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Abstract

Background: Nonalcoholic fatty liver disease (NAFLD) and type 2 diabetes mellitus (T2DM) often coexist and have
adverse outcomes. The aim of our study was to elucidate metabolic abnormalities in patients with DM-NAFLD
versus those with T2DM alone.

Methods: Patients were divided into two groups: 26 T2DM patients with NAFLD and 26 gender-, age-, and body
mass index-matched patients with T2DM alone. Patients took a 75-g oral glucose tolerance test (OGTT), which
measured serum insulin and C-peptide (C-p) levels at baseline (0 min), 30 min, 60 min, and 120 min after glucose
challenge.

Results: Patients with DM-NAFLD or T2DM alone had similar blood glucose levels. B-cell hypersecretion was more
obvious in patients with DM-NAFLD. In addition, fasting, early-phase, and late-phase C-peptide levels were significantly
increased in patients with DM-NAFLD (AC-p 0-30 min, P < 0.05; Area Under the Curve (AUC) C-p/PG 30-120 min ratio,
P <0.01; and AUC C-p 30-120 min, P < 0.01). Hepatic and extrahepatic insulin resistance during the OGTT did not differ
significantly between groups. Hepatic insulin sensitivity independently contributed to the early phase (0-30 min) of the
OGTT in patients with T2DM and NAFLD, whereas a significant deficit in late insulin secretion independently
contributed to the 30-120 min glucose status in patients with T2DM only.

Conclusions: In patients with similar levels of insulin resistance and hyperglycemia, DM-NAFLD was associated
with higher serum insulin levels than T2DM alone. Hyperinsulinemia is caused mainly by (3-cell hypersecretion.
The present study demonstrates pathophysiological differences in mechanisms of insulin resistance in patients
with DM-NAFLD versus T2DM alone.
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Background

Nonalcoholic fatty liver disease (NAFLD) and type 2 dia-
betes mellitus (T2DM) are two of the most common
chronic diseases worldwide. Because they share the
pathogenic abnormalities of excess adipose tissue and in-
sulin resistance, both NAFLD and T2DM frequently co-
exist [1], and the adverse outcomes of each can overlap
in affected individuals. T2DM is a risk factor for pro-
gressive liver disease and liver-related death in patients
with NAFLD, and NAFLD may be a marker of increased
cardiovascular risk and mortality in individuals with
T2DM [1], whereas patients with both NAFLD and
T2DM have poorer prognoses in terms of increased car-
diovascular and liver-related mortality [2].

Although the pathophysiology of NAFLD and T2DM
are intimately linked, evidence from rodent and human
models suggests that distinct molecular pathways serve
the ability of insulin to promote lipogenesis and suppress
gluconeogenesis [3]. Under normal circumstances, insu-
lin stimulation of the insulin receptor (INSR) activates
independent arms of the signaling pathway: (1) AKT2
activation, phosphorylation of FOXO1, and inhibition of
gluconeogenic gene transcription, leading to decreased
glucose output; (2) activation of SREBP-1c-targeted lipo-
genic genes, leading to secretion of triglyceride (TG)-
rich very low density lipoproteins (VLDLs). Patients with
INSR mutations or INSR antibodies showed severe
hyperglycemia and hyperinsulinemia but normal plasma
lipid levels. Mutations in the AKT2 gene impair the
inhibition of gluconeogenesis, without abolishing the
lipogenic effect of insulin, resulting in increased blood
glucose as well as hepatosteatosis and metabolic dyslip-
idemia, with elevated plasma TG and depressed high-
density lipoprotein cholesterol levels [4].

Insulin-resistant patients with liver steatosis, compared
with insulin-sensitive individuals, have greater insulin re-
sponses and lower hepatic insulin clearance, leading to
hyperinsulinemia [5]. T2DM patients with NAFLD could
also have different metabolic characteristics when com-
pared with patients with T2DM only. The demonstration

Table 1 Baseline characteristics of the patients
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of metabolic abnormalities that differ between patients
with DM-NAFLD and those with T2DM only may pro-
vide the framework for developing effective treatment
strategies for both groups of patients.

Results

The characteristics of the patients are shown in Table 1.
Age, gender, and BMI were well matched between pa-
tients with and without NAFLD. NAFLD was diagnosed
based on the clinical information, and the diagnosis was
confirmed using MRS.

Given the different degrees of hyperglycemia in T2DM
patients, the plasma glucose curves during the OGTT
were initially investigated regarding the pathophysiology
of glucose intolerance in patients with DM-NAFLD and
those with T2DM only. As shown in Figure 1, the glu-
cose curves were very similar, and the plasma glucose
levels were not significantly different between patients
with DM-NAFLD and those with T2DM only. There was
an initial rapid increase in the plasma glucose concentra-
tion between 0 and 30 min, and a gradual increase be-
tween 30 and 120 min. The peaks of the glucose levels
occurred at 120 min, and then were reduced and remained
at a markedly increased level between 120 and 180 min.

The C-peptide concentration curves (Figure 2) had a
shape very similar to that of the glucose curves. C-peptide
concentrations were significantly higher in patients with
DM-NAFLD compared with those with T2DM only, at
fasting, and at 30 min, 60 min, and 2 h after glucose chal-
lenge (Figure 2).

To investigate the etiology of the different patterns of
insulin secretion between the T2DM patients with or
without NAFLD, the C-peptide response to glucose load
was analyzed (Table 2). Significant C-peptide hypersecre-
tion occurred in patients with DM-NAFLD during the
fasting, early, and late phases of the OGTT. This hyper-
secretion, however, was no longer evident after the fast-
ing C-peptide was normalized to the fasting plasma
glucose (FPG). By contrast, following the glucose load
and considering early, late, and total -cell secretion, the

T2DM T2DM + NAFLD P-value

Number of patients 26 26 NS
Female 15 16 NS
Age in years 5492 52.38 NS
BMI (kg/m?) 282 +3.7 kg/m? 27.2 6 +36 kg/m? NS

Fat content in the liver (%) 24001 69.09 +0.51 <0.01
Fasting plasma glucose (mmol/l) 9.26 + 267 9.15+277 NS
Plasma glucose at 120 min (mmol/l) 1565+392 15824286 NS
Glucose pyc (mmol-17"-h™) 1787.71 + 413,694 1746.75 + 30148 NS

Data are means + SD. Student’s t-test (differences between patients with DM-NAFLD and those with T2DM only). Fat content in the liver (%) were measured by
magnetic resonance spectroscopy (MRS) and expressed by the ratio of fat/water of the liver.
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Figure 1 Plasma glucose during OGTTs performed in patients
with DM-NAFLD and those with T2DM only. Plasma glucose
concentrations at 0, 30, 60, 120, and 180 min after the OGTT was
administered. P > 0.05 for each timepoint.

ratio of incremental C-peptide to incremental plasma
glucose was still significantly higher in patients with DM-
NAFLD than in those with T2DM only (AC-p/PG 30 min
ratio, P=0.011; C-p/PG 120-180 min ratio, P =0.025;
Area Under the Curve (AUC) C-p/PG ratio, P=0.007).
The insulin resistance index (HOMA-IR) and muscle
insulin sensitivity index during the second hour of the
OGTT were similar in patients with DM-NAFLD and
those with T2DM only.

Multiple linear regression analysis was performed to
evaluate the impact of hepatic insulin sensitivity and
suppression of endogenous glucose production (EGP),
peripheral insulin sensitivity in muscle, and the pattern
of insulin release on the variability in the OGTT
(Table 3). HOMA-IR and HOMA-B was negatively asso-
ciated with EGP in both patients with DM-NAFLD and
patients with T2DM only. A significant positive effect of
early-phase insulin sensitivity was associated with the
AUC of PG levels at 0-30 min only in patients with
DM-NAFLD (Bate = 0.625, P=0.001) and a negative ef-
fect of insulin secretion was associated with the AUC of
PG levels at 30-120 min only in patients with T2DM
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Figure 2 Plasma C-peptide concentrations during OGTTs
performed in patients with DM-NAFLD and those with T2DM
only. Plasma C-peptide concentrations at 0, 30, 60, 120, and

180 min after the OGTT was administered.
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only (Bate=-0.413, P=0.036). The indicators of late
phase-insulin secretion showed a similar negative effect
on PG 120-180 min levels in both patients with DM-
NAFLD and those with T2DM only.

Discussion

Although patients with DM-NAFLD or T2DM only
showed no difference in age, BMI, FPG, and glucose in-
tolerance, they exhibited significantly different degrees
of impairment in insulin secretion and insulin resistance
as determined by a 75-g standard OGTT. This study
showed that patients with DM-NAFLD had higher plasma
C-peptide concentrations than those with T2DM only
most likely to suppress EGP and also in response to vari-
ation in plasma glucose during the OGTT.

Proposed mechanisms of hyperinsulinemia have been
reported by several authors, including increased insulin
secretion by the pancreas, diminished hepatic insulin ex-
traction, or a combination of the two. In advanced liver
disease, insulin clearance is decreased and is considered
one of the main causes of hyperinsulinemia in patients
with liver cirrhosis [6-8]. Because fat accumulation in
the liver may affect insulin clearance [9], it has long been
debated whether impaired insulin clearance in patients
with NAFLD is one of the causes of hyperinsulinemia
[10]. To investigate true pancreatic insulin secretion,
which excludes the effects of insulin extraction by the
liver with exogenously administered insulin and insulin
sensitizing, we used C-peptide to monitor the average -
cell insulin secretion. C-peptide is secreted by pancreatic
B-cells in equal amounts with insulin; however, unlike
insulin, C-peptide is not extracted by the liver and has a
constant peripheral clearance [11-13]. Thus, plasma C-
peptide concentrations may reflect true pancreatic insu-
lin secretion more accurately than the level of plasma
insulin itself. Significant -cell hypersecretion appeared
in patients with DM-NAFLD after glucose loading during
fasting, early, and late phases based on the total AUC of
plasma C-peptide concentrations after the OGTT, com-
pared with non-NAFLD patients who were well matched
for baseline glycemic parameters. The [-cell hypersecre-
tion, however, was no longer obvious when the fasting
C-peptide was normalized to the FPG. By contrast,
following the glucose load, the ratio of incremental C-
peptide to incremental plasma glucose levels was still sig-
nificantly higher in patients with DM-NAFLD than in
those with T2DM only. This could be explained by signifi-
cant additional B-cell insulin secretion in patients with
DM-NAFLD following oral glucose administration.

Insulin sensitivity and insulin secretion are reciprocally
related. Reduced insulin sensitivity and compensatory
hyperinsulinemia play key etiologic roles in the develop-
ment of NAFLD [14-16]. In our study, hepatic insulin
resistance, as calculated by HOMA-IR (derived from
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Table 2 Insulin secretion and insulin sensitivity in patients with DM-NAFLD and those with T2DM only

T2DM T2DM + NAFLD P-value
Fasting C-peptide (nmol/l) 156+09 22+097 0.045
2-h OGTT 337 +£1.66 495+2.16 0.008
AC-peptide 30 min (pmol/l) 0.506 0.9 097 +0.74 0.045
AC-p/PG 30 min ratio 0.137£0.1 0247 £0.182 0.011
AUC C-p (pmol/l) 32339+161.13 466.71 +208.51 0.007
AUC C-p/PG ratio 0.18+0.09 027+0.13 0.008
AUC C-p 30-120 min (pmol/l) 25516+ 12893 3859+ 178.06 0.003
AUC C-p/PG 30-120 min ratio 0.186 + 0.097 0.281+0.139 0.006
AUC C-p 120-180 min 105.55 £48.21 14921 £ 67.54 0.009
AUC C-p/PG 120-180 min 0.235+£0.128 0619+0.179 0.025
Muscle insulin sensitivity index 0209+ 1.71 0.34£056 NS
HOMA2-B% 97.62 +50.66 107.33 £44.836 NS
HOMA2-5% 3139+ 2031 2365+11.97 NS
HOMA-IR 444+ 25 54+29 NS

Data are means + SD; A, incremental; NS, P> 0.05 by Student’s t-test.

FPG and fasting plasma insulin concentrations), was
not significantly different between patients with DM-
NAFLD and those with T2DM only. The muscle insulin
sensitivity index was measured by the rate of decline in
plasma glucose concentration divided by the plasma insu-
lin concentration. The decline from the peak plasma
glucose concentration during the OGTT primarily re-
flects glucose uptake by peripheral tissues such as skeletal
muscle. This index showed a good correlation with the
muscle insulin sensitivity measurement by the euglycemic-
hyperinsulinemic clamp in obese patients with normal glu-
cose tolerance (r=0.78, P <0.0001) [17]. The patients with
DM-NAFLD and those with T2DM only had similar
muscle insulin sensitivities at 120—180 min following the
glucose load as plasma glucose levels began to decline.

The present study also examined the difference in the
relative contributions of both insulin secretion and insu-
lin sensitivity to the suppression of EGP and variations
in oral glucose tolerance in patients with DM-NAFLD
and those with T2DM only. A predominantly positive
association between HOMA-IR and FPG and a negative
association between HOMA-B and FPG were observed

in both groups. Patients with DM-NAFLD and those
with T2DM only manifested similarly severe defects in
late-phase insulin in responses to oral glucose intake. In
addition, hepatic insulin sensitivity independently con-
tributed to the early phase (0-30 min) of the OGTT in
patients with T2DM and NAFLD, whereas a significant
deficit in late-phase insulin secretion independently con-
tributed to glucose disposal into peripheral tissues at
30-120 min during the OGTT in the T2DM-only group.
This could be explained by the different postreceptor de-
fects leading to insulin resistance and the different pat-
terns of impaired insulin secretion between patients with
DM-NAFLD and those with T2DM only.

Our data suggest that relative hyperinsulinemia is
characteristic of patients with DM-NAFLD compared
with those with T2DM only. Hyperinsulinemia in pa-
tients with DM-NAFLD is caused primarily by B-cell hy-
persecretion in response to a similar degree of insulin
resistance and the equivalent level of hyperglycemia in
patients with T2DM only during the OGTT. This dis-
tinct difference in the underlying pathophysiology of pa-
tients with DM-NAFLD and those with T2DM only may

Table 3 Multiple linear regression analysis of plasma glucose with each of the dependent variables

Fasting AUC PG AUC PG AUC PG
(PG 0 min) 0-30 min 30-120 min 120-180 min
Bate Sig Bate Sig Bate Sig Bate Sig
T2DM + NAFLD Insulin sensitivity 0.634 0.001* 0.625 0.001* 0378 0.057 0.042 0.839
Insulin secretion —-0.545 0.004* 0.118 0.566 —-0.355 0.075 -0.570 0.002%
T2DM Insulin sensitivity 0413 0.036* 0.099 0.629 0.038 0.855 0.155 0.449
Insulin secretion -0.626 0.001* -0.227 0.265 -0413 0.036* -0.657 0.000*

The variation in the OGTT with each of the dependent variables: Insulin sensitivity = HOMA-IR, muscle insulin sensitivity index; Insulin secretion = AC-p/PG 30 min
ratio, AC-p/PG 30 min ratio, AUC C-p/PG 30-120 min ratio, AUC C-p/PG 120-180 min. *, P < 0.05.
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have consequences for clinical outcomes. Clearly, there
are limitations that hinder adjusting the insulin dose by
measuring the plasma glucose value alone. Exogenously
administered insulin does not mimic endogenous insulin
secretion [18]. Thus, therapeutically increasing insulin
doses may result in increased peripheral hyperinsuline-
mia in patients with DM-NAFLD, further increasing the
risk of hypoglycemia. Additionally, studies have shown
that insulin directly promotes fat accumulation in liver
cells, further contributing to nonalcoholic steatohepatitis,
which is an increasingly frequent cause of cirrhosis, hepa-
tocellular carcinoma, and liver failure [19,20]. Increasing
exogenously administered insulin doses results in further
peripheral hyperinsulinemia, which may worsen NAFLD.

Conclusions

In patients with similar levels of insulin resistance and
hyperglycemia, DM-NAFLD was associated with higher
serum insulin levels than T2DM alone. Hyperinsulinemia
is caused mainly by B-cell hypersecretion. The results de-
scribed herein highlight the key pathophysiological differ-
ences distinguishing patients with DM-NAFLD compared
with those with T2DM only and demonstrate the critical
role of hyperinsulinemia in the disease process. There re-
mains a need for new interventions for delaying or pre-
venting the onset of NAFLD, which should not only
suppress hepatic gluconeogenesis but also aim to reduce
patients’ plasma insulin levels.

Methods

Patients

The study was approved by the institutional review board
of the Shanghai 10™ People’s Hospital of Tongji Univer-
sity. Written informed consent was obtained from all
study participants. A total of 52 Chinese patients with
T2DM who met American Diabetes Association diagnos-
tic criteria (fasting glucose >7.0 mmol/l and 2-h glucose
>11.1 mmol/l) [21] and had NAFLD (n=26) were re-
cruited or invited to participate in the study. Both groups
were matched for gender, age, and body mass index
(BMI). The patients with and without NAFLD were diag-
nosed by magnetic resonance spectroscopy (MRS). The
exclusion criteria were as follows: I) alcohol consumption
>20 g/day; and 2) no serological evidence of autoimmune
hepatitis or hepatitis A, B, or C, or clinical signs or symp-
toms of inborn errors of metabolism or a history of using
toxins or drugs known to induce hepatitis. All the study
participants were ethnic Han Chinese.

Oral glucose tolerance test (OGTT)

After an overnight fast for 10 h, an indwelling catheter was
inserted into a forearm vein, and blood samples were ob-
tained 15 min before the 75-g OGTT, and then at intervals
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of 0, 30, 60, 120, and 180 min for the measurement of
plasma glucose and C-peptide (C-p) concentrations.

C-p, insulin, and glucose assays

Blood was collected into fluoride oxalate-containing
tubes for measurement of glucose (YSI 2300; YSI, Hants,
UK) and lithium-heparin-containing tubes for measure-
ment of C-peptide levels. The within- and between-assay
coefficients of variation were 5.4% and 8.8%, respectively,
for the C-peptide assay and 4.1% and 8.8%, respectively,
for the insulin assay.

Calculations

We measured C-peptide concentrations during the
OGTT at the following timepoints: fasting plasma C-
peptide concentration (C-p 0 min), early-phase plasma
C-peptide concentration (C-p 0-30 min), plasma C-p
concentration (C-p 30-120 min), and late-phase plasma
C-peptide concentration (C-p 120-180 min), based on
the plasma glucose curve of the patients during the
OGTT [17]. As indicators of hepatic insulin resistance,
we used the homeostasis model assessment (HOMA) in-
sulin resistance index (HOMA-IR) [22]. The muscle in-
sulin sensitivity index used in the study was defined as
dG/dt divided by the mean C-peptide concentration dur-
ing the OGTT, where dG/dt is the rate of decline in
plasma glucose concentration and is calculated as the
slope of the least square fit to the decline in plasma glu-
cose concentration from peak to nadir. The areas under
the curve were calculated by the trapezoidal rule for
each of the time periods [23,24].

Statistical analysis

All data are presented as means + standard deviation
(SD). For comparison between groups, Student’s ¢-test was
used. To compare the mean of more than two groups,
one-way analysis of variance (ANOVA) was used. Multiple
stepwise linear regression analysis was used to study the
independent influence of insulin response and hepatic and
extrahepatic insulin sensitivity on the plasma glucose vari-
ability during the OGTT. Results were considered statisti-
cally significant at P value less than 0.05.
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