is found to directly

Table 5. Cox regression of progression-free survival (PFS) in the entire study cohort (n = 733).

variable case number Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value

Baseline characteristics

DM(+)/HTN(+ or -)

No 537 Ref Ref

Yes 196 0.747 (0.626–0.892) 0.001� 0.770 (0.642–0.923) 0.005�

HTN(+)/DM(+ or -)

No 444 Ref Ref

Yes 289 0.852 (0.726–1.000) 0.049� 0.865 (0.729–1.025) 0.093

Sex

Female 144 Ref Ref

Male 589 1.135 (0.931–1.384) 0.211 1.170 (0.954–1.436) 0.132

Age

<65 409 Ref Ref

�65 324 1.069 (0.914–1.251) 0.402 1.153 (0.973–1.365) 0.100

HBV and/or HCV infection

No 352 Ref Ref

Yes 381 0.672 (0.575–0.785) <0.001� 0.655 (0.559–0.768) <0.001�

Liver cirrhosis

No 136 Ref Ref

Yes 597 0.832 (0.682–1.014) 0.069 0.886 (0.725–1.082) 0.236

Intra-hepatic venous invasion

No 367 Ref Ref

Yes 366 1.085 (0.929–1.268) 0.302 1.053 (0.887–1.249) 0.558

Multi-organ metastases

No 672 Ref Ref

Yes 61 1.448 (1.097–1.910) 0.009� 1.516 (1.136–2.025) 0.005�

Intra-hepatic venous invasion plus extra-hepatic metastases

No 659 Ref Ref

Yes 74 1.331 (1.035–1.712) 0.026� 1.238 (0.940–1.630) 0.129

AFP

�400 ng/mL 289 Ref Ref

<400 ng/mL 444 0.611 (0.521–0.716) <0.001� 0.616 (0.524–0.725) <0.001�

Abbreviation: HR, hazard ratio; CI, confidence interval; DM, diabetes mellitus; Ref, reference variable; HTN, hypertension; HBV, hepatitis B virus; HCV, hepatitis C

virus; AFP, alpha-fetoprotein. To confirm the correlation between each variable and PFS, all variables were entered into multivariate analysis.

�A p-value below 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0244293.t005
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impacts on tumors by activating adenosine 5’-monophosphate-activated protein kinase

(AMPK), leading to the suppression of mammalian Target of Rapamycin (mTOR) signaling

pathway [25–27], thus inhibiting tumor growth, survival and proliferation [28] (Fig 3). In

addition, metformin indirectly exerts an anti-tumor effect via reducing serum insulin level,

repressing the signaling pathway of insulin and insulin-like growth factor 1 (I/IGF-1)/phos-

phoinositide 3-kinase (PI3K)/Akt/mTOR [25–27] or I/IGF-1/Ras/Raf/MEK/ERK [29, 30] (Fig

3). Several epidemiologic and clinical studies have reported a lower risk of HCC development

[25–27, 31, 32] or better HCC prognosis [33, 34] with metformin use. On the contrary, some

studies proposed metformin worsens sorafenib-treated HCC patients’ survival since metfor-

min shares overlapping anti-tumor mechanisms with sorafenib (Fig 3), making the resistance

to metformin induces a poorer response to sorafenib [13, 14]. However, in the present study,

there was a better survival in sorafenib/metformin-treated patients compared with control

group (patients without DM and HTN) (OS: 12.60 vs. 7.70 months, p = 0.011; PFS: 8.17 vs.

3.70 months, p = 0.009) (Table 6). In addition, the duration of sorafenib therapy was consid-

ered as an indicator of treatment response since only patients with CR, PR or SD rated by

mRECIST were allowed to continue sorafenib therapy in this study. The result showed that

sorafenib/metformin-treated patients underwent longer median duration of sorafenib therapy

(i.e. better response to sorafenib) than control group (5.00 vs. 2.67 months, p = 0.003), indicat-

ing metformin-induced resistance to sorafenib did not present in our study.

In addition to metformin, several non-metformin OHA are as well reported to exert anti-

tumor effects, including repaglinide, glipizide, glibenclamide, sitagliptin, vildagliptin and pio-

glitazone. Firstly, repaglinide possesses cytotoxic effects against hepatic, breast and cervical

carcinoma cells (HepG2, MCF-7 and HeLa cells) [35], or reduces the expression of Bcl-2,

Beclin-1 and PD-L1 in glioma tissues [36]. Secondly, glipizide inhibits endothelial cell migra-

tion and tubular formation via up-regulating the expression of natriuretic peptide receptor A

to suppress tumor angiogenesis [37, 38]. Thirdly, glibenclamide significantly induces HCC cell

apoptosis via activating reactive-oxygen-species-dependent JNK pathway [39] and arrests

HCC growth [40]. Fourthly, sitagliptin and vildagliptin trigger the infiltration of natural killer

cells and T-cells into xenograft or liver tumors in rodent models [41]. Furthermore,

Table 6. Overall survival (OS) and progression-free survival (PFS) in control group (patients without DM and

HTN; n = 353) and separate groups of the DM cohort (diabetic patients with or without HTN, i.e. the combination

cohort of DM-only and DM+HTN groups; n = 196).

OS, median (95% CI) (month)† PFS, median (95% CI) (month)†

Control (n = 353) 7.70±0.58 (6.57–8.84) 3.70±0.37 (2.98–4.43)

Separate groups of the DM cohort (n = 196): divided by the types of diabetes medications

Metformin (n = 63) 12.60±2.17 (8.34–16.86) 8.17±1.53 (5.16–11.17)

Non-metformin OHA (n = 104) 10.80±1.20 (8.44–13.16) 5.67±1.57 (2.59–8.75)

RI/NPH (n = 29) 15.20±4.45 (6.49–23.91) 7.17±2.04 (3.17–11.16)

Log-rank test

OS PFS

Control vs. Metformin p = 0.011� p = 0.009�

Control vs. Non-metformin OHA p = 0.016� p = 0.017�

Control vs. RI/NPH p = 0.026� p = 0.039�

Abbreviation: OS, overall survival; CI, confidence interval; PFS, progression-free survival; DM, diabetes mellitus;

OHA, oral hypoglycemic agents; RI, regular insulin; NPH, neutral protamine hagedorn.

†Kaplan-Meier method: OS and PFS were shown as median ± standard error with 95% CI.

�A p-value below 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0244293.t006
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vildagliptin prevents the angiogenesis of high-fat-diet-induced HCC via down-regulating the

dipeptidyl peptidase-4/chemokine ligand 2/angiogenesis pathway [42]. At last, pioglitazone

increases circulating adiponectin production which activates hepatic AMPK signaling and

down-regulates the mitogen-activated protein kinase pathways (mainly ERK/JNK/cJUN), thus

inhibiting HCC development in cirrhotic rodent models [43].

In addition to direct anti-tumor mechanisms, the anti-inflammatory effects of OHA also

exert indirect anti-tumor efficacy. Several agents have been shown to effectively decrease the

Fig 2. Overall survival (OS) and progression-free survival (PFS) curves of control, metformin, non-metformin

OHA and RI/NPH groups. (A) The median OS was 7.70±0.58, 12.60±2.17, 10.80±1.20 and 15.20±4.45 months in

control, metformin, non-metformin OHA and RI/NPH groups respectively. In comparison with control group,

metformin, non-metformin OHA and RI/NPH groups significantly presented better OS (p = 0.011, p = 0.016 and

p = 0.026 respectively). (B) The median PFS was 3.70±0.37, 8.17±1.53, 5.67±1.57 and 7.17±2.04 months in control,

metformin, non-metformin OHA and RI/NPH groups respectively. Compared with control group, metformin, non-

metformin OHA and RI/NPH groups significantly presented better PFS (p = 0.009, p = 0.017 and p = 0.039

respectively). �Log-rank test: A p-value below 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0244293.g002

Fig 3. Anti-tumor mechanisms of sorafenib, metformin and protamine: A review of previous studies [7, 8, 14, 25–30, 59–66].

Abbreviation: VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor; PDGF, platelet-derived growth factor; PDGFR, PDGF

receptor; PKC, protein kinase C; IGF-1, insulin-like growth factor 1; IGF-1R, IGF-1 receptor; PI3K, phosphoinositide 3-kinase; LKB1,

liver kinase B1; AMPK, adenosine 5’-monophosphate-activated protein kinase; TSC1/2, tuberous sclerosis proteins 1 and 2 complex;

mTOR, mammalian Target of Rapamycin.

https://doi.org/10.1371/journal.pone.0244293.g003
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levels of tumor necrosis factor (TNF)-α and IL-6, including glimepiride, repaglinide [44], acar-

bose [45–47], glibenclamide [48], gliclazide [49], linagliptin [50, 51] and saxagliptin [52–54].

TNF-α, a pro-inflammatory cytokine, significantly over-expresses in HCC patients and favors

inflammation leading to poorer prognosis in sorafenib-treated HCC [55, 56]. Besides, TNF-α
induces epithelial-mesenchymal transition which stimulates HCC proliferation, invasion and

resistance to sorafenib [57]. As for IL-6, we previously demonstrated it expresses positive cor-

relation with HCC severity via hepatocarcinogenesis-activating p-STAT3 pathway [55, 58].

RI/NPH mainly contains the ingredients of insulin and protamine, and its anti-tumor

effects may derive from protamine instead of insulin due to HCC-inducing exogenous hyper-

insulinemia [15, 16]. Protamine, an arginine-rich protein, performs anti-tumor effects through

various mechanisms (Fig 3). During tumor angiogenesis, mast cells accumulate at the edges of

tumors and initiate ingrowth of new capillary sprouts by releasing heparin, a sulfated glycos-

aminoglycan which facilitates the migration of capillary endothelial cells toward tumor sites

[59]. Protamine binds to heparin and represses its stimulation of capillary endothelial cell

migration or induces thrombosis of tumor vessels via neutralizing the anti-coagulant effect of

heparin [59, 60] (Fig 3). In addition, protamine inhibits tumor angiogenesis via attaching to

VEGFR [61, 62], PDGFR [61, 63] and apelin receptor [64, 65] (Fig 3). Protamine is also effec-

tive in arresting the proliferation of two fast-growing cell systems (E. coli and HeLa cells) due

to the high binding affinity of arginine-rich protamine to negatively charged DNA backbones

which leads to the transcriptional stop of gene expression related to cell division [66].

Sorafenib stimulates blood pressure (BP) elevation via VEGF signaling pathway (VSP) inhi-

bition [67], and BP is a valid pharmacodynamic biomarker of VSP inhibition [68]. Therefore,

sorafenib-induced HTN is associated with better prognosis in sorafenib-treated HCC patients

[69]. However, it remains unknown whether non sorafenib-induced HTN affects the survival

of advanced HCC patients receiving sorafenib. In this study, we found that baseline HTN

showed an insignificant impact on patients’ survival, indicating different prognostic roles

between sorafenib-induced and non sorafenib-induced HTN. Furthermore, non HTN-associ-

ated DM and DM/HTN comorbidity at baseline are both linked with better prognosis, imply-

ing HTN does not eliminate the positive role of DM in sorafenib-treated advanced HCC.

In the present study, independent predictors of better OS and PFS also included HBV and/

or HCV infection and baseline AFP <400 ng/mL. Non HBV and/or HCV-related tumors may

lead to poorer survival in HCC patients due to delayed cancer detection [70]. Besides, baseline

AFP level at a cut-off point of 400 ng/mL predicts long-term survival in unselected HCC

patients [71] as our study showed lower level (<400 ng/mL) benefits survival in sorafenib-

treated patients. On the contrary, liver cirrhosis played an insignificantly prognostic role,

which may be attributed to all enrolled patients belonging to Child-Pugh class A and thus shar-

ing a similar status of liver function at baseline. In addition, intra-hepatic venous invasion was

independently associated with shorter OS, and multi-organ metastases independently pre-

dicted poorer OS and PFS. Yada et al. indicated that the hepatic arterial system supplies intra-

hepatic tumors with abundant blood flow, making these lesions less likely to be affected by the

anti-angiogenic effect of sorafenib in comparison with metastatic tumors requiring intensive

angiogenesis to acquire sufficient blood flow [72]. Collectively, these findings imply sorafenib

may exert better efficacy in patients with mono-organ metastasis compared to those with

multi-organ metastases or intra-hepatic venous invasion.

Our study was unable to confirm which of the diabetes medications indicated better prog-

nosis in the study patients due to statistical insignificance (S3–S5 Tables). Future studies are

suggested to enroll more cases to solve this limitation. Nonetheless, our study identified that

the prescription of metformin, non-metformin OHA and RI/NPH are all associated with pro-

longed survival and thus out of prognostic concern in DM-related advanced HCC patients
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receiving sorafenib. Among these patients, baseline or on-sorafenib HbA1c level<7% insignif-

icantly correlated with the duration of sorafenib therapy (an indicator of treatment response)

in our study, implying well-controlled serum HbA1c level contributes limitedly to improving

diabetic patients’ response to sorafenib therapy.

Conclusions

For sorafenib-treated advanced HCC, DM is associated with better prognosis probably due to

specific mechanisms and diabetes medications including metformin, non-metformin OHA

and RI/NPH. Besides, the prognostic efficacy of sorafenib is independent of baseline HTN in

advanced HCC.
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lin secretion in type 2 diabetes mellitus. Diabetes Metab. 2008; 34 Suppl 2:S43–48. https://doi.org/10.

1016/S1262-3636(08)73394-9 PMID: 18640585

25. Zi F, Zi H, Li Y, He J, Shi Q, Cai Z. Metformin and cancer: An existing drug for cancer prevention and

therapy. Oncol Lett. 2018; 15(1):683–690. https://doi.org/10.3892/ol.2017.7412 PMID: 29422962

26. Kasznicki J, Sliwinska A, Drzewoski J. Metformin in cancer prevention and therapy. Ann Transl Med.

2014; 2(6):57. https://doi.org/10.3978/j.issn.2305-5839.2014.06.01 PMID: 25333032

27. Quinn BJ, Kitagawa H, Memmott RM, Gills JJ, Dennis PA. Repositioning metformin for cancer preven-

tion and treatment. Trends Endocrinol Metab. 2013; 24(9):469–480. https://doi.org/10.1016/j.tem.2013.

05.004 PMID: 23773243

28. Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and Disease. Cell. 2017; 168

(6):960–976. https://doi.org/10.1016/j.cell.2017.02.004 PMID: 28283069

29. Slack C. Ras signaling in aging and metabolic regulation. Nutr Healthy Aging. 2017; 4(3):195–205.

https://doi.org/10.3233/NHA-160021 PMID: 29276789

30. Siddle K. Signalling by insulin and IGF receptors: supporting acts and new players. J Mol Endocrinol.

2011; 47(1):R1–10. https://doi.org/10.1530/JME-11-0022 PMID: 21498522

31. Tseng C-H. Metformin and risk of hepatocellular carcinoma in patients with type 2 diabetes. Liver Int.

2018; 38(11):2018–2027. https://doi.org/10.1111/liv.13872 PMID: 29956875

32. Donadon V, Balbi M, Mas MD, Casarin P, Zanette G. Metformin and reduced risk of hepatocellular car-

cinoma in diabetic patients with chronic liver disease. Liver Int. 2010; 30(5):750–758. https://doi.org/10.

1111/j.1478-3231.2010.02223.x PMID: 20331505

33. Schulte L, Scheiner B, Voigtländer T, Koch S, Schweitzer N, Marhenke S, et al. Treatment with metfor-

min is associated with a prolonged survival in patients with hepatocellular carcinoma. Liver Int. 2019; 39

(4):714–726. https://doi.org/10.1111/liv.14048 PMID: 30663219

34. Seo Y-S, Kim Y-J, Kim M-S, Suh K-S, Kim SB, Han CJ, et al. Association of Metformin Use With Can-

cer-Specific Mortality in Hepatocellular Carcinoma After Curative Resection: A Nationwide Population-

PLOS ONE DM and HTN in sorafenib-treated advanced HCC

PLOS ONE | https://doi.org/10.1371/journal.pone.0244293 December 31, 2020 17 / 19

https://doi.org/10.1517/14656566.2015.1102887
http://www.ncbi.nlm.nih.gov/pubmed/26513009
https://doi.org/10.1016/j.ejca.2017.09.003
https://doi.org/10.1016/j.ejca.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28985579
https://doi.org/10.1155/2017/5202684
http://www.ncbi.nlm.nih.gov/pubmed/29379799
https://doi.org/10.1002/cld.569
http://www.ncbi.nlm.nih.gov/pubmed/31041063
https://doi.org/10.1111/liv.13633
http://www.ncbi.nlm.nih.gov/pubmed/29164767
https://doi.org/10.1136/gut.2004.052167
http://www.ncbi.nlm.nih.gov/pubmed/15753540
https://doi.org/10.1002/hep.25632
http://www.ncbi.nlm.nih.gov/pubmed/22318941
https://doi.org/10.1038/srep09149
http://www.ncbi.nlm.nih.gov/pubmed/25779766
https://doi.org/10.1002/cphy.c130024
https://doi.org/10.1002/cphy.c130024
http://www.ncbi.nlm.nih.gov/pubmed/24692138
https://doi.org/10.1016/j.ecl.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27823603
https://doi.org/10.1210/en.2011-2149
http://www.ncbi.nlm.nih.gov/pubmed/23011918
https://doi.org/10.1016/S1262-3636%2808%2973394-9
https://doi.org/10.1016/S1262-3636%2808%2973394-9
http://www.ncbi.nlm.nih.gov/pubmed/18640585
https://doi.org/10.3892/ol.2017.7412
http://www.ncbi.nlm.nih.gov/pubmed/29422962
https://doi.org/10.3978/j.issn.2305-5839.2014.06.01
http://www.ncbi.nlm.nih.gov/pubmed/25333032
https://doi.org/10.1016/j.tem.2013.05.004
https://doi.org/10.1016/j.tem.2013.05.004
http://www.ncbi.nlm.nih.gov/pubmed/23773243
https://doi.org/10.1016/j.cell.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28283069
https://doi.org/10.3233/NHA-160021
http://www.ncbi.nlm.nih.gov/pubmed/29276789
https://doi.org/10.1530/JME-11-0022
http://www.ncbi.nlm.nih.gov/pubmed/21498522
https://doi.org/10.1111/liv.13872
http://www.ncbi.nlm.nih.gov/pubmed/29956875
https://doi.org/10.1111/j.1478-3231.2010.02223.x
https://doi.org/10.1111/j.1478-3231.2010.02223.x
http://www.ncbi.nlm.nih.gov/pubmed/20331505
https://doi.org/10.1111/liv.14048
http://www.ncbi.nlm.nih.gov/pubmed/30663219
https://doi.org/10.1371/journal.pone.0244293


Based Study. Medicine (Baltimore). 2016; 95(17):e3527. https://doi.org/10.1097/MD.

0000000000003527 PMID: 27124061

35. El Sharkawi FZ, El Shemy HA, Khaled HM. Possible anticancer activity of rosuvastatine, doxazosin,

repaglinide and oxcarbazepin. Asian Pac J Cancer Prev. 2014; 15(1):199–203. https://doi.org/10.7314/

apjcp.2014.15.1.199 PMID: 24528027

36. Xiao ZX, Chen RQ, Hu DX, Xie XQ, Yu SB, Chen XQ. Identification of repaglinide as a therapeutic drug

for glioblastoma multiforme. Biochem Biophys Res Commun. 2017; 488(1):33–39. https://doi.org/10.

1016/j.bbrc.2017.04.157 PMID: 28476618

37. Gu Q, Wang C, Wang G, Han Z, Li Y, Wang X, et al. Glipizide suppresses embryonic vasculogenesis

and angiogenesis through targeting natriuretic peptide receptor A. Exp Cell Res. 2015; 333(2):261–

272. https://doi.org/10.1016/j.yexcr.2015.03.012 PMID: 25823921

38. Qi C, Zhou Q, Li B, Yang Y, Cao L, Ye Y, et al. Glipizide, an antidiabetic drug, suppresses tumor growth

and metastasis by inhibiting angiogenesis. Oncotarget. 2014; 5(20):9966–9979. https://doi.org/10.

18632/oncotarget.2483 PMID: 25294818

39. Yan B, Peng Z, Xing X, Du C. Glibenclamide induces apoptosis by activating reactive oxygen species

dependent JNK pathway in hepatocellular carcinoma cells. Biosci Rep. 2017; 37(5):BSR20170685.

https://doi.org/10.1042/BSR20170685 PMID: 28801533

40. Pasello G, Urso L, Conte P, Favaretto A. Effects of Sulfonylureas on Tumor Growth: A Review of the Lit-

erature. Oncologist. 2013; 18(10):1118–1125. https://doi.org/10.1634/theoncologist.2013-0177 PMID:

24043597

41. Nishina S, Yamauchi A, Kawaguchi T, Kaku K, Goto M, Sasaki K, et al. Dipeptidyl Peptidase 4 Inhibitors

Reduce Hepatocellular Carcinoma by Activating Lymphocyte Chemotaxis in Mice. Cell Mol Gastroen-

terol Hepatol. 2019; 7(1):115–134. https://doi.org/10.1016/j.jcmgh.2018.08.008 PMID: 30510994

42. Qin C-J, Zhao L-H, Zhou X, Zhang H-L, Wen W, Tang L, et al. Inhibition of dipeptidyl peptidase IV pre-

vents high fat diet-induced liver cancer angiogenesis by downregulating chemokine ligand 2. Cancer

Lett. 2018; 420:26–37. https://doi.org/10.1016/j.canlet.2018.01.064 PMID: 29409972

43. Li S, Ghoshal S, Sojoodi M, Arora G, Masia R, Erstad DJ, et al. Pioglitazone Reduces Hepatocellular

Carcinoma Development in Two Rodent Models of Cirrhosis. J Gastrointest Surg. 2019; 23(1):101–

111. https://doi.org/10.1007/s11605-018-4004-6 PMID: 30367397

44. Hadi NR, Al-Amran F, Hussein MAA, Rezeg FA. Evaluation of the effects of glimepiride (Amaryl) and

repaglinide (novoNorm) on atherosclerosis progression in high cholesterol-fed male rabbits. J Cardio-

vasc Dis Res. 2012; 3(1):5–11. https://doi.org/10.4103/0975-3583.91592 PMID: 22346138

45. Mo D, Liu S, Ma H, Tian H, Yu H, Zhang X, et al. Effects of acarbose and metformin on the inflammatory

state in newly diagnosed type 2 diabetes patients: a one-year randomized clinical study. Drug Des

Devel Ther. 2019; 13:2769–2776. https://doi.org/10.2147/DDDT.S208327 PMID: 31496653

46. Chan K-C, Yu M-H, Lin M-C, Huang C-N, Chung D-J, Lee Y-J, et al. Pleiotropic effects of acarbose on

atherosclerosis development in rabbits are mediated via upregulating AMPK signals. Sci Rep. 2016;

6:38642. https://doi.org/10.1038/srep38642 PMID: 27924924

47. Li F-F, Fu L-Y, Xu X-H, Su X-F, Wu J-D, Ye L, et al. Analysis of the add-on effect of α-glucosidase inhibi-

tor, acarbose in insulin therapy: A pilot study. Biomed Rep. 2016; 5(4):461–466. https://doi.org/10.3892/

br.2016.744 PMID: 27699014

48. Zhang G, Lin X, Zhang S, Xiu H, Pan C, Cui W. A Protective Role of Glibenclamide in Inflammation-

Associated Injury. Mediators Inflamm. 2017; 2017:3578702. https://doi.org/10.1155/2017/3578702

PMID: 28740332

49. Drzewoski J, Zurawska-Klis M. Effect of gliclazide modified release on adiponectin, interleukin-6, and

tumor necrosis factor-alpha plasma levels in individuals with type 2 diabetes mellitus. Curr Med Res

Opin. 2006; 22(10):1921–1926. https://doi.org/10.1185/030079906X132424 PMID: 17022850

50. Yamadera S, Nakamura Y, Inagaki M, Kenmotsu S, Nohara T, Sato N, et al. Linagliptin inhibits lipopoly-

saccharide-induced inflammation in human U937 monocytes. Inflamm Regen. 2018; 38:13. https://doi.

org/10.1186/s41232-018-0071-z PMID: 30151063

51. Klein T, Fujii M, Sandel J, Shibazaki Y, Wakamatsu K, Mark M, et al. Linagliptin alleviates hepatic stea-

tosis and inflammation in a mouse model of non-alcoholic steatohepatitis. Med Mol Morphol. 2014; 47

(3):137–149. https://doi.org/10.1007/s00795-013-0053-9 PMID: 24048504

52. Li J-J, Zhang P, Fan B, Guo X-L, Zheng Z-S. The efficacy of saxagliptin in T2DM patients with non-alco-

holic fatty liver disease: preliminary data. Rev Assoc Med Bras (1992). 2019; 65(1):33–37. https://doi.

org/10.1590/1806-9282.65.1.33 PMID: 30758417

53. Birnbaum Y, Bajaj M, Yang H-C, Ye Y. Combined SGLT2 and DPP4 Inhibition Reduces the Activation

of the Nlrp3/ASC Inflammasome and Attenuates the Development of Diabetic Nephropathy in Mice with

PLOS ONE DM and HTN in sorafenib-treated advanced HCC

PLOS ONE | https://doi.org/10.1371/journal.pone.0244293 December 31, 2020 18 / 19

https://doi.org/10.1097/MD.0000000000003527
https://doi.org/10.1097/MD.0000000000003527
http://www.ncbi.nlm.nih.gov/pubmed/27124061
https://doi.org/10.7314/apjcp.2014.15.1.199
https://doi.org/10.7314/apjcp.2014.15.1.199
http://www.ncbi.nlm.nih.gov/pubmed/24528027
https://doi.org/10.1016/j.bbrc.2017.04.157
https://doi.org/10.1016/j.bbrc.2017.04.157
http://www.ncbi.nlm.nih.gov/pubmed/28476618
https://doi.org/10.1016/j.yexcr.2015.03.012
http://www.ncbi.nlm.nih.gov/pubmed/25823921
https://doi.org/10.18632/oncotarget.2483
https://doi.org/10.18632/oncotarget.2483
http://www.ncbi.nlm.nih.gov/pubmed/25294818
https://doi.org/10.1042/BSR20170685
http://www.ncbi.nlm.nih.gov/pubmed/28801533
https://doi.org/10.1634/theoncologist.2013-0177
http://www.ncbi.nlm.nih.gov/pubmed/24043597
https://doi.org/10.1016/j.jcmgh.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30510994
https://doi.org/10.1016/j.canlet.2018.01.064
http://www.ncbi.nlm.nih.gov/pubmed/29409972
https://doi.org/10.1007/s11605-018-4004-6
http://www.ncbi.nlm.nih.gov/pubmed/30367397
https://doi.org/10.4103/0975-3583.91592
http://www.ncbi.nlm.nih.gov/pubmed/22346138
https://doi.org/10.2147/DDDT.S208327
http://www.ncbi.nlm.nih.gov/pubmed/31496653
https://doi.org/10.1038/srep38642
http://www.ncbi.nlm.nih.gov/pubmed/27924924
https://doi.org/10.3892/br.2016.744
https://doi.org/10.3892/br.2016.744
http://www.ncbi.nlm.nih.gov/pubmed/27699014
https://doi.org/10.1155/2017/3578702
http://www.ncbi.nlm.nih.gov/pubmed/28740332
https://doi.org/10.1185/030079906X132424
http://www.ncbi.nlm.nih.gov/pubmed/17022850
https://doi.org/10.1186/s41232-018-0071-z
https://doi.org/10.1186/s41232-018-0071-z
http://www.ncbi.nlm.nih.gov/pubmed/30151063
https://doi.org/10.1007/s00795-013-0053-9
http://www.ncbi.nlm.nih.gov/pubmed/24048504
https://doi.org/10.1590/1806-9282.65.1.33
https://doi.org/10.1590/1806-9282.65.1.33
http://www.ncbi.nlm.nih.gov/pubmed/30758417
https://doi.org/10.1371/journal.pone.0244293


Type 2 Diabetes. Cardiovasc Drugs Ther. 2018; 32(2):135–145. https://doi.org/10.1007/s10557-018-

6778-x PMID: 29508169

54. Birnbaum Y, Bajaj M, Qian J, Ye Y. Dipeptidyl peptidase-4 inhibition by Saxagliptin prevents inflamma-

tion and renal injury by targeting the Nlrp3/ASC inflammasome. BMJ Open Diabetes Res Care. 2016; 4

(1):e000227. https://doi.org/10.1136/bmjdrc-2016-000227 PMID: 27547413

55. Kao J-T, Feng C-L, Yu C-J, Tsai S-M, Hsu P-N, Chen Y-L, et al. IL-6, through p-STAT3 rather than p-

STAT1, activates hepatocarcinogenesis and affects survival of hepatocellular carcinoma patients: a

cohort study. BMC Gastroenterology. 2015; 15:50. https://doi.org/10.1186/s12876-015-0283-5 PMID:

25908103

56. Bruix J, Cheng A-L, Meinhardt G, Nakajima K, De Sanctis Y, Llovet J. Prognostic factors and predictors

of sorafenib benefit in patients with hepatocellular carcinoma: Analysis of two phase III studies. J Hepa-

tol. 2017; 67(5):999–1008. https://doi.org/10.1016/j.jhep.2017.06.026 PMID: 28687477

57. Tan W, Luo X, Li W, Zhong J, Cao J, Zhu S, et al. TNF-α is a potential therapeutic target to overcome

sorafenib resistance in hepatocellular carcinoma. EBioMedicine. 2019; 40:446–456. https://doi.org/10.

1016/j.ebiom.2018.12.047 PMID: 30594557

58. Kao J-T, Lai H-C, Tsai S-M, Lin P-C, Chuang P-H, Yu C-J, et al. Rather than interleukin-27, interleukin-

6 expresses positive correlation with liver severity in naïve hepatitis B infection patients. Liver Int. 2012;

32(6):928–936. https://doi.org/10.1111/j.1478-3231.2011.02742.x PMID: 22230324

59. Taylor S, Folkman J. Protamine is an inhibitor of angiogenesis. Nature. 1982; 297(5864):307–312.

https://doi.org/10.1038/297307a0 PMID: 6176876

60. Su M-Y, Samoszuk MK, Wang J, Nalcioglu O. Assessment of protamine-induced thrombosis of tumor

vessels for cancer therapy using dynamic contrast-enhanced MRI. NMR Biomed. 2002; 15(2):106–113.

https://doi.org/10.1002/nbm.730 PMID: 11870906

61. Arrieta O, Guevara P, Reyes S, Ortiz A, Rembao D, Sotelo J. Protamine inhibits angiogenesis and

growth of C6 rat glioma; a synergistic effect when combined with carmustine. Eur J Cancer. 1998; 34

(13):2101–2106. https://doi.org/10.1016/s0959-8049(98)00244-5 PMID: 10070318

62. Vaisman N, Gospodarowicz D, Neufeld G. Characterization of the receptors for vascular endothelial

growth factor. J Biol Chem. 1990; 265(32):19461–19466. PMID: 2246236

63. Huang JS, Nishimura J, Huang SS, Deuel TF. Protamine inhibits platelet derived growth factor receptor

activity but not epidermal growth factor activity. J Cell Biochem. 1984; 26(4):205–220. https://doi.org/

10.1002/jcb.240260402 PMID: 6099364

64. Le Gonidec S, Chaves-Almagro C, Bai Y, Kang HJ, Smith A, Wanecq E, et al. Protamine is an antago-

nist of apelin receptor, and its activity is reversed by heparin. FASEB J. 2017; 31(6):2507–2519. https://

doi.org/10.1096/fj.201601074R PMID: 28242772
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