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ABSTRACT

Aims: Hemoglobin glycation index (HGI), which is the difference between the observed
value of HbA1 and the predicted HbAlc based on plasma glucose levels, represents a mea-
sure of the degree of non-enzymatic glycation of hemoglobin and it has been found to be
positively associated with diabetic complications. Herein we investigated whether HGI is
associated with hepatic steatosis and related biomarkers in subjects without diabetes.
Methods: 1120 White individuals without diabetes were stratified in quartiles according to
HGI levels. Hepatic steatosis was diagnosed by ultrasonography.
Results: As compared with subjects in the lowest quartile of HGI those in the intermediate
and high HGI groups displayed an unfavorable cardio-metabolic risk profile having signifi-
cantly higher values of body mass index (BMI), waist circumference, % fat mass, total
cholesterol, triglycerides, inflammatory markers such as high sensitivity C reactive protein,
erythrocytes sedimentation rate, complement C3, platelets and white blood cell count, hep-
atic insulin resistance assessed by the liver IR index and lower concentrations of high-
density lipoprotein. HGI was positively associated with the biomarker of liver damage ala-
nine aminotransferase, and fatty liver index, an indicator of hepatic steatosis. In a logistic
regression analysis adjusted for age, gender and BMI individuals in the highest quartile of
HGI exhibited a 1.6-fold increased odd of having hepatic steatosis (95% CI: 1.03-2.41;
p =0.03) as compared with subjects in the lowest quartile of HGI.
Conclusions: Higher levels of HGI may identify subjects without diabetes at increased risk of
having hepatic steatosis.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction hepatocellular steatosis to steatohepatitis, which in turn

may lead to cirrhosis, and, ultimately, hepatocellular
Non-alcoholic fatty liver disease (NAFLD) represents a carcinoma [1,2]. NAFLD is the most common cause of liver
spectrum of progressive liver disorders ranging from disease in Western countries affecting up to 46% of the
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general population, and its prevalence continues to rise
worldwide mainly as a consequence of the constantly
increasing prevalence of obesity and diabetes [3,4].

A growing body of evidence suggests that NAFLD is
strongly associated not only with impaired glucose metabo-
lism and obesity [5-7] but also with an increased risk to
develop diabetes mellitus [8-10], and an independent associ-
ation between NAFLD and glycated hemoglobin (HbAlc)
levels has been reported in several studies [11-14|. HbAlc
is the gold standard for evaluating glucose control in
patients affected by diabetes mellitus and for monitoring
the efficacy of therapies [15,16]. Moreover HbAlc is com-
monly used also as a diagnostic test for diabetes and condi-
tions at increased risk of diabetes (the so-called prediabetes)
in accordance with American Diabetes Association (ADA)
recommendation [17].

Importantly, a poor concordance between HbAlc and
other parameters of glucose control is often observed in clin-
ical practice. Indeed, HbAlc and other measures of glycaemia
reflect different aspects of glucose metabolism, the former is
an indicator of the non-enzymatic protein glycation which is
dependent of glucose concentration into erythrocytes
whereas the latter expresses the physiology of glucose in
the extracellular compartment. A mathematical method to
measure the discordance between HbAlc and the predicted
value of HbAlc based on plasma glucose levels has been
developed and termed hemoglobin glycation index (HGI)
[18-21].

HGI is the difference between the observed value of
HbA1l and the predicted HbAlc, which is calculated by
inserting plasma glucose concentration into a population
regression equation expressing the linear association
between HbAlc and circulating glucose levels. HGI repre-
sents a measure of the degree of non-enzymatic glycation
of hemoglobin and it has been found to be positively asso-
ciated with diabetic complications [21,22]. In patients with
type 1 diabetes participating to the Diabetes Control and
Complications Trial (DCCT) it has been observed that a
higher HGI, calculated by using mean blood glucose levels,
was associated with a greater risk of retinopathy and
nephropathy [21]. Furthermore, it has been recently
reported that a higher HGI value, calculated by using fast-
ing plasma glucose in patients with type 2 diabetes partic-
ipating to the Action to Control Cardiovascular Risk in
Diabetes (ACCORD) trial, was associated with diabetic com-
plications and with greater mortality in the intensive treat-
ment group [22]. However, whether HGI is associated with
organ damage also in subjects without diabetes has not
been investigated to date. Remarkably, non-enzymatic pro-
tein glycation is known to be one of the crucial players in
the pathogenesis of NAFLD [2,23,24]. Nevertheless, no stud-
ies have been carried out to assess the correlation between
HGI and NAFLD in subjects without type 2 diabetes. To
address this issue, we sought to evaluate whether HGI is
associated with hepatic steatosis and related biomarkers
in a large cohort of adult White subjects participating to
the CATAnzaro MEtabolic RIsk factors (CATAMERI) study
[14,25-27].

2. Materials and methods

The design of the CATAMERI study has been previously
reported [14,25-27]. The study cohorts include 2055 partici-
pants used to estimate the linear relationship between fasting
plasma glucose and HbA1lc in the study population to calcu-
late the predicted HbA1lc value, and 1120 individuals in whom
hepatic steatosis was assessed by ultrasonography. All partic-
ipants were consecutively recruited at the Department of
Medical and Surgical Sciences of the University “Magna Grae-
cia” of Catanzaro [14,25-27]. Exclusion criteria included: his-
tory of type 1 or type 2 diabetes mellitus, heart failure, end
stage renal disease, haemoglobinopathies or anemia, history
of malignant disease, gastrointestinal diseases associated
with bleeding or malabsorption, autoimmune diseases, acute
or chronic infections, positivity for antibodies to hepatitis C
virus (HCV) or hepatitis B surface antigen (HBsAg), accumula-
tion diseases such as amyloidosis and hemochromatosis, his-
tory of drug abuse, self-reporting alcohol consumption of >20
g/day, and history of treatments known to induce liver injury
including tamoxifen, glucocorticoids, tetracycline, estrogens,
methotrexate, and amiodarone. After a 12-h fasting, all indi-
viduals underwent anthropometrical evaluation including
measurements of BMI, waist circumference, body composi-
tion assessed by bioelectrical impedance and readings of
clinic blood pressure. A 75 g oral glucose tolerance test (OGTT)
was performed with sampling for plasma glucose and insulin
assays. All participants underwent hepatic ultrasonography
with longitudinal, sub costal, ascending, and oblique scans
performed by the same trained operator, who was blind to
their clinical characteristics, using a Toshiba Aplio 50 ultra-
sound apparatus equipped with a 3.5-MHz linear transducer
[14]. The ultrasound criteria used to diagnose fatty liver
included liver and kidney echo discrepancy, the presence of
an increased liver echogenicity or “bright liver, poor echo pen-
etration into the deep portion of the liver, and vascular blur-
ring either singly or in combination. The protocol was
approved by the Hospital ethical committee (Comitato Etico
Azienda Ospedaliera “Mater Domini”) and written informed
consent was obtained from all participants in accordance
with principles of the Declaration of Helsinki.

2.1.  Analytical determinations

HbAlc was measured with high performance liquid chro-
matography using a National Glycohemoglobin Standardiza-
tion Program (NGSP) certified automated analyzer (Adams
HA-8160 HbA1C analyzer, Menarini, Italy). Total and high
lipoprotein density (HDL) cholesterol, triglycerides, and glu-
cose levels were assayed by enzymatic methods (Roche, Basel,
Switzerland). Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels were measured using the a-
ketoglutarate reaction, and gamma-glutamyltransferase
(GGT) levels with the L-gamma-glutamyl-3-carboxy-4-nitroa
nilide rate method (Roche, Basel, Switzerland). Serum insulin
concentrations were determined with a chemiluminescence-
based assay (Immulite®, Siemens, Italy). High sensitivity C
reactive protein (hsCRP) levels were assessed by an
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automated instrument (CardioPhase® hsCRP, Milan, Italy).
White blood cell (WBC) count was determined using an auto-
mated particle counter (Siemens Healthcare Diagnostics
ADVIA® 120/2120 Hematology System, Italy). Erythrocytes
sedimentation rate (ESR) was measured automatically by
the stopped-flow technique in a capillary microphotometer
(Alifax Test 1 System Polverara, Italy) and complement C3
levels were evaluated by an automated nephelometric tech-
nology using the BN™II System analyzer (Siemens Healthcare,
Italy).

2.2.  Calculation of HGI

A random sub-sample of 2055 participants to the CATAMERI
study was used to estimate the linear relationship between
fasting plasma glucose and HbA1lc. Of 2055 participants 1120
individuals were subjected to hepatic steatosis evaluation by
ultrasonography. A predicted value of HbAlc was calculated
by inserting fasting plasma glucose concentration into the
sub-sample linear regression equation (HbAlc = 0.0158 " fast-
ing glucose levels (mg/dl) +4.0311). HGI was calculated by sub-
tracting the predicted value of HbAlc from the observed
HbAlc level for all participants, as previously described
[22,27]. Study participants (1120 subjects) were stratified into
quartiles according to their HGI value.

2.3. Other calculations

The fatty liver index was calculated using the formula: (e”
0.953loge (triglycerides) + 0.139 BMI+0.7187loge (GGT) +
0.053'waist circumference - 15.745)/(1 + e* 0.953loge (triglyc-
erides) + 0.139'BMI + 0.718loge (GGT) + 0.053 waist circumfer-
ence - 15.745) " 100 [28].

The liver insulin resistance index (Liver IR index) was com-
puted using the following formula: —0.091 + (log insulin AUC
0-120 min x 0.400) + (log fat mass% x 0.346) - (log HDL Choles
terol x 0.408) + (log BMI x 0.435) [29].

The Matsuda index of insulin sensitivity was computed as
follows: 10,000/square root of [fasting glucose (mmol/L) x fast-
ing insulin (mU/L)] x [mean glucose x mean insulin during
OGTT] [30].

2.4.  Statistical analysis

Variables with skewed distribution including triglycerides,
fasting and 2 h-post load insulin, AST, ALT, GGT, hsCRP, and
ESR were natural log transformed for statistical analyses.
Continuous data are expressed as means + SD. Categorical
variables were compared by y? test. Anthropometric and
metabolic differences between groups were assessed after
adjusting for age, gender and BMI using a general linear
model with post hoc Fisher’s least significant difference cor-
rection for pairwise comparisons. Relationships between
variables were determined by Pearson’s correlation coefficient
(r). Partial correlation coefficients adjusted for age, and gen-
der were computed between variables. A multivariate logistic
regression analysis was used to determine the association
between the study groups and liver steatosis. A multivariable
linear regression analysis was performed in order to evaluate
the independent contributions of the actual HbAlc and HGI to

NAFLD. The variance inflection factor (VIF) was higher than 5
indicating that multicollinearity among variables was a prob-
lem in the multiple regression models. A P value <0.05 was
considered statistically significant. All analyses were per-
formed using SPSS software programme Version 17.0 for
Windows.

3. Results

Study population comprised 1120 subjects, of whom 530 (47%)
were male. The mean age was 47 + 12 years and mean BMI
was 29 + 6 kg/m?. Anthropometric features and biochemical
findings of the study population stratified according to quar-
tiles of HGI value are shown in Table 1. The cumulative fre-
quency distribution of actual fasting plasma glucose and
HbA1lc are shown in Fig. 1A and B. The distribution of fasting
plasma glucose was similar among the four study groups. By
contrast, the frequency distribution of HbAlc was markedly
different in the four groups.

Significant differences between the four study groups
were observed with respect to age. Indeed, subjects with
higher levels of HGI were more likely to be older than indi-
viduals with lower HGI. After adjusting for age and gender
significant differences between low (quartile 1), intermedi-
ate (quartile 2 and 3), and high (quartile 4) HGI groups
were observed in terms of BMI, fat mass and waist circum-
ference with low, intermediate, and high HGI groups
exhibiting graded increases in these anthropometric
parameters.

By design HbAlc was significantly and positively associ-
ated with HGI, however no differences in fasting and 2 h-
post load glucose levels, area under the curve of glucose
levels during the 120min time period of OGTT (AUC
Glucy.1p0) Were observed between the four study groups.
After adjusting for age, gender and BMI, subjects in the
intermediate and high HGI groups displayed progressively
higher levels of total cholesterol, triglycerides and lower
levels of HDL cholesterol and insulin sensitivity assessed
by the Matsuda index in comparison to individuals in the
lowest quartile of HGI.

Notably after adjusting for age, gender and BMI, sub-
jects in the intermediate and high HGI groups displayed
a graded increase of all the inflammatory markers mea-
sured i.e. hsCRP, ESR, complement C3, platelets and WBC
count in comparison to the individuals in the lowest quar-
tile of HGI

We found a positive and statistically significant relation-
ship between HGI and the biomarker of liver damage ALT,
and fatty liver index, an indicator of hepatic steatosis, with
individuals in the intermediate and high HGI groups exhibit-
ing progressively higher levels of ALT and fatty liver index in
comparison to low HGI group. Individuals in the intermediate
and high HGI groups displayed a graded increase in GGT and
AST levels in comparison to the lowest HGI quartile, however
it did not reach the statistical significance. Furthermore, after
adjusting for age and gender we observed that liver IR index,
an index of hepatic insulin resistance, strongly correlated
with hepatic glucose production and hepatic steatosis, was
progressively increased in the intermediate and high HGI



Table 1 — Anthropometric and metabolic characteristics of the study subjects stratified according to hemoglobin glycation index.

Variables Whole 1 Quartile 2 Quartile 3 Quartile 4 Quartile P
studysubjects (—1.49;—-0.221) (—0.218;-0.0323) (—0.0321;0.178) (0.183;0.978)
Gender (Male/Female) 530/590 137/146 126/150 130/154 137/140 0.74
Age (yrs) 47 +12 446 +13.2 452+12.8 46.5+123°5 51.8 +11.2 55§ <0.0001#
BMI (kg/m?) 29+6 27.9+5.3 28.8+55 8 29.3+5.9 58 30.7 + 6.2 558 <0.0001"
Waist circumference (cm) 100 + 14 97 +12 98 + 14 99+14 5 105 + 15 555 <0.0001"
Fat Mass (%) 32.1+10 31.1+11 31.5+10 32.1+9 34.2+8 558 0.03"
SBP (mm Hg) 126 + 16 126 + 17 124 + 16 125+ 18 129 + 16 0.45
DBP (mmHg) 79 11 79+ 11 77 £ 11 78 + 11 80 + 10 0.25
Fasting glucose (mg/dl) 92+11 93+ 10 92+ 11 92+ 10 92 +12 0.16
2-h post-load glucose (mg/dl) 121+ 31 117 + 32 118 £ 31 121+ 31 130 + 30 0.12
AUC 0-120 Glucose (mg/dl'h) 273 + 60 265 + 61 264 + 57 270 + 58 291+ 59 0.08
Fasting insulin (uU/ml) 14+9 12+7 14 + 10 13+ 8 15+ 10 0.75
2-h insulin (uU/ml) 102 + 90 83+79 102 + 80 100 + 89 120+ 90 § 0.08
Matsuda insulin sensitivity index 70 + 44 78 + 48 75 + 50 67 +48 S 59 + 39 588 0.02
(mg x L? x mmol "’ x mU ' x min™?
HbAlc (%) 5.4+0.3 5.1+0.3 5.4+0.2 558 5.6+0.2 55§ 5.8+0.2 55§ <0.0001
Total cholesterol (mg/dl) 199 + 38 192 + 37 200+ 37 § 200 + 36 § 204 + 39 S5 0.03
HDL (mg/dl) 52+14 53+ 14 52+13 52+13 49+15°8 0.03
Triglycerides (mg/dl) 120 + 69 111 + 66 115 + 68 118 + 62 137 + 76 558 0.005
hsCRP (mg/l) 3+3 25+3 29+3° 3.0+3 58 3.7 +3.4 55§ 0.01
Complement C3 (g/1) 1.17 £0.2 1.12+0.2 1.15+0.2 1.18 +0.2 1.22+0.2 0.02
ESR (mm/h) 11+9 84+8 10+ 8 5§ 11+9 558 14 + 10 555 <0.0001
WBC count (x10%/1) 6774 + 1871 6164 + 1509 6793 = 1736 555 6932 = 2152 555 7214 + 1870 558 <0.0001
Platelets count (x10%/1) 250 + 63 230 + 59 255 + 62 55§ 252 + 64 55§ 261 + 64 55§ <0.0001
ALT (UI/1) 24+ 16 23+13 24+ 14 24 +15 27 +16 55 0.04
AST (UV/]) 22+9 20+7 21+8 22 +11 23+11 0.13
GGT (UI/1) 26 + 25 24 + 20 24+ 16 26 + 32 29 + 27 0.35
Fatty liver index 53.4 + 30 46.3 =30 514+30° 53.3+30 5§ 62.4 + 29 555 <0.0001°
Liver IR index 2.99 + 0.4 2.85+0.4 2.96+04 5 3.03+0.3 5§ 3.12 £ 0.4 558 <0.0001"
Hepatic steatosis No (%) 283 (28.4%) 52 (20.7%) 64 (27.6) 73 (28.2%) § 94 (37%) 555 0.001

Data are means + SD. Fasting and 2-h insulin, triglycerides, AST, ALT, GGT, hsCRP, and ESR were log transformed for statistical analysis, but values in the table represent back transformation to the
original scale. Categorical variables were compared by y? test. Comparisons between the four groups were performed using a general linear model with post hoc Fisher’s least significant difference
correction for pairwise comparisons. P values refer to the trend (ANCOVA) with adjustment for age, gender, and BMIL. #P values refer to results after analyses with adjustment for gender. P values refer
to results after analyses with adjustment for gender and age.

BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; hsCRP: high sensitivity C reactive protein; ALT: alanine aminotransferase; AST: aspartate aminotransferase; GGT:

gamma-glutamyltransferase; HDL: high density lipoprotein; ESR: erythrocytes sedimentation rate; WBC: white blood cell; Liver IR index: liver insulin resistance index.

§ P < 0.05 vs Quartile 1 of HGI.
88 P < 0.01 vs Quartile 1 of HGI.
888 p < 0.001 vs Quartile 1 of HGI.
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Fig. 1 - Gumulative frequency distribution of fasting plasma glucose levels in quartile groups of HGI (A). Cumulative frequency

distribution of the observed HbA1c levels in HGI groups (B).

groups in comparison to the lowest HGI quartile. Accordingly,
we observed a progressive increase in the prevalence of hep-
atic steatosis diagnosed by ultrasonography in low, interme-
diate, and high HGI groups (Table 1).

Age and gender adjusted univariate correlations between
HGI levels and anthropometric and metabolic variables in
the whole study population are shown in Table 2. HGI was
positively correlated with BMI, waist circumference, total
cholesterol, triglycerides, 2 h post-load glucose, HbAlc, fast-
ing and 2 h post-load insulin levels and inversely associated
with HDL concentrations and insulin sensitivity degree
assessed by Matsuda index. Moreover a positive and

significant relationship was found between HGI and the
inflammatory markers hsCRP, ESR, complement C3, platelets
and WBC count. Importantly HGI was positively associated
with ALT, AST and GGT concentrations, and with fatty liver
index and liver IR index levels.

A logistic regression analysis adjusted for age, and gender
was used to determine the association between the four HGI
groups and liver steatosis. As compared with individuals in
the lowest quartile of HGI, those in the highest quartile of
HGI had a significantly 2.2-fold increased odd of having hep-
atic steatosis (Table 3). Neither age nor gender were associ-
ated with increased risk of hepatic steatosis. After adding
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Table 2 — Age and gender adjusted univariate correlations between HGI and anthropometric and metabolic variables.

HGI P
r P

BMI (kg/m?) 0.18 <0.0001
Waist circumference (cm) 0.18 <0.0001
Total cholesterol (mg/dl) 0.07 0.02
HDL cholesterol (mg/dl) —0.10 0.001
Triglycerides (mg/dl) 0.13 <0.0001
Fasting glucose (mg/dl) —0.06 0.06
2-h glucose (mg/dl) 0.11 0.001
HbA1lc (%) 0.89 <0.0001
Fasting insulin (pU/ml) 0.12 <0.0001
2-h insulin (WU/ml) 0.12 <0.0001
Matsuda Insulin Sensitivity index (mg x L? x mmol™* x mU ™' x min™? -0.15 <0.0001
hsCRP (mg/l) 0.19 <0.0001
Complement C3 (g/1) 0.18 <0.0001
ESR (mm/h) 0.24 <0.0001
WBC count (x10%1) 0.24 <0.0001
Platelets count (x10%/1) 0.18 <0.0001
ALT (U1/]) 0.11 <0.0001
AST (UV/]) 0.09 0.003
GGT (U1/]) 0.08 0.01
Fatty liver index 0.22 <0.0001
Liver IR index 0.26 <0.0001

BMI: body mass index; hsCRP: high sensitivity C reactive protein; ALT: alanine aminotransferase; AST: aspartate aminotransferase; GGT:
gamma-glutamyltransferase; HDL: high density lipoprotein; ESR: erythrocytes sedimentation rate; WBC: white blood cell; Liver IR index: liver

insulin resistance index.

Table 3 — Odds ratios (95% CI) by multiple logistic regression models for hepatic steatosis in relation to HGI groups.

Hepatic steatosis

Study groups OR
Model 1

Quartile 1 of HGI(reference category) 1
Quartile 2 of HGI 1.46
Quartile 3 of HGI 1.49
Quartile 4 of HGI 2.18
Model 2

Quartile 1 of HGI(reference category) 1
Quartile 2 of HGI 1.29
Quartile 3 of HGI 1.31
Quartile 4 of HGI 1.57
Model 3

Quartile 1 of HGI(reference category) 1
Quartile 2 of HGI 1.36
Quartile 3 of HGI 1.38
Quartile 4 of HGI 1.58

95%CI

0.96-2.23
0.99-2.25
1.45-3.27

0.84-1.97
0.84-2.02
1.03-2.41

0.88-2.11
0.91-2.11
1.04-2.43

0.076
0.053
<0.0001

0.247
0.231
0.03

0.162
0.13
0.03

Model 1: adjusted for age, and gender; Model 2: Model 1 + BMI; Model 3: Model 1 + waist circumference.

BMI to the logistic regression model in addition to age and
gender, the odd of subjects in the highest quartile of HGI to
have hepatic steatosis was attenuated (1.6-fold), but it
remained significant (Table 3). Similar results were obtained
when waist circumference was included in the logistic regres-
sion model in addition to age and gender (Table 3).

4, Discussion

Individuals with HbAlc values persistently lower or higher
than expected relatively to their blood glucose levels have
been identified in several studies where blood glucose was
estimated based on fasting plasma glucose [22], self-
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monitored blood glucose [18,19,31,32], continuous glucose
monitoring data [20,33], and classified as high or low glyca-
tors. HGI is a measure of the disagreement between the
observed value of HbAlc and the one predicted on the basis
of blood glucose levels and it is thought to be an indicator
of the degree of hemoglobin glycation. Hempe et al. [18] and
McCarter et al. [21] have observed that a higher HGI level, cal-
culated using self-glucose monitoring data to predict the
value of HbAlc, is associated with a greater risk of developing
nephropathy and retinopathy in patients with type 1 diabetes.
Several studies have demonstrated a positive association
between micro- and macrovascular complications of type 2
diabetes and glycation gap, an analogue measure of the dis-
cordance between the observed and the predicted levels of
HbAlc, calculated as HGI except that fructosamine concen-
trations replace blood glucose levels in the formula used to
calculate predicted HbAlc [34-37]. An increased HGI level, cal-
culated using fasting plasma glucose concentration to predict
HbA1lc value, has been recently shown to identify a subgroup
of the ACCORD population with a greater risk of diabetic com-
plications, hypoglycemia and total mortality [22]. Moreover
we have recently found that higher HGI levels may identify
subjects with an increased risk of vascular atherosclerosis
also among individuals without diabetes [27].

In the present cross-sectional study, for the first time, we
report an association between HGI and liver steatosis in sub-
jects not affected by diabetes. We observed that individuals
with higher HGI levels have an increased risk to have hepatic
steatosis assessed by ultrasonography as compared to indi-
viduals with lower HGI independently of confounders such
as BMI, age and gender. In addition subjects with higher HGI
levels displayed a worse metabolic risk profile having greater
levels of BMI, visceral adiposity, triglycerides and total choles-
terol, liver biomarkers, such as ALT, hsCRP, fatty liver index
and lower levels of HDL cholesterol and insulin sensitivity
assessed by Matsuda index in comparison to subjects with
lower HGI. Furthermore, we found a positive association
between HGI and inflammatory status, indeed subjects with
higher HGI levels exhibited increased levels of inflammatory
biomarkers including hsCRP, C3 complement, ESR, WBC and
platelets count in comparison to individuals in the low HGI
group. Importantly, no significant differences in fasting and
post-load glucose concentrations were observed between
the study groups, suggesting that the association between
HGI and NAFLD is independent of other measures of glucose
homeostasis.

The pathophysiological mechanisms involved in the asso-
ciations between HGI and NAFLD are still indefinite. HGI has
been shown to reflect the burden of AGEs in the tissues [38],
raising the possibility that subjects with high HGI have
increased levels of AGEs in the liver. There is accumulating
evidence that activation of RAGE downstream pathway by
AGEs may promote pro-inflammatory reactions and impair
insulin signaling, thus contributing to the development and
progression of NAFLD [23,24]. Hepatic insulin resistance, is
known to play a crucial role in hepatic fat accumulation
[2,8,39]. On the other hand ectopic lipid deposition in the liver
has been shown to activate pro-inflammatory pathways and
promote insulin resistance, thus leading to a vicious circle
that promotes NAFLD development. Accordingly we observed

a greater degree of hepatic insulin resistance, estimated by
liver IR index, a validated surrogate index of hepatic insulin
resistance [29], in subjects with higher HGI as compared with
those having a lower value of HGI.

Chronic inflammation is thought to be a core component
of NAFLD [2,40-42]. Indeed, inflammation may impair insulin
signalling, exacerbate liver fatty infiltration, induce endoplas-
mic reticulum stress and oxidative stress, promoting eventu-
ally progression of NAFLD to more advanced forms of liver
disease [40-42]. We observed that subjects having a higher
value of HGI exhibited increased levels of inflammatory
biomarkers independently of other confounding factors sug-
gesting that a greater degree of non-enzymatic glycation of
intracellular proteins may play a pathogenic role in inducing
low-grade chronic inflammation.

Moreover, visceral obesity and the consequent adipose
metabolic dysfunction represent important risk factors for
the development and progression of NAFLD [43,44]. Obesity
may lead to an imbalanced production of pro- and anti-
inflammatory adipokines secreted from adipose tissue, which
contributes to the pathogenesis of NAFLD. In particular a
decreased release of adiponectin, an adipokine known to
exert anti-inflammatory and insulin-sensitizing effects, has
been found to play a crucial role in the pathogenesis of NAFLD
[43,44]. Accordingly we found that HGI levels were positively
associated with measures of visceral obesity such as BMI,
waist circumference and % fat mass.

Taken together our results support the idea that HGI may
be a useful parameter to identify among non-diabetic individ-
uals with similar levels of HbAlc those with a “high glyca-
tion” phenotype and an increased risk of having hepatic
steatosis and related metabolic abnormalities, who may
mostly benefit from lifestyle or pharmacological interven-
tions aimed to prevent or delay adverse clinical outcomes.

The present study has some limitations. First, the diagno-
sis of liver steatosis was performed by ultrasound scanning
rather than by invasive methods such as liver biopsy or
expensive non-invasive approaches such as proton magnetic
resonance spectroscopy or computed tomographic scanning.
However, ultrasonography is the most commonly used
method to diagnose hepatic steatosis in clinical practice and
epidemiological studies. Second, all biochemical variables,
including plasma glucose during OGTT and HbAlc, were mea-
sured once, a common limitation to most large epidemiolog-
ical studies, and small day-to-day changes would be
expected. Third, hepatic insulin resistance was assessed by
liver IR index rather than by clamp studies combined with
tracer techniques which are invasive and expensive methods
and consequently not feasible in large scale studies. However,
liver IR index has been previously validated against measure-
ment of hepatic glucose production using tracers [29]. Fur-
thermore, the information on alcohol intake was assessed
by self-reported questionnaire, thus the true daily alcohol
consumption may have been underestimated. Next, the pre-
sent findings are only based on White individuals, and
whether the results can also be extended to other ethnic
groups is unknown. Indeed, previous studies have shown that
HbAlc levels are higher among Blacks, Hispanics, American
Indians, and Asian Americans compared to Whites [45]. More-
over, the study included only subjects without diabetes
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carrying at least one risk factor for type 2 diabetes, thus the
results may not be generalizable to the general population
or to patients with type 2 diabetes, and we cannot recom-
mend the use of the CATAMERI regression equation in other
populations. Additionally, the cross-sectional design of the
study reflects only an association with prevalent and not inci-
dent NAFLD, and precludes us to draw any conclusion about
cause and effect relationship between the degree of non-
enzymatic glycation of intracellular proteins assessed by
HGI and liver fat accumulation.
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