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Abstract: NAFLD is an emerging healthcare epidemic that is causing predictable adverse consequences for 
healthcare systems, societies and individuals. Whilst NAFLD is recognized as a multi-system disease with 
compound pathways that are both benign and pernicious in their unfolding; NASH is generally understood 
as a deleterious follow-on condition with path-specific tendencies that progress to cirrhosis, HCC and liver 
transplantation. Recent evidence is beginning to challenge this interpretation demanding more attention 
to the personalized nature of the disease and its pathogenesis across multiple different cohorts. This means 
that we need better diagnostic and prognostic tools not only to capture those ‘at risk’ disease phenotypes; 
but for better stratification and monitoring of patients according to their treatment strategies. With the 
advent of pipeline therapies for NASH underway, the medical profession looks to adopt more accurate non-
invasive diagnostic tools that can help to delineate and eliminate NASH histology. This review looks at the 
search for the killer application revealing this particular moment in time as a transformational period; one 
that is pushing the boundaries of technology to integrate diverse panels of species through sensitive profiling 
and multi-omics approaches that cast wide, yet powerful diagnostic nets that have the potential to elucidate 
pathway specific biomarkers that are personalized and predictable. 
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NAFLD definition & epidemiology 

Nonalcoholic fatty liver disease (NAFLD) is a multifactorial 
and progressive disease with two histological phenotypes: 
nonalcoholic fatty liver (NAFL) characterized by lipid 
accumulation with no cellular injury (simple steatosis); and 

nonalcoholic steatohepatitis (NASH)—the progressive form 
of the disease characterized by cellular injury, inflammatory 
infiltrates and possible progression to fibrosis and cirrhosis. 
The knowledge of the natural history of NAFL is currently 
evolving. Simple steatosis was believed to be a benign, 
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nonprogressive condition that does not increase the overall 
or liver-related mortality; and NASH—a distinct and 
progressive disease with a marked increase in liver-related 
mortality related to cirrhosis and hepatocellular carcinoma 
(HCC). Emerging data are challenging the long-lasting 
beliefs that NAFL is completely benign with no clinical 
sequelae and that NASH is prognostically and clinically 
relevant. The natural history of NAFLD is not linear: 
NAFL progresses to NASH in 10–30% of cases, whereas 
about 10–15% of NASH patients progress to cirrhosis (1). 
The hallmark lesion of NASH is hepatocellular ballooning, 
which is a marker of hepatocyte injury and a constituent 
driver of disease progression to fibrogenic remodeling. 
As a result, liver biopsy is required to differentiate NAFL 
from NASH limiting data and understanding on both the 
prevalence and progression of this complex disease. 

NAFLD is associated with obesity, hypertension, 
type 2 diabetes mellitus (T2DM), insulin resistance (IR), 
hyperlipidemia, or the sum of several of these parameters 
that is defined as metabolic syndrome (MS). Indeed, due to 
the tight correlation with systemic metabolic disorders, it has 
been recently proposed to use the term metabolic associated 
fatty liver disease (MAFLD) instead of NAFLD (2,3). In 
obese patients, the incidence of NAFLD was reported to 
be around 63–99%. The prevalence of NAFLD varies 
worldwide but has been «estimated» to be around 10% 
in children and 25% in adults. It is now recognized as the 
most frequent cause of chronic liver disease worldwide (4).  
Interestingly children affected by NAFLD are typically 
asymptomatic, with few or no signs of metabolic syndrome. 
Pediatricians search for other symptoms such as abdominal 
pain, fatigue, irritability, headaches, confusion, which are 
not specific to NAFLD. The absence of specific clinical 
symptoms makes it difficult to obtain early diagnosis—
leading to late, incidental diagnosis at the mean age of 
11–13 years old (5). Likewise, adult NAFLD is commonly 
silent with no clinical manifestations nor specific symptoms 
often leading to diagnosis based on exclusion criteria. 

The rising prevalence of adult and childhood obesity 
foreshadows the impending burden of NAFLD. The lack 
of effectively licensed pharmacotherapy coupled with low 
patient compliance to lifestyle changes could—on this 
trajectory—make NAFLD the most significant reason for 
liver transplantation by 2030 (6). The annual predicted 
prevalence of NAFLD in the United States (US) and 
Europe (i.e. Germany, France, Italy, and United Kingdom), 
divided according to the stages of the disease (7), indicate 
that 64 million people in the US have NAFLD with results 

proportionally similar those in Europe i.e., 52 million. 
The model also predicts the incidence of NAFLD with 10 
million new cases forecast in Europe annually—implicating 
the additional social, economic and healthcare burdens 
for societies that attempt to deal with the explosion of this 
disease. In this context, early diagnosis will contribute to the 
prevention of the disease and its progression to more severe 
stages, by reducing the cost-infrastructure of downstream 
treatment strategies and improving the quality of life in 
society. To date however—and despite the limitations, 
the gold standard technique for the diagnosis of NAFLD 
continues to be liver biopsy. In the present review, we will 
describe the currently available methods, or those under 
development, for the non-invasive diagnosis of NAFLD.

Current diagnostic tools 

NAFLD is commonly silent with no clinical manifestations 
nor specific symptoms, thus the diagnosis of the disease 
is often based on exclusion criteria. Although NAFL or 
NASH can be strongly suspected in an individual based 
on imaging and clinical features (such as the presence of 
metabolic comorbidities and abnormal lab tests), liver 
biopsy remains the gold standard for the definitive diagnosis 
of NASH (Figure 1). However, it is an invasive technique 
with costs, risks, and subject to bias based on sample 
variability and observer interpretation—with substantial 
limitations on repeat testing, follow-up and monitoring, 
not to mention ethical reasons—as the procedure cannot be 
performed in all suspected subjects. 

Patients with NAFL are thought to be at low risk of 
adverse consequences and progression to cirrhosis/HCC, or 
other harmful outcomes such as cardiovascular disease and 
malignancy. In contrast, the presence of NASH increases 
the risks of liver and possibly non-liver-related outcomes 
compared to those patients with NAFL alone. The risk of 
liver-related mortality in NAFLD grows exponentially as 
the stage of fibrosis increases (8). However, some studies 
have highlighted the development of HCC in patients 
with NAFL even in the absence of fibrosis (9,10). The 
identification of subjects at risk for NAFL and NASH is 
imprecise—and although there is significant on-going work, 
accurate and precise non-invasive markers for the diagnosis 
of NASH are still to be identified (11). 

The major i ty  of  indiv iduals  wi th  NAFLD are 
asymptomatic or paucisymptomatic (asthenia, abdominal 
pain at the upper quadrant). The need for generalized 
screening and surveillance tools is debatable due to the 
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high direct and indirect costs of diagnostic tests; the low 
predictive value of surrogate markers (transaminases and 
non-invasive tests); the risks of liver biopsy and lack of 
effective treatments. However, it is desirable that the 
progressive form of NAFLD (NASH), particularly when 
associated with advanced fibrosis, is correctly identified 
in patients at risk (age >50 years, T2DM, or MS). The 
anamnesis represents a crucial step in the clinical evaluation 
of the patient and must be oriented towards the presence of 
familiarity and comorbidity, stigmata of MS, determination 
of glucose and lipid profiles. Serology markers of hepatic 
synthesis (e.g., total bilirubin, albumin, prothrombin time, 
creatinine), platelet count predictive of portal hypertension, 
together with increases in ALT (alanine aminotransferase), 
GGT (γ-glutamyltranspeptidase) and an AST (aspartate 
aminotransferase)/ALT ratio i.e., <1 are all biochemical 
markers that are initially useful in the diagnosis of NASH—
but they are all unspecific. Hyperferritinemia is used 
frequently as a marker of chronic inflammation induced 
by insulin resistance. In non-diabetic subjects, insulin 
sensitivity assessment using surrogate indices of insulin 
resistance derived from blood glucose and insulin levels i.e., 
Homeostatic Model of Insulin Resistance Index (HOMA-
IR), could be useful to identify patients at high risk of 
development of T2DM. Finally, genetic characterization 
by correlated gene assessment of NASH could be useful in 
young and lean patients with juvenile NAFLD. 

Abdominal ultrasound (US) remains the simplest and 
most widely used method for detecting hepatic steatosis. 
Quantification of liver fat could be done with fibroscan 
CAP modification (Controlled Attenuation Parameter)—

a non-invasive measurement tool that is proportional 
to the attenuation of the ultrasound beam through the 
liver parenchyma. It can also be used in conjunction with 
magnetic resonance (MRI) which is now able to quantify 
limited amounts of intra-hepatocyte triglycerides (TG) and 
can sample large parenchymal volumes. 

However, US has limited sensitivity and does not reliably 
detect steatosis when it is <20% or in individuals with high 
body mass index (BMI) (>40 kg/m2). Despite observer 
dependency, both MRI and US robustly diagnose moderate 
and severe steatosis when its use is limited by high costs 
(Figure 1). These techniques allow us to identify and easily 
quantify intrahepatic TG—the predominant lipids that 
accumulate in hepatic steatosis. However, TG per se are not 
hepatotoxic, indeed they have a protective role by providing 
a buffer against toxic fat, by storage under the neutral form. 
Besides, it has been proven that there is no difference in 
the TG content between NAFL and NASH (12). This data 
seriously reflects on the real utility of TG quantification and 
the clinically relevant information that can be extrapolated 
from these findings. Conversely, other reactive lipids 
have deleterious effects such as lipophosphatidylcholine, 
ceramides and cholesterol (12,13). However, none of these 
toxic lipids can be identified nor quantified by any of the 
previously mentioned techniques.

Another non-invasive technique for the quantification 
of fibrosis is hepatic transient elastography (TE). The 
diagnostic accuracy of this technique has been widely 
validated in patients with HCV chronic hepatitis, but not 
in patients with NAFLD. Potential limitations consist 
of poor sensitivity in mild forms of fibrosis and technical 
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Figure 1 Current diagnostic tools. MRI, magnetic resonance imaging; MRE, magnetic resonance elastography; BMI, body mass index.
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difficulty in detecting and interpreting data in the presence 
of high BMI and/or thoracic fold thickness. Even using 
an extralarge (XL) probe, the failure rate remains high 
(35%). Alternatively, magnetic resonance elastography 
(MRE) provides a highly accurate measurement of fibrosis, 
inflammation and steatosis; however, its application in 
clinical practice is limited by its  scarce availability (the 
instrumentation is only available in academic centers) and 
its high cost (14) (Figure 1).

In general ,  the goal is  to capture those NASH 
patients that present early in the NAFL patient pathway. 
Measurement of the severity of necro-inflammation 
(grading) and fibrosis (staging) has been standardized and 
validated in two semiquantitative scoring systems for the 
histopathological classification of NAFLD i.e., NASH 
Clinical Research Network (NASH CRN) score and the 
most recent Steatosis, Activity and Fibrosis (SAF) score. 
NASH CRN is a valuable research tool but it should not 
be used to differentiate NAFL from NASH—as underlined 
by the authors of the original study (15). Moreover, the 
application of NAS as a prognostic tool in daily practice 
is controversial (16,17). In contrast, the SAF score uses a 
simple algorithm to evaluate steatosis, necroinflammatory 
activity and fibrosis separately—to classify patients as 
normal, NAFL or NASH (18). The degree of liver fibrosis 
is the parameter that is optimally associated with general 
and liver-related mortality (8,19). However, the histological 
differentiation between NAFL and NASH does not 
predict fibrosis progression and carries little prognostic 
information.

To date, the demonstration of histological improvement 
is a fundamental requirement for the approval of any 
pharmacological treatment required by the European 
Medicines Agency (EMA) and the Food and Drug 
Administration (FDA). In particular, since the FDA 
does not recognize an indication of treatment in simple 
steatosis (NAFL), it is believed that therapy should have 
a histological effect in terms of NASH improvement. 
The reason for this approach is currently based on data 
demonstrating a risk of end-stage progression of liver 
disease that exists only in patients with NASH. Although 
histology represents the only reliable diagnostic method, 
high associative costs and non-negligible patient risks limit 
its use on a large scale. Due to all these limitations, there is 
still an unmet clinical need to distinguish those individuals 
with an early disease from those at the highest risk of 
clinical complications. Thus, to date, new alternatives are 
urgently needed. 

Novel noninvasive diagnostic alternatives 

Among the available serum biomarkers for the assessment 
of steatosis there are several validated scores such as fatty 
liver index (FLI) (20), SteatoTest (21) and NAFLD liver 
fat scores (22) (Figure 2). These scores are associated with 
insulin resistance (IR) and reliably predict the presence, 
not the severity, of steatosis. However, in clinical practice, 
quantification of fat content is not of interest, except as 
a surrogate of treatment efficacy and is therefore not 
generally recommended. The diagnosis of NASH instead 
provides important prognostic information and indicates an 
increased risk of fibrosis progression, cirrhosis and possibly 
hepatic comorbidities such as HCC. Nowadays clinical, 
biochemical or imaging measures cannot distinguish NASH 
from steatosis. 

Regarding f ibros is ,  many serum markers  have 
demonstrated acceptable diagnostic accuracy, as defined by 
an area under the receiver operating characteristic curve 
(AUROC). For example, NAFLD fibrosis score (NFS) (23), 
Fibrosis 4 calculator (FIB-4) (24), Enhanced Liver Fibrosis 
(ELF) (25) and Fibrotest (26) predict overall mortality, 
cardiovascular mortality and liver-related mortality. The 
tests perform best at distinguishing advanced >F3 vs. non-
advanced fibrosis but no significant >F2 or any >F1 vs. no 
fibrosis (Figure 2). Considering all these parameters, fibrosis 
stage is the parameter that best associates with overall-
related and liver-related mortality. Thus, efforts must be 
devoted especially to the diagnosis of this specific event.

Plasma protein, miRNAs, metabolites 

The analysis of plasmatic metabolites to perform a 
differential diagnosis of NAFL and NASH is an interesting 
approach. Studies have reported a relationship between 
serum uric acid (UA) levels and NAFLD development. In 
a large study of 100,275 subjects from America and Asia, 
Darmawan et al. (27) found that the risk of NAFLD was 
increased almost 2-fold in the group with the highest serum 
UA compared to the group with the lowest UA (28-30). 
These findings make UA level (or other metabolites from 
purine catabolism) an attractive parameter to be included 
in the various existing non-invasive algorithms to improve 
specificity in NAFLD diagnosis or for a better disease 
stratification. In this context, we recently published a study 
utilizing surface-enhanced Raman spectroscopy (SERS) of 
plasma (31) demonstrating how the UA/hypoxanthine ratio 
was significantly different between NAFL and NASH in 
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Figure 2 Limitations of the currently noninvasive diagnostic tools. FLI, fatty liver index; IR, insulin resistance; CK-18, cytokeratin 18; 
FGF21, fibroblast growth factor 21; PAI-1, plasminogen activator inhibitor-1; IL-1, interleukin 1; IL-8, interleukin 8; MCP-1, monocyte 
chemoattractant protein-1; FIB-4, the fibrosis-4 index.

women (Table 1).
Alternative diagnostic algorithms using different proteins 

in plasma/serum have been proposed for differential staging 
of NAFL. Concerning NASH diagnosis, Feldstein et al. (32)  
reported for the first time that cytokeratin 18 (CK-18) 
fragment was able to predict NASH in NAFLD patients 
with an AUC of 0.83, sensitivity of 75% and specificity 
of 81% (33). Subsequently, CK-18 has been combined 
with other candidates [such as fibroblast growth factor 
21 (FGF21) (34), adipocytokines (35), resistin (36), Fas 
cell surface death receptor (Fas) (37)], in several panels 
to improve the robustness of NASH diagnostic testing  
(Table 1). For a full revision of the diagnostic capabilities 
of CK-18, FGF21 and their combinations in diagnostic 
panels have been systematically reviewed by He et al. (45) 
illustrating the promise of these biomarker combinations. 

More recently, promising lists of proteins have been 
identified using proteomic technologies for biomarker 
discovery. Among them, we should mention the systematic 
review performed by Lădaru et al. (46) summarizing 
22 studies on NAFLD, but highlighting only 3 serum 
studies utilizing protein candidates proving NASH 
efficacy (38,39,47). In consideration of NAFLD fibrosis, 
procollagen III amino terminal propeptide; (PIIINP), pro-

peptide of type III collagen (Pro-C3) and tissue inhibitor of 
metalloproteinases 1 (TIMP-1) have been widely studied 
as markers of extracellular matrix turnover and validated as 
either single or combined panel markers (40,48). Recently, 
Boyle et al. reported the development and validation of 2 
new panels (FIBC3 and ABC3D) for advanced fibrosis (F 
≥3) diagnosis in NAFLD; obtaining in the validation setup 
diagnostic accuracies of 0.83 and 0.81 respectively (41). As 
for the utility of circulating miRNAs as markers of fibrosis, 
Lopez-Riera et al. performed a comprehensive validation 
study of 18 candidates’ miRNAs, previously postulated 
as biomarkers of NAFLD. The study confirmed three in 
particular (i.e., miR-27b, miR-16, and mir-30c) that were 
consistently altered in patients with NASH and severe 
fibrosis, with miR-30c presenting the most promise with an 
AUROC value of 0.72 to diagnose severe fibrosis (43). The 
various biomarkers mainly used for diagnosis of NASH and 
liver fibrosis in NAFLD are listed in Table 1.

Recently, Hou et al. (49) conducted a plasma proteome 
screening in patients with early and advanced NASH. 
Five proteins (i.e., Complement component C7; α-2-
macroglobulin; Complement component C8 γ chain; 
Fibulin-1; α-1-antichymotrypsin) were identified as 
putative biomarkers to differentiate NASH groups, 
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however—further validation would be required using larger 
serum cohorts. Additionally, Lai et al. recently evaluated 
SOMAscan—a novel aptamer-based proteomics platform 
for diagnosis and monitoring of NASH. The preliminary 
study evidenced a panel of 7 proteins (C7, CL-K1, 
IGFBP7, Spondin 1, IL-5Ra, MMP-7, and TSP2) able to 
discriminate accurately between early and advanced fibrosis 

in NASH (50). 
Concerning circulating miRNAs as biomarkers of 

NASH, the most recent findings have been examined in 
two recent systematic and meta-analysis reviews (42,51). 
The study of Liu et al. included the analysis of thirty-seven 
miRNA expression profiles and six diagnostic accuracy 
reports demonstrating the diagnostic capacity of miRNA 

Table 1 Novel serum/plasma proposed biomarkers

Characteristic of the biomarker
NAFL from 

NASH?
cohort AUROC Sensitivity Specificity References

Metabolites

Uric acid/hypoxanthine Yes obese women with biopsy proven 
NAFLD

0.77 79% 73% Gurian et al. (31)

Proteins

CK18 Yes patients with biopsy-proven NAFLD 0.83 75% 81% Feldstein et al. (32); 
Musso et al. (33)

CK18 + FGF21 Yes patients with biopsy-proven NAFLD 0.60 38% 88% Shen et al. (34)

CK18 + Adipokines 
(adiponectin, leptin, and ghrelin)

Yes Morbidly Obese patients with biopsy-
proven NAFLD

0.79 82% 76% Machado et al. (35)

CK18 + Adiponectin + Resistin Yes patients with biopsy-proven NAFLD 0.91 95% 70% Younossi el al. (36)

CK18 + sFas Yes patients with biopsy-proven NAFLD 0.79 88% 89% Tamimi et al. (37)

α and β-haemoglobin subunits Yes Morbidly Obese patients with biopsy-
proven NAFLD

0.81 83% 67% Trak-Smayra  
et al. (38)

LCP1 Yes Obese patients with biopsy-proven 
NAFLD

0.80 – – Miller et al. (39)

PIIINP Yes Biopsy proven NAFLD cohort 0.87 – – Tanwar et al. (40)

FIBC3 panel (PRO-C3, BMI, 
Platelets, T2DM)

Yes Obese patients with biopsy-proven 
NAFLD

0.83 75% 75% Boyle et al. (41)

miRNAs

miRNA-34a Yes Moderately and morbidly obese 
patient with biopsy-proven NAFLD

0.78 64% 76% Liu et al. (42)

miRNA-122 Yes Moderately and morbidly obese 
patient with biopsy-proven NAFLD

0.81 77% 72% Liu et al. (42)

miRNA-30c Yes Obese patients with biopsy-proven 
NAFLD

0.72 – – López-Riera  
et al. (43)

miRNA-27b/30c Yes Obese patients with biopsy-proven 
NAFLD

0.77 72% 74% López-Riera  
et al. (43)

Lipidomics

TG/HDL Yes Overweight and obese subjects with 
biopsy proven NAFLD

0.74 72% 77% Hegazy et al. (44)

CK-18, cytokeratin 18; FGF21, fibroblast growth factor 21; sFAS, soluble Fas cell surface death receptor; LCP1, lymphocyte cytosolic 
protein1; PIIINP, procollagen III amino terminal propeptide; ProC3-pro-peptide of type III collagen; BMI, body mass index; T2DM, type 2 
diabetes mellitus; TG, triglycerides; HDL, high density lipoprotein-cholesterol.
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34a, miRNA-122 and miRNA-192 to distinguish NAFL 
from NASH (42). In the second study, Cai et al. included 23 
reports enrolling 1,408 NAFLD and 926 healthy subjects, 
reporting 7 upregulated miRNAs (i.e., miR-122, miR-99a-
5p, miR-34a, miR-1290, miR-27b-3p, miR-192-5p and 
miR-148a-3p) and 5 downregulated miRNAs (i.e., miR-
197, miR-146b, miR-181d, miR-99a, and miR-29a) with 
potential applicability as diagnostic markers of NAFLD. 
Among them, miR-122 showed the highest diagnostic 
accuracy, but unfortunately, it could not distinguish between 
NASH and NAFL subjects.

A more predictable disease? Lipidomics, metabolomics and 
lipotoxicity 

Due to the low prognostic importance attached to intra-
hepatic TG (IHTG) measurements and the asymmetry 
between steatosis and necroinflammation at intermediate 
NAFL scores across different patient cohorts—high baseline 
IHTG measurements have been strongly suggested for 
the reporting of NASH resolution in therapy studies (52).  
Moving away from triglycerides as proxies of DNL (53) 
and intrahepatic inflammation (52), lipidomics allows a 
more specific approach in theory by considering those 
toxic lipid species that emerge at any point in the NAFLD 
journey. In this sense, lipidomics provides an efficient way 
of identifying the quantity, role and function of key lipids 
in the pathogenesis of NAFLD—and in particular, those 
lipid intermediates that are associated with particular 
inflammatory cascades. Therefore, various spin-off 
approaches may allow diagnosing NASH with high accuracy 
and precision. 

Lipidomics is advancing technology towards routine 
biomarkers capable of predicting and stratifying NASH. 
However, we see that the main obstacle to clinical 
adoption is the apparent trade-off between the need for 
assay sensitive techniques able to detect lipid species at 
low molecular concentrations; and readily available, user-
friendly and inexpensive equipment. Utilizing simple in-
house biomarkers, Hegazy et al. (44) determined the value 
of cardiovascular risk ratios of TG/HDL, LDL/HDL, 
total cholesterol/HDL as predictors of NASH—and the 
correlation of such ratios with disease severity in overweight 
and obese subjects with biopsy-proven NAFLD. The 
authors found that TG/HDL ratio was significantly higher 
in NASH than in controls. The TG/HDL ratio positively 
correlated with steatosis, ballooning, inflammation, Body 
Mass Index (BMI) and NAS (AUROC of 0.74, 71.8% 

sensitivity, and 76.8% specificity) (Table 1). On the other 
hand, the use of more sophisticated lipidomic technology 
i.e., liquid chromatography-mass spectrometry (LC-MS) 
was employed to measure the serum of 467 patients with 
biopsy-proven normal liver, NAFL and NASH using a 
panel of 28 saturated and unsaturated TGs to predict 
NAFLD from normal liver, and NASH from NAFL (54). 
As expected, the NAFLD diagnosis was very sensitive 
with an AUROC of 0.90. On the other hand, NASH data 
revealed accuracy (0.77), sensitivity (70%), specificity (81%) 
with borderline NASH cases defined and omitted from the 
data. Whilst both techniques pick-up on the accumulation 
of TGs, impairment of lipoprotein synthesis and high very 
low density lipoprotein (VLDL)-cholesterol secretion, 
which are common features of de novo lipogenesis (DNL) 
and dyslipidemia, wider questions remain as to whether 
these available solutions are sensitive enough to replace 
competing scanning modalities—irrespective of their low or 
competitive cost. 

On the other hand, innovative approaches such as random 
typing and machine learning of quantified lipid species have 
attempted to catch all the available species in the NAFLD 
matrix—in order to obtain the most revealing NAFL 
and NASH signatures—underpinned by their regulating 
genes, metabolites and hormones (55-61). Mapping out 
the ontological heterogeneity of NASH, 32 lipid species 
were identified consisting mainly of metabolites involved 
in fatty acid synthesis, oxidation and glycerophospholipid 
metabolism (60). In a separate study using an MS/machine-
learning approach of 32 lipid species, the study revealed the 
toxic fingerprint of one NASH panel with 100% sensitivity 
and specificity that included miristic acid (C14:0), palmitic 
acid (C16:0), palmitoleic acid (C16:1n-7), vaccenic acid 
(C18:1n-7) and oleic acid (C18:1n-9) combined (55). Whilst 
this NASH mix of toxic markers significantly enhanced 
cell death at low concentrations, this study derived the 
lipid content from livers and not from blood serum or 
plasma leaving open the challenge of translating hepatic 
NASH biomarkers (55). Of 184 hepatic lipid species and  
132 plasma lipid species, only 48 of significance are common 
to both with plasma susceptible to the interfering affects 
of peripheral extra-hepatic tendencies (58). On the other 
hand, the 5 toxic lipids found in hepatocytes (55) produced 
a very similar 5 toxic profile to that found in a recent serum 
study (58) with a significant NASH profile-with only two of 
five shared lipids i.e., arachidonic acid and gamma-linolenic 
acid presenting more significance than either miristic and 
vaccenic acid (58). 
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Whilst more streamlined serum based lipotoxic panels 
need to be validated, Perakakis et al. demonstrated the 
accuracy of a 29 lipid panel to predict healthy status, 
NAFL and NASH (59). The accuracy of these lipids for 
the classification of healthy vs. NAFL vs. NASH was 
highly predictive 0.99, 0.94 and 0.96 respectively—with a 
sensitivity of 92% and a specificity of 93% (59). Specifically, 
palmitic acid was higher in NAFL and NASH compared 
to the healthy population. Moreover, the monounsaturated 
fatty acids cis-palmitoleic acid and oleic acid were higher 
in NASH compared to the healthy control; whereas 
linoleic fatty acid and arachidonic fatty acid were lower—
representing the possible ‘adaptive response’ to FA 
overload (62). This ties in with other work that highlights 
the changing fatty acid composition of membrane lipids 
from polyunsaturated fatty acids (PUFAs) through to 
monounsaturated fatty acids (MUFAs) and saturated fatty 
acids (SFAs). As the fatty acid (FA) composition of diets 
monotonously hits the liver there is a change in the lipid 
membrane content and cardiolipin profile (57) effecting 
several regulatory pathways including cell signalling and 
insulin sensitivity—leading to spikes in inflammatory and 
oxidative stress markers i.e., prostaglandin E2 (PGE2) 
and 8-iso-prostaglandin F2alpha (PGF2α) respectively 
(56) linked to mitochondrial impairment and beta-cell 
dysfunction (57).

Oxidative stress is one of the driving forces involved 
in the progression of NAFLD, thus lipid peroxidation 
products represent appealing candidates as diagnostic 
markers, especially to follow NASH progression. Lipid 
peroxidation products are synthesized via free radical-
mediated direct oxidation and enzymatic pathways with 
lipoxygenases, cyclooxygenases and cytochrome P450. 
Arachidonic acid (AA), linoleic acid (LA), eicosapentaenoic 
acid (EPA), or docosahexaenoic acid (DHA) can produce 
multiple isomers of oxidized fatty acids (eicosanoids), all 
of which may activate the immune system. The assessment 
of oxidized fatty acids is an emerging concept for the 
diagnosis of NASH. Loomba and colleagues (63) carried 
out a cross-sectional analysis in subjects with NAFL, 
NASH and non-NAFLD and they showed that plasma 
eicosanoid and other PUFA metabolite profiling can 
differentiate between NAFL and NASH. Specifically, 
11,12-dihydroxy-eicosatrienoic acid (11,12-diHETrE) and 
a panel including 13,14-dihydro-15-ketoprostaglandin D2 

(dhk PGD2) and 20-carboxy arachidonic acid (20-COOH 
AA) demonstrated an AUROC of 1. 

Whilst eicosanoid metabolites are emerging as candidate 

biomarkers of NASH, other studies curiously revealed 
greater predictive power from plasma sphingolipid 
species—notably longer chain ceramides e.g., 1-deoxy-
ceramide species i.e., C24:1DH 1-deoxyCer and C26DH 
1-deoxyCer (58). Altogether this evidence suggests that 
toxic lipids could move us away from surrogate biomarkers 
of NAFLD progression towards specific quantitative 
panels of lipotoxic species that not only confirm NASH 
histology with high accuracy, but which also flag up 
downstream inflammatory pathways linked to metabolite 
dysregulation, hepatic insulin resistance, mitochondrial 
dysfunction and oxidative stress regulated by a network of 
intrahepatic and extrahepatic pathways (64).

Liver glycomics, NAFLD and NASH

Liver glycomics has recently emerged as a powerful 
toolbox utilising sophisticated technologies and diagnostic 
biomarkers for a plethora of disease applications. N-glycans 
are synthesised in the liver and plasma-B cells—and play 
significant roles in the structure, function, regulation, 
signalling, mediation and binding of cellular and protein 
interactions. We know therefore that glycosylation—
and aberrant forms thereof—including the formation and 
abundance of sugars, are closely bound with the pathology 
of the liver and the topology of disease aetiologies 
and pathways as they evolve over time (65). In recent 
history, liver glycomics has emerged to provide novel 
analytical tools and clinical applications for the typing and 
quantitation of N-glycans for the prediction of NAFLD (66), 
NASH (67), fibrosis (68), Child Pugh class A cirrhosis (69),  
HCC (70,71) and HCC risk (72). These glycan biomarkers 
have emerged either in the form of a connected profile, 
or they have originated due to the targeting of specific 
glycosylated proteins. In this sense, a number of glycan 
biomarkers have borne fruit in the search for NASH 
diagnostics e.g., core- and multi-fucosylated glycans (59), 
agalacto-IgG component (67), fucosylated haptoglobin (66) 
and mono-fucosylated glycan of alpha-1 antitrypsin: AAT-
A3F (73).

Fucosylated haptoglobin (Fuc-Hpt) has been recognised 
as a parameter of NASH due to the cellular effects of 
hepatocyte ballooning, damage to the ‘fucosylation-
machinery’ and elevated secretion of this bile end-product 
into sera (66). As a hepatocyte ballooning marker, Fuc-Hpt 
proved to be slightly superior for NAFLD vis a vis NASH 
albeit with closely aligned performance data for AUROC 
(0.75 vs. 0.73) sensitivity (71% vs. 69%), specificity (75% vs. 
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73%) and accuracy (72% vs. 69%). Fuc-Hpt demonstrated 
general superiority in the NAFLD cohort in comparison 
to M30 antigen; however, comparatively more sensitivity 
(69% vs. 42%) than specificity (73% vs. 82%) in the 
NASH cohort (66). Other approaches have used a novel 
immunoprecipitation glycomics method utilising MALDI–
TOF MS to measure the diagnostic utility of tri-antennary 
tri-sialyated mono-fucosylated glycan of alpha-1 antitrypsin 
AAT-A3F (73). This particular glycan is useful because the 
fucosylation branch emerges at the point of intrahepatic 
inflammation caused by the upregulation of FUT6 and 
mediated by pro-inflammatory interleukin-6 (73). 

Normally, we expect to find low sensitivity in NASH 
biomarkers generally, but also narrow cut-points between 
early and advanced NASH. On the contrary, AAT-A3F 
demonstrated the potential to diagnose early NASH 
defined by Brunt stages 0–1 with high accuracy based on a 
distinguishable cut-off range between early and advanced 
stages i.e., 7.9–14.1 μM (73); especially compared to Fuc-
Hpt where the cut-points for NASH and ballooning 
were the same (i.e., 36.1 U/mL) and closely related, 
comparatively speaking, to fibrosis severity prediction at 
38.8 U/mL (66). The respective performance of AAT-
A3F comparing early against progressive NASH produced 
promising AUROC (0.69 vs. 0.68) sensitivity (79% vs. 
38%), specificity (58% vs. 95%), PPV (56% vs. 90%), NPV 
(80% vs. 54%) data suggesting that AAT-A3F could be used 
to stratify and monitor ‘at risk’ NASH patients due it being 
highly sensitive to lobular inflammation and highly specific 
at more progressive stages. 

Targeting protein glycosylation patterns can reveal 
pathway specific tendencies, however, a number of profiling 
techniques are significant (59,65). Using highly sensitive 
gas chromatography mass spectrometry (GC-MS),  
17 glycans of statistical significance were sequenced among 
a profile of 61—with multi and core-fucoslyated glycans 
containing sialic acids increasing diagnostic accuracy—
in addition to agalactosylated non-fucoslyated glycans in 
some instances (59). When we look at the ROC curves for 
the classification of healthy, NAFL and NASH controls 
and compare them to those in the obese cohort, a panel of  
5 glycans demonstrated AUCs for NAFL (0.72 vs. 0.70) and 
NASH (0.69 vs. 0.76) with greater levels of specificity (78% 
vs. 81%) than sensitivity (54% vs. 64%), suggesting higher 
diagnostic accuracy for NAFLD with greater ‘ruling in’ 
potential for NASH—especially in obese cohorts (59). 

Curiously, these performance characteristics dramatically 
improved when integrating lipidomic and glycomic results 

especially. For example, one 20 lipid-glycan panel provided 
high sensitivity (89%) and high specificity (91%) with a 
NASH AUC of 0.96; and an even greater sensitivity (91%) 
and specificity (95%) in the obese cohort with an AUC of 
0.96. This approach demonstrated the huge potential of 
glycomics to significantly enhance diagnostic accuracy; but 
it also revealed the power of a ‘multi-omics’ approach. By 
integrating lipid species, N-glycans and metabolites with 
say hormones and genes—and applying machine learning 
algorithms to complex data sets, the integrated pathways 
of NAFLD phenotypes may well become more predictable 
and prognostic. 

In the short term however, we need to be more realistic. 
The quantification of glycans and other analytes through 
mass spectrometry methods, unfortunately today—is 
operationally complex, expensive and not widely available. 
Notably, it costs $605 for one multi-omics test (59) which 
would far exceed the expectations of clinical laboratories—
public or private. On the other hand, it is now possible to 
apply cost-effective glycomics for liver disease diagnosis on 
affordable capillary electrophoresis systems used routinely 
in clinical laboratories for high-throughput screening of 
rare cancers and blood diseases. For example, the Glyco 
Liver Profile—highlighted elsewhere (65) provides a simple 
method to cleave, label and then separate N-glycans from 
serum by automated capillary electrophoresis—providing 
an all-in-one panel of glycan indices that report separate 
results for inflammation, fibrosis staging, compensated 
cirrhosis and HCC risk. 

A number of publications have reported on the versatility 
of this multi-aetiology application—from NAFLD through 
to paediatric NASH, HCV through to NASH fibrosis, 
Child Pugh A cirrhosis and HCC (67-69,72,74). Given 
the range of this multi-parameter toolbox it could be very 
useful in the context of NAFL patients skipping straight 
to HCC e.g., 34.8% in one regional UK case (75)—
providing an urgent clinical need for sensitive NAFLD 
tools that can stage fibrosis and predict HCC. In principle, 
this approach measures an increase of core fucosylated 
agalactosylated biantennary glycan (e.g., NGA2F) released 
from IgG in relation to a decrease of galactosylated 
nonfucoslyated biantennary glycan (e.g., NA2) cleaved 
from liver synthesised glycoproteins. In previous studies, 
this approach proved very promising and highly sensitive 
in relat ion to NAFLD and NASH with AUCs of  
0.74 (76), 0.66–0.75 (77) and 0.72 (67)—where the degree 
of NASH-related fibrosis was independent of steatosis 
severity and lobular inflammation (76). Whilst glycomics 
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has proved very promising and highly sensitive in relation to  
NAFLD (59), the use of agalactosylated IgG presents 
challenges in the context of other inflammatory diseases 
and interfering co-morbidities (65). On the other hand, 
it could have a significant role to play in the stratification 
and monitoring of NAFL patients with significant fibrosis 
prognosed as either low or high risk of HCC (65). 

Conclusions and future directions 

NAFLD is a multi-system disease following a slow-
progressive clinical course underpinned by alternating 
networks of genes, proteins, metabolites, glycans, and 
hormones, which are also affected by personalized health 
conditions, dietary habits and environmental factors 
coinciding to produce pathological ramifications that 
are, in this disease specifically, inconspicuous and hidden 
from view. Due to the dynamic characteristics of NAFLD 
progression, the currently available diagnostic methods are 
inefficient in depicting the real ongoing situation in the 
liver, mainly because they all provide a “static picture” of 
a particular moment in time. By no means is this useful in 
predicting the progression/regression of NAFL/NASH. 
Thus, the real challenge for the future is to develop 
techniques that are able to provide a “dynamic movie” for 
understanding the ongoing disease pathogenesis.

In the search for non-invasive discriminators of NAFLD 
and NASH with optimum histological accuracy, no single 
biomarker is emerging as the ‘killer application’. On the 
other hand, biomarker panels are emerging through the 
translation pipeline in commercial panels of proteomic, 
lipidomic and glycomic applications that offer high NAFL 
sensitivity and NASH specificity for risk-stratification 
irrespective of fibrosis grading. The development of a 
methacetin breath test with potential for predicting NASH 
liver cirrhosis is also an interesting point-of-care (POC) 
innovation that could be considered for screening (78). 
Nevertheless, the clinical utility and cost-effectiveness 
of these new tests will  need to be proven against 
available biomarkers and scanning modalities, though it 
is encouraging that these specialist tests are becoming 
available on routine chemistry and POC platforms. 

What is perhaps more exciting is the emergence of ‘next-
generation’ tools that pin-point lipid species and metabolites 
involved in down-stream lipogenic and glycolytic pathways 
that lead to alterations in hepatic insulin sensitivity, 
inflammatory homeostasis and lipid toxicity (79)—further 
enhanced by the horizontal integration of cross-correlated 

multi-omics species involving glycans, genes, hormones, 
immune-proteins etc., that may afford greater depth and 
breadth in diagnostic accuracy in ways that are pathway 
specific. Whilst these developments are exciting, clinical 
adoption of these products will be challenged by new 
chemical and in vitro diagnostic (IVD) regulations—in 
addition to high material costs and technology access. 

At the research level, what needs to happen of course is 
the standardization of techniques, cohorts, diets, analytes—
so that we may view the picture of NAFLD disease not as a 
kaleidoscope of fractured patient cohorts and results, but as 
a movie or library of movies—of what is a ‘multi-hit’ disease 
in motion with different starting and end points so that 
we may read and predict the script of NAFLD as a multi-
system disease with phenotype characteristics that we can 
diagnose and forecast. 

In conclusion, there is a need to rethink the approach 
by accepting the use of a more efficient, complex and 
heterogeneous strategy by integrating all the available 
resources. To tackle this ambitious issue, we need to 
take advantage of all the available data, thus we need 
“connectivity” and “blendomics” to obtain information as 
accurate and complete as possible. Patients would need to 
be stratified better according to their metabolic, genomic, 
proteomic, lipidomic, microbiotic changes to create a 
clearer and more comprehensive picture. If we accept this 
challenge, perhaps healthcare systems could be mobilized 
to connect IVD, big pharma, laboratory infrastructures 
and patients through primary care—including access to 
untapped longitudinal patient data sets—so that technology 
translation and therapy development moved as one in an 
accountable framework with the broader goal of creating 
predictable disease pathways and personalized treatment 
strategies. 
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