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Abstract

Background: Hispanics in South Texas have high rates of HCC and NAFLD. Liver fibrosis 

severity is the strongest predictive factor of NAFLD progression to HCC. We examined the 

association between free fatty acids (FAs) and advanced liver fibrosis or HCC in this population.

Methods: We quantified 45 FAs in plasma of 116 subjects of the Cameron County Hispanic 

Cohort, 15 Hispanics with HCC and 56 first/second-degree relatives of Hispanics with HCC. Liver 

fibrosis was assessed by FibroScan.

Results: Advanced liver fibrosis was significantly associated with low expression of very long 

chain (VLC) saturated FAs (SFAs), odd chain SFAs and VLC n-3 polyunsaturated FAs (PUFAs) 

(AOR [95% CI]: 10.4 [3.7-29.6], p<0.001; 5.7 [2.2-15.2], p<0.001; and 3.7 [1.5-9.3], p=0.005). 

VLC n3-PUFAs significantly improved the performance of the non-invasive markers for advanced 

fibrosis - APRI, FIB-4 and NFS. Plasma concentrations of VLC SFAs and VLC n-3 PUFAs were 
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further reduced in patients with HCC. Low concentrations of these FAs were also observed in 

relatives of HCC patients and in subjects with the PNPLA3 rs738409 homozygous genotype.

Conclusions: Low plasma concentrations of VLC n-3 PUFAs and VLC SFAs were strongly 

associated with advanced liver fibrosis and HCC in this population. Genetic factors were 

associated with low concentrations of these FAs as well.

Impact: These results have implications in identifying those at risk for liver fibrosis progression 

to HCC and in screening this population for advanced fibrosis. They also prompt the evaluation of 

VLC n-3 PUFAs or VLC SFAs supplementation to prevent cirrhosis and HCC.

Keywords

lipid metabolism; non-alcoholic fatty liver disease; cancer disparity; liver fibrosis; hepatocellular 
carcinoma

Introduction

Liver cancer is the second leading cause of cancer death globally (1–3). Non-alcoholic 

fatty liver disease (NAFLD) constitutes an increasingly important risk for hepatocellular 

carcinoma (HCC). Because of the epidemics of obesity and type 2 diabetes, NAFLD 

prevalence has increased steadily (4, 5). In patients with NAFLD, the degree of liver fibrosis 

is the strongest predictive factor for life-threatening complications including HCC (6–8). It 

is therefore of utmost importance to detect liver fibrosis and prevent its progression.

In the United States (US), Hispanics have the highest prevalence of NAFLD (9) and 

Hispanics in South Texas have the highest age-adjusted rate of HCC (10). The Cameron 

County Hispanic Cohort (CCHC) is a population-based cohort of Hispanics in South Texas 

at the US-Mexico border region, with high prevalence of obesity (51%), diabetes (28%) 

and NAFLD (49%) (11–13). Liver cancer ranked third among cancers in males and sixth 

in females based on self-reported data (14). We also reported a 4-fold higher prevalence 

of advanced liver fibrosis and cirrhosis in this population compared to the general US 

population, primarily attributable to central obesity and diabetes (15, 16).

Levels of circulating free fatty acids (FAs) are closely connected to lipid metabolism (17) 

and insulin resistance (18). FAs are important sources of lipotoxic metabolites that induce 

mitochondrial dysfunction and oxidative stress, and are involved in NAFLD progression 

(19, 20). We reported that in mice with NAFLD-associated HCC, hepatocarcinogenesis 

is accompanied by important changes in circulating and hepatic FAs (21). We further 

demonstrated the utility of selected FAs in HCC risk prediction in patients with cirrhosis 

(22). We also identified a panel of FAs associated with NAFLD severity (23). Herein, we 

aimed to determine whether circulating FAs are associated with advanced liver fibrosis 

and HCC in Hispanics of South Texas and could serve as risk prediction biomarkers or 

therapeutic targets.
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Materials and Methods

Study participants

The study includes 116 participants from the CCHC (11), recruited between March 2016 

and June 2018. Liver imaging, fasting blood collection and extensive clinical interview were 

performed on day of recruitment. Vibration-controlled transient elastography (FibroScan® 

502 Touch or 530 Compact, Echosens) with automatic probe selection, was used to 

assess liver steatosis measured by controlled attenuation parameter (CAP) and liver 

fibrosis measured by stiffness (LSM) in kiloPascals (kPa). The following criteria were 

used: CAP≥281 for steatosis and LSM≥8.8kPa for advanced liver fibrosis, as previously 

established (24, 25). Among the 116 participants, 39 were selected for having advanced 

liver fibrosis and 77 participants without advanced liver fibrosis were randomly selected 

from the cohort (Supplementary Table S1). The study also included 15 Hispanics with 

HCC and advanced liver fibrosis, and 56 first- and second-degree relatives of Hispanics 

with HCC, all enrolled from August 2016 to January 2018, at the Doctors Hospital at 

Renaissance, Edinburg, South Texas. To reduce variability, fasting blood collection and 

clinical interview were performed prior to treatment, by CCHC personnel (Supplementary 

Tables S1-2). Subjects positive for hepatitis B or C virus were excluded from the study. 

The following criteria were used as categorical or diagnostic definitions: obesity (BMI≥30), 

pre-diabetes (no history of diabetic medication, plus either fasting blood glucose (FBG) of 

100-125mg/dl or HbA1c of 5.7-6.4 %), diabetes (FBG≥126mg/dl, HbA1c≥6.5% or history 

of diabetic medication), abnormal aspartate aminotransferase (AST) (>33U/L), abnormal 

alanine aminotransferase (ALT) (>40U/L for males; >31U/L for females), heavy drinking 

(>14 drinks for men and >7 for women, weekly), moderate drinking (non-zero consumption 

but below criteria for heavy drinking), former smoking (lifetime cigarette consumption 

≥100, plus no smoking at time of survey), current smoking (lifetime cigarette consumption 

≥100, plus smoking at time of survey) (26).

Quantification of plasma FAs

FA profiling was performed blinded to clinical data, at the Metabolomics Core at MD 

Anderson Cancer Center. The research-grade assay used a methanol extraction approach 

derived from Mok et al (27) and a chemical derivatization approach derived from Li et 

al (28). Internal standard (32μL) consisting of (1, 2, 3, 4, 5, 6-13C6) 22:0 (12.5μg/mL) 

and 13C-labeled 14:0, 16:1n7c, 16:0, 17:0, 18:2n6, 18:1n9c, 18:1n9t, and 18:0 (25μg/mL) 

(Cambridge Isotope Laboratories, MA, USA) and extraction solvent (1mL) were added 

to 20μL of plasma. Following centrifugation at 4,122g at 4°C for 10min, supernatants 

were transferred to 2mL vials with Teflon caps and dried using a centrifugal vacuum 

concentrator. Extracted FAs were converted to acyl chloride using 200μL of 2 molar oxalyl 

chloride in dichloromethane at 65°C for 5min. Samples were dried and then derivatized by 

adding 150μL of 1% (v/v) 3-picolylamine in acetonitrile. Finally, samples were dried and 

stored at −80°C. Derivatization products were reconstituted in 100μL ethanol, transferred 

to auto-sampler vials, dried, and reconstituted in 15μL ethanol. Injection volume was 5μL. 

Mobile phase A (MPA) was 0.1% formic acid in water, and mobile phase B (MPB) was 

0.1% formic acid in acetonitrile. The chromatographic method included a Thermo Fisher 

Scientific Accucore C30 column (2.6μm, 150 x 2.1mm) and the following gradient elution: 

Jiao et al. Page 3

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2021 September 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



0-5min, 65% MPB; 5-5.1min, 65-90% MPB; 5.1-55min, 90% MPB; 55-55.1min, 90-65% 

MPB; 55.1-60min, 65% MPB. A Thermo Fisher Scientific Orbitrap Fusion Tribrid mass 

spectrometer with heated electrospray ionization source was operated in data dependent 

acquisition mode with a scan range of 150-550m/z.

SNP genotyping

Patatin-like phospholipase domain-containing protein 3 (PNPLA3) rs738409 and 

transmembrane 6 superfamily member 2 (TM6SF2) rs58542926 were genotyped by TaqMan 

5’-nuclease assays using predesigned TaqMan probes (Applied Biosystems, Foster City, 

CA), on a ViiA7 Real time PCR system (Applied Biosystems, Foster City, CA). Both SNPs 

were in concordance with Hardy-Weinberg equilibrium, based on chi-squared, exact and 

likelihood ratio tests (Supplementary Table S3).

Statistics

Demographic and clinical parameters were compared between subject groups using two

tailed student’s t-test for continuous variables and Fisher tests for categorical variables. 

Differences in FA concentrations were tested using Mann-Whitney U or Kruskal-Wallis 

tests. P-values were adjusted using the Benjamini-Hochberg method to reduce the likelihood 

of false positives (29). Logistic regression was performed to predict sample status (control 

vs. case) based on continuous biomarker concentrations. For each logistic regression model, 

the area under the receiver operating characteristic (ROC) curve (AUC) was calculated. 

A likelihood ratio test was conducted to compare models. Correlations between FA 

concentrations and LSMs or diagnostic markers for advanced liver fibrosis were assessed 

using Spearman correlation analysis. Redundancy analysis (RDA) was performed to evaluate 

effects of clinical or demographic parameters on FA profiles, using the RDA function in the 

Vegan package for R. Log10-transformed abundances of FAs were the response variables; 

log10-transformed BMI, waist circumference, advanced fibrosis and steatosis were the 

explanatory variables. Analysis of variance-like, permutation-based tests were used to assess 

the significance (two-tailed p values <0.05) of the model and of each constrained axis, as 

well as the marginal effects of each explanatory variable. Logistic regression was performed 

using SPSS to estimate odds ratio (OR) or adjusted OR (AOR) and 95% confidence interval 

(CI) for association of FAs with disease status or family history.

Results

Changes in plasma FA concentrations associated with advanced liver fibrosis in Hispanics 
of South Texas

We selected 39 CCHC subjects with advanced liver fibrosis (LSM average = 21.9 [8.8-75.0] 

kPa). We also randomly selected 77 CCHC subjects without advanced liver fibrosis (LSM 

average = 5.2 [1.7-8.7] kPa). Subjects with advanced liver fibrosis were more likely to 

have elevated AST levels (56.4% vs 7.8%, p<0.001), lower platelet counts (180.6x109/L 

vs 238.4x109/L, p<0.001) and higher alkaline phosphatase levels (115.6U/L vs 85.2U/L, 

p<0.001). Subjects with advanced liver fibrosis also had higher waist circumference 

(115.1cm vs 106.1cm, p=0.009) and BMI (35.1 vs 31.8, p=0.029). Importantly, there was no 
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difference in gender, age, diabetes, steatosis, alcohol consumption and smoking, between the 

two groups (Supplementary Table S1).

A total of 45 FAs [14 saturated FAs (SFAs), 13 monounsaturated FAs (MUFAs) and 18 

polyunsaturated FAs (PUFAs)] were quantified by mass spectrometry in plasma of the 116 

study participants. We compared the absolute concentrations of the 45 FAs between subjects 

with advanced liver fibrosis and subjects without advanced fibrosis. Subjects with advanced 

fibrosis had significantly lower concentrations of odd chain SFAs (45.0μM vs 75.0μM, 

fold change (FC)=−1.7, p<0.001), very long chain (VLC) even chain SFAs (176.6μM vs 

322.5μM, FC=−1.8, p<0.001), VLC n-3 PUFAs (73.9μM vs 160.0μM, FC=−2.2, p<0.001) 

and VLC n-6 PUFAs (57.2μM vs 116.3μM, FC=−2.0, p<0.001) (Fig. 1A). Individual odd 

chain SFAs included 17:0 (10.1μM vs 15.5μM, FC=−1.5, p=0.008), 19:0 (0.4μM vs 1.0μM, 

FC=−2.3, p<0.001), 21:0 (2.1μM vs 4.7μM, FC=−2.2, p<0.001), 23:0 (25.4μM vs 47.0μM, 

FC=−1.8, p<0.001) and 25:0 (0.7μM vs 1.2μM, FC=−1.9, p<0.001) (Fig. 1B). Individual 

VLC SFAs included 20:0 (28.9μM vs 54.6μM, FC=−1.9, p<0.001), 22:0 (102.7μM vs 

179.7μM, FC=−1.7, p<0.001) and 24:0 (45.0μM vs 88.1μM, FC=−2.0, p<0.001) (Fig. 1C). 

Individual VLC PUFAs included for n-3: 20:5n3 (2.9μM vs 6.9μM, FC=−2.4, p<0.001), 

22:5n3 (4.6μM vs 10.1μM, FC=−2.2, p=0.001) and 22:6n3 (66.5μM vs 143.0μM, FC=−2.2, 

p=0.001) (Fig. 1D); and for n-6: 20:4n6 (35.0μM vs 74.8μM, FC=−2.1, p<0.001), 22:4n6 

(17.6μM vs 31.9μM, FC=−1.8, p=0.002) and 24:2n6 (4.5μM vs 9.6μM, FC=−2.1, p<0.001) 

(Fig. 1D). Significance remained for all FAs and FAs groups after adjusting p-values using 

the Benjamini-Hochberg method for multiple test correction. Significance also remained 

after exclusion of heavy drinkers. Finally, at the exception of 17:0, all FAs and FA groups 

remained significant in never drinkers and in subjects with liver steatosis (Supplementary 

Table S4A).

In logistic regression analysis, low levels (quartile Q1) of odd chain SFAs, VLC even 

chain SFAs and VLC n-3 PUFAs were strongly associated with advanced liver fibrosis (OR 

[95% CI]: 5.1 [2.1-12.6], p<0.001; 10.1 [3.8-26.4], p<0.001; and 4.2 [1.7-10.1], p=0.001, 

respectively). Among individual FAs in these groups, 23:0 and 25:0, 24:0 and 20:5n3 had 

the strongest associations (OR [95% CI]: 8.0 [3.1-20.3], p<0.001; 8.0 [3.1-20.3], p<0.001; 

12.9 [4.8-35.3], p<0.001; and 6.4 [2.6-15.9], p<0.001; respectively). After adjustment for 

age, gender, BMI and alcohol intake (g/day), low levels (Q1) of odd chain SFAs, VLC even 

chain SFAs and VLC n-3 PUFAs remained strongly associated with advanced fibrosis (AOR 

[95% CI]: 5.7 [2.2-15.2], p<0.001; 10.4 [3.5-29.6], p<0.001; and 3.7 [1.5-9.3], p=0.005) 

with again the strongest associations observed for 25:0, 24:0 and 20:5n3 (AOR [95% CI]: 

8.7 [3.1-24.2], p<0.001; 15.0 [4.9-46.3], p<0.001; and 6.2 [2.4-16.0], p<0.001) (Fig. 2).

RDA further confirmed the strong relationship between advanced liver fibrosis and 

abundance of the identified FAs. In this analysis, the FAs described in Fig. 1 were used 

as response variables and advanced liver fibrosis, steatosis, BMI and waist circumference as 

explanatory variables. The model was statistically significant (p=0.003) with 9.8% of the FA 

profiles explained by the presence of advanced liver fibrosis (p=0.001) (Supplementary Fig. 

S1). No contribution of steatosis, BMI, nor waist circumference was observed.
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VLC n-3 PUFAs improve the performance of non-invasive biomarkers for the diagnosis of 
advanced liver fibrosis in this population

To evaluate whether addition of selected FAs could improve the performance of current 

non-invasive markers for advanced liver fibrosis, we first performed Spearman correlation 

analysis of the identified FAs with aspartate aminotransferase-to-Platelet Ratio Index 

(APRI), fibrosis 4 index (FIB-4) and NAFLD Fibrosis Score (NFS). While APRI did 

not correlate with any selected FAs groups, FIB-4 and NFS negatively correlated with 

odd chain SFAs (r=−0.21, p=0.026 and −0.29, p=0.001) and VLC even chain SFAs 

(r=−0.27, p=0.004 and −0.37, p<0.001) (Supplementary Table S5). Since no correlation 

was observed between VLC n-3 PUFAs and APRI, FIB-4 or NFS, we tested whether VLC 

n-3 PUFAs could improve the performance of these three tests. Among them, APRI had 

the highest AUC for advanced liver fibrosis (0.84 [95% CI: 0.76-0.92]), followed by FIB-4 

(0.78 [95% CI: 0.68-0.87]) and NFS (0.73 [95% CI: 0.63-0.83]). The addition of VLC 

n3-PUFAs significantly improved their performance, reaching 0.90 [95% CI: 0.85-0.96] 

for the combination with APRI (p=0.03), 0.84 [95% CI: 0.76-0.91) for the combination 

with FIB-4 (p=0.12), and 0.78 [95% CI: 0.69-0.87] for the combination with NFS (p=0.08) 

(Fig. 3). At 85% specificity, the addition of VLC n-3 PUFAs increased the sensitivity of 

APRI from 70% to 80%. At 85% sensitivity, the addition of VLC n-3 PUFAs increased the 

specificity of APRI from 54% to 82%.

Plasma FAs concentrations in Hispanics with HCC in the context of advanced liver 
fibrosis: a pilot study

We also investigated in a pilot study whether the concentrations of the identified FAs further 

decreased in plasma of Hispanics with HCC in the context of advanced liver fibrosis. We 

quantified FAs in 15 Hispanics in South Texas diagnosed with HCC. All had advanced liver 

fibrosis measured by FibroScan. Compared to the 39 CCHC subjects with advanced liver 

fibrosis but no HCC, subjects with HCC were more likely to be male (86.7% vs 30.8%, 

p=0.001) and to have higher alkaline phosphatase levels (167.2U/L vs 115.6U/L, p=0.025), 

lower albumin levels (3.2g/dL vs 3.7g/dL, p<0.001), lower platelet counts (129.6x109/L 

vs 180.6x109/L, p=0.008) and lower steatosis (CAP=253.4dB/m vs 297.3dB/m, p=0.022) 

(Supplementary Table S1). VLC n-3 PUFAs concentrations were significantly lower in 

HCC subjects compared to CCHC subjects with advanced liver fibrosis but no HCC. 

These included 20:5n3 (0.33μM vs 2.87μM, FC=−8.6, p=0.002), 22:5n3 (0.86μM vs 

4.57μM, FC=−5.3, p=0.020), and 22:6n3 (17.7μM vs 66.5μM, FC=−3.8, p=0.030) (Fig. 

4A). Abundance of VLC SFAs 24:0 (20.1μM vs 45.0μM, FC=−2.2, p=0.034), 23:0 (11.4μM 

vs 25.7μM, FC=−2.3, p=0.024) and 25:0 (0.21μM vs 0.65μM, FC=−3.1, p=0.017) were 

also significantly lower in subjects with HCC compared to subjects with advanced liver 

fibrosis but no HCC (Fig. 4B). The strongest association was observed for 20:5n3 when 

evaluating risk of HCC among subjects with advanced liver fibrosis (OR [95% CI]: 5.2 

[1.4-19.2], p=0.013; AOR/age and gender [95% CI]: 5.3 [1.0-27.9], p=0.05) or among all 

study participants (OR [95% CI]: 11.8 [3.4-40.4, p<0.001; AOR/age and gender [95% CI]: 

11.2 [2.9-42.3], p<0.001).
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Potential genetic contribution to low plasma concentrations of VLC n-3 PUFAs and VLC 
SFAs

We also profiled FAs in 56 first- and second-degree relatives of Hispanics diagnosed 

with HCC in South Texas. We confirmed that none of these subjects had liver fibrosis 

by FibroScan. The 56 relatives of patients with HCC were significantly younger (43.8 

vs 57.6, p<0.001) and less likely to be diabetic (17.9% vs 42.6%, p<0.001) than 61 

CCHC study participants without liver fibrosis nor family history of HCC (Supplementary 

Table S2). Remarkably, VLC n-3 PUFAs and VLC SFAs were significantly lower in 

relatives of HCC patients than in CCHC subjects without family history of HCC. These 

included 20:5n3 (3.6μM vs 6.7μM, FC=−1.8, p<0.001), 22:5n3 (6.1μM vs 9.7μM, FC=−1.6, 

p=0.013), 22:6n3 (85.7μM vs 141.1μM, FC=−1.6, p=0.005) (Fig. 5A) as well as 24:0 

(50.5μM vs 89.4μM, FC=−1.8, p<0.001), 23:0 (31.1μM vs 47.7μM, FC=−1.5, p=0.009) 

and 25:0 (0.67μM vs 1.28μM, FC=−1.9, p=0.001) (Fig. 5B). Significance remained after 

adjusting p-values using the Benjamini-Hochberg method (Supplementary Table S4C). In 

logistic regression analysis, low concentrations (Q1) of 20:5n3 and 24:0 had the strongest 

associations with family history of HCC (OR [95% CI]: 9.0 [3.1-26.0], p<0.001 and 3.5 

[1.4-8.5], p=0.006). After adjustment by age, gender, diabetes and alcohol intake (g/day), 

the association with family history of HCC remained strong for both 20:5n3 and 24:0 (AOR 

[95% CI]: 7.6 [2.3-24.4], p=0.001 and 4.5 [1.6-13.0], p=0.005) (Fig. 5C).

We then evaluated whether polymorphisms in PNPLA3 and TM6SF2 previously associated 

with liver fibrosis and HCC, were associated with low concentrations of VLC SFAs and 

VLC n-3 PUFAs. We genotyped PNPLA3 rs738409 and TM6SF2 rs58542926 in over 900 

CCHC subjects as well as in all study participants. As anticipated, the frequency of PNPLA3 

rs738409 homozygous GG genotype in CCHC (27.8%) was significantly higher than in 

other populations (4.0% in Caucasians and 9.3% in all from the 1000 Genomes Project) 

and similar to reported frequency in Hispanics in California (34.4%) (30) (Supplementary 

Fig. S2A). The frequency of TM6SF2 rs58542926 heterozygous CT genotype in CCHC 

(7.6%) was similar to other populations ranging from 12.1% in all from the 1000 Genomes 

Project to 16.2% in Caucasians (Supplementary Fig. S2A). In our study participants, the 

frequency of PNPLA3 rs738409 GG was 31%, 39% and 40% in subjects without advanced 

liver fibrosis, with advanced fibrosis or with HCC, respectively (Supplementary Fig. S2B). 

The frequency of TM6SF2 rs58542926 CT significantly increased from subjects without 

advanced fibrosis, to subjects with advanced fibrosis and to subjects with HCC (3%, 16% 

and 27%, p=0.016) (Supplementary Fig. S2B). In logistic regression analysis, presence of 

TM6SF2 rs58542926 CT was associated with increased risk for advanced liver fibrosis 

(OR [95% CI]: 3.3 [1.0-10.2], p=0.042; AOR/age and gender [95% CI]: 3.2 [1.0-10.1], 

p=0.045) and HCC (OR [95% CI]: 3.4 [0.9-12.4], p=0.067; AOR [95% CI]: 4.9 [1.0-23.9], 

p=0.050). Lower concentrations of VLC SFAs, 24:0 in particular, and of VLC n-3 PUFAs 

were observed in subjects with PNPLA3 variant (Table 1). No difference was observed with 

TM6SF2 heterozygous CT genotype (Table 1).
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Discussion

In this study, we first observed decreased concentrations of odd chain SFAs, VLC SFAs, 

VLC n-3 PUFAs and VLC n-6 PUFAs with advanced liver fibrosis in Hispanics from 

South Texas. We further showed that VLC n-3 PUFAs could have utility in the diagnosis 

of advanced fibrosis in this population. Indeed, VLC n-3 PUFAs significantly improved 

the performance of APRI, FIB-4 and NFS, non-invasive markers currently used for the 

diagnosis of advanced fibrosis. There are very few studies of fatty acid profiling focusing 

on advanced liver fibrosis, and none in population studies focusing on communities 

disproportionally affected by liver fibrosis and HCC. It was previously reported that cirrhotic 

patients had a higher ratio of n-6/n-3 PUFAs, which correlated with disease severity and 

oxidative stress markers (31). However, decreased concentrations of VLC even chain SFAs 

and odd chain SFAs in subjects with advanced fibrosis had not been reported to date. VLC 

SFAs, fatty acids with backbones containing 20 or more carbon atoms, are constituents of 

sphingolipids in outer plasma membranes (32). Population-based studies reported inverse 

correlations of VLC SFAs concentrations with diabetes, favorable profiles of blood lipids 

and coronary heart disease risk (33–36). In healthy subjects, 20:0 is positively associated 

with circulating adiponectin, a molecule with putative anti-inflammatory properties (37). 

The most studied odd chain SFAs, 15:0 and 17:0, are biomarkers for dairy intake and are 

inversely associated with lower metabolic risk (38), including type 2 diabetes (39, 40), 

and gestational diabetes (41). Odd chain SFAs can also be endogenously synthesized using 

gut-derived propionate (42) and were recently identified as markers for fiber intake (43). 

It was also reported that 15:0 is inversely associated with alcohol consumption in a cohort 

of subjects over 60 years old (44). We previously showed that 15:0 and 17:0 negatively 

correlated with NAFLD severity and hepatocyte ballooning in two independent NAFLD 

cohorts (23). In that study, serum levels of 15:0 and 17:0 also negatively correlated with 

fasting glucose and AST (23).

Next, we showed that concentrations of VLC n-3 PUFAs n3 and VLC SFAs further 

decreased during progression from advanced fibrosis to HCC in Hispanics in South 

Texas. Consumption of n-3 PUFAs has been inversely associated with HCC risk (45, 46). 

Furthermore, in vitro and in vivo studies have suggested a potential therapeutic effect of 

22:6n3 and 20:5n3 for HCC. The addition of 22:6n3 and 20:5n3 had anti-HCC effect in 

cell lines by inhibition of COX-2 and beta-catenin (26) and by induction of apoptosis 

(47). Delivery of 22:6n3 by low-density lipoprotein-based nanoparticle selectively induced 

tumor specific necrosis and ferroptosis, and reduced growth of orthotopic liver tumors in 

rats (48, 49). Treatment with 20:5n3 also reduced development of NASH-related HCC in 

liver specific Pten-deficient mice (50) and in carcinogen- and diet-induced mouse models 

(51) by suppression of the pro-tumorigenic IL-6 effector STAT3. Several VLC SFAs have 

been linked to cancer, including liver cancer. In particular, 24:0 was found absent in 

plasma of HCC patients (52). Ceramide synthase 2-deficiency in mice resulted in a strong 

reduction of sphingolipids containing 24:0 and increased rates of hepatocyte proliferation, 

regenerative hepatocellular hyperplasia and HCC (53, 54). Prediagnostic levels of 24:0 were 

also inversely associated with risk of prostate cancer (55) and pancreatic cancer (56).
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Prior studies reported low abundances of VLC n-3 PUFAs in Hispanic ethnicity (57). 

Genome wide and exome wide association studies have also identified SNPs related to 

the susceptibility of liver fibrosis and HCC, in the context of NAFLD in particular. 

PNPLA3 I148M variant (rs738409 [G]) and TM6SF2 E167K variant (rs58542926 [T]) 

were associated with liver fibrosis progression and HCC development (58). Frequency of 

PNPLA3 rs738409 minor alleles is significantly higher in Hispanics as confirmed in our 

CCHC analysis. The association of TM6SF2 rs58542926 SNP with advanced fibrosis and 

HCC was also confirmed in our study population. Subjects with PNPLA3 rs738409 minor 

alleles or mice overexpressing mutant alleles had relative depletion of VLC n-3 PUFAs (59, 

60). Subjects with rs738409 minor alleles also had reduced VLC SFAs 20:0 and 24:0 in liver 

triglycerides (61). Our study further shows that plasma concentrations of VLC SFAs, 24:0 

in particular, and VLC n-3 PUFAs, were also lower in subjects with this PNPLA3 variant in 

our study population, warranting further validation in larger population-based cohorts.

A major limitation of this study is the small sample size, particularly for HCC cases. 

Additional studies are needed to further determine the role of the identified FAs in liver 

fibrosis progression and HCC development in Hispanics. Among them, 24:0 and VLC n-3 

PUFAs showed the strongest association with advanced liver fibrosis and HCC, and their 

plasma concentrations may be affected by genetic polymorphisms, including in PNPLA3. 

Remarkably, the addition of VLC n-3 PUFAs to APRI strongly improved the diagnostic 

performance of APRI for advanced fibrosis in our cohort. The utility of 24:0 and VLC 

n-3 PUFAs in prediction of fibrosis progression and HCC development should be evaluated 

in prospective cohorts. The therapeutic potential of 24:0 and VLC n-3 PUFAs to prevent 

progression to advanced fibrosis and HCC in this population should also be evaluated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Subjects with advanced liver fibrosis had lower concentrations of odd chain SFAs, VLC 

even chain SFAs, VLC n-3 PUFAs and VLC n-6 PUFAs. (A) Concentrations of these FA 

groups. (B) Individual odd chain SFAs. (C) Individual VLC even chain SFAs. (D) Individual 

VLC n-3 PUFAs and VLC n-6 PUFAs. **p≤0.01, ***p≤0.001. Boxes: range between first 

and third quartiles; Lines: median values; Whiskers: minimum and maximum values.
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Figure 2. 
Forest plot of associations between low plasma concentrations (quartile Q1) of selected FAs 

and advanced liver fibrosis. AOR: adjusted for age, gender, BMI and alcohol intake.
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Figure 3. 
ROC curves for the diagnosis of advanced liver fibrosis in CCHC subjects. (A) APRI and 

combination APRI + VLC n-3 PUFAs; (B) FIB-4 and combination FIB-4 + VLC n-3 

PUFAs; (C) NFS and combination NFS + VLC n-3 PUFAs.
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Figure 4. 
HCC subjects with advanced fibrosis had lower concentrations of VLC n-3 PUFAs and VLC 

SFAs. (A) Concentrations of individual VLC n-3 PUFAs (A) and individual VLC SFAs (B). 

*p≤0.05, **p≤0.01. Boxes: range between first and third quartiles; Lines: median values; 

Whiskers: minimum and maximum values.
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Figure 5. 
Non-fibrotic 1st/2nd -degree relatives of HCC patients had lower concentrations of VLC n-3 

PUFAs and VLC SFAs. Concentrations of individual VLC n-3 PUFAs (A) and individual 

VLC SFAs (B). (C) Forest plot of significant associations between being 1st/2nd-degree 

relatives of HCC patients and selected low FAs abundance (quartile Q1) among non-fibrotic 

subjects. Boxes: range between first and third quartiles; Lines: median values; Whiskers: 

minimum and maximum values. AOR: adjusted for age, gender, diabetes and alcohol intake. 

*p≤0.05, **p≤0.01,***p≤0.001.
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Table 1.

Concentrations of FAs in PNPLA3 rs738409 and TM6SF2 rs58542926 genotypes in CCHC subjects. MXL, 

Mexican Ancestry from Los Angeles; CEU, Utah Residents with Northern and Western European Ancestry; 

ALL, all individuals from 1000 Genomes Project. AF: advanced fibrosis; w/o AF: without advanced fibrosis. 

Data are presented as mean (range).

PNPLA3 CC PNPLA3 CG PNPLA3 GG P
& TM6SF2 CC TM6SF2 CT P

VLC SFAs 
(μM)

320.8 
(35.4-910.4)

280.3 
(55.0-1179.8)

237.0 
(10.3-882.0) 0.131

274.8 
(10.3-1179.8)

280.9 
(71.9-570.5) 0.532

24:0 (μM) 83.8 (7.1-192.5) 76.3 (10.5-329.8) 63.9 (2.0-305.5) 0.107 74.3 (2.0-329.8) 72.8 (10.5-158.8) 0.775

VLC n-3 
PUFAs (μM) 135.5 (0.0-405.5) 142.5 (0.0-643.9) 110.3 (0.0-838.0) 0.045 131.7 (0.0-838.0) 137.4 (0.0-381.7) 0.805

20:5n3 (μM) 5.8 (0.0-22.6) 5.9 (0.0-38.2) 4.8 (0.0-39.7) 0.116 5.6 (0.0-39.7) 5.4 (0.0-17.7) 0.927

22:5n3 (μM) 7.4 (0.0-27.3) 9.7 (0.0-42.1) 6.4 (0.0-37.0) 0.034 8.4 (0.0-42.1) 8.2 (0.0-32.6) 0.996

22:6n3 (μM) 122.4 (0.0-355.6) 127.0 (0.0-563.6) 99.1 (0.0-761.3) 0.052 117.7 (0.0-761.3) 123.8 (0.0-343.6) 0.730

&
P comparing PNPLA3 GG versus PNPLA3 CC+CG.
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