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■ Abstract 
Islet autoimmunity in type 1 diabetes results in the loss of 
the pancreatic β-cells. The consequences of insulin defi-
ciency in the portal vein for liver fat are poorly understood. 
Under normal conditions, the portal vein provides 75% of the 
liver blood supply. Recent studies suggest that non-alcoholic 
fatty liver disease (NAFLD) may be more common in type 1 
diabetes than previously thought, and may serve as an inde-
pendent risk marker for some chronic diabetic complica-
tions. The pathogenesis of NAFLD remains obscure, but it 
has been hypothesized that hepatic fat accumulation in type 
1 diabetes may be due to lipoprotein abnormalities, hyper-
glycemia-induced activation of the transcription factors car-
bohydrate response element-binding protein (ChREBP) and 

sterol regulatory element-binding protein 1c (SREBP-1c), 
upregulation of glucose transporter 2 (GLUT2) with subse-
quent intrahepatic fat synthesis, or a combination of these 
mechanisms. Novel approaches to non-invasive determina-
tions of liver fat may clarify the consequences for liver me-
tabolism when the pancreas has ceased producing insulin. 
This article aims to review the factors potentially contribut-
ing to hepatic steatosis in type 1 diabetes, and to assess the 
feasibility of using liver fat as a prognostic and/or diagnostic 
marker for the disease. It provides a background and a case 
for possible future studies in the field. 
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Introduction 
 

 ccumulation of liver fat in patients with type 
 1 diabetes has long been reported [1]. How- 
 ever, in contrast to the attention given to 

non-alcoholic fatty liver disease in type 2 diabetes 
[2, 3], the etiology, prevalence, and consequences 
of hepatic steatosis in type 1 diabetes remain 
poorly understood. The lack of attention could be 
attributed to the greater prevalence of type 2 dia-
betes as compared to type 1 diabetes, and the asso-
ciation of type 2 diabetes with obesity, which is a 
well-established risk factor for fatty liver. 

This article is organized as follows: the first 
section deals with physiological processes related 
to the hepatic handling of insulin which could be 
affected in type 1 diabetes and which play a role in 

non-alcoholic fatty liver disease (NAFLD). The 
second part investigates the molecular effects of 
insulin and hyperglycemia on hepatocytes to un-
cover enzymatic pathways that potentially con-
tribute to NAFLD in type 1 diabetes. In the third 
section, evidence is provided on the prevalence of 
hepatic steatosis among type 1 diabetes patients. 
This is done by discussing the epidemiological 
studies carried on the subject, and compiling liver 
biopsy data from case reports. Furthermore, we 
discuss the correlation between NAFLD and dia-
betic complications, and we summarize the pro-
posed biological mechanisms causing the condi-
tion. The fourth part of the article reviews hepatic 
carbohydrate metabolism in type 1 diabetes in or-
der to expand on the theory that a derangement of 
this system could contribute to NAFLD. The fifth  
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section comments on the effects of hormones other 
than insulin that are abnormal in type 1 diabetes 
to assess if any of them could potentially contrib-
ute to fatty liver. Finally, some of the possible 
clinical applications of further research on NAFLD 
in type 1 diabetes are discussed. 

Handling of insulin in the liver 

The passage of insulin to the liver 

Blood that has passed through the pancreas en-
ters the liver through the hepatic portal vein. The 
blood contains any insulin secreted by the β-cells of 
the pancreas. It is estimated that seventy-five per-
cent of the dual blood flow to the liver is supplied 
by the hepatic portal vein, the remainder comes 
from the hepatic arteries [4]. The ratio of flow be-
tween the hepatic arteries and the portal vein is 
variable, and alters in response to stimuli such as 
food intake [5]. Changes in portal flow have been 
shown to affect the flow of the hepatic artery. 
When total portal flow is reduced, the flow in the 
hepatic artery increases rapidly. Conversely, an 
increase in portal flow leads to a reduction in arte-
rial flow [6]. However, a change of the blood flow in 

the hepatic artery does not seem to affect the flow 
in the hepatic portal vein [7]. In rabbits, moderate 
steatosis reduced portal and total hepatic blood 
flow and microcirculation, with a significant in-
crease in hepatic artery flow and portal pressure 
[8]. 

Despite the well-known fact that patients with 
long-standing type 1 diabetes no longer release in-
sulin so that there is no insulin supply to the liver 
from the portal vein, there is a paucity of data on 
hepatic blood flow regulation in type 1 diabetes. 
The epidemiological prevalence and physiological 
effects of portal hypertension caused by type 1 dia-
betes-induced steatosis would merit investigation. 

Dynamics of hepatic blood flow and insulin 
clearance 

Blood from the portal vein mixes with blood 
from the hepatic artery in the sinusoids of the liver 
lobules. The sinusoids drain into the central vein 
of the lobule, and the central veins coalesce with 
the hepatic veins, which exit the liver. The fenes-
trated endothelium of the liver permits proteins, 
such as insulin, free access from the sinusoid into 
the space of Disse. Once proteins are inside the 
space of Disse, they can bind to cell surface recep-
tors or be absorbed by the microvilli of the hepato-
cytes [9]. 

Roughly 50-80% of insulin that enters the liver 
through the portal vein is thought to be cleared 
during first-pass transit [10, 11]. The primary cel-
lular mechanism for hepatic uptake and degrada-
tion of insulin is a receptor-mediated process. In 
addition to activating signal transduction path-
ways, the activated insulin receptor stimulates the 
internalization of itself and its bound hormone 
through endocytosis. The insulin molecule is re-
leased from the receptor by endosomes. It may 
then be degraded intracellularly, primarily by in-
sulin-degrading enzyme, or released back into the 
circulation [12]. Finally, the receptors are recycled 
back to the plasma membrane [13]. 

Basically, insulin clearance in the liver is car-
ried out by hepatocytes, with Kupffer cells only 
contributing to about 15% of the total hepatic insu-
lin degradation. Non-receptor-mediated insulin 
uptake, called pinocytosis, may be significant in 
hepatocyte insulin uptake at high insulin concen-
trations [12]. 

The intracellular degradation of insulin is 
largely performed by insulin-degrading enzyme 
(IDE) [14]. IDE concentration generally correlates 
to the amount of insulin degradation, and the liver 
is the organ with the highest concentration of this 
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enzyme [15]. In normal glucose concentrations, in-
sulin has been shown to increase IDE activity in 
hepatocytes, thereby stimulating its own degrada-
tion [16]. 

Possible consequences of secretory oscillations 
and subcutaneous injection of insulin 

The release of insulin from β-cells is biphasic. 
An increase in glucose results in an initial tran-
sient burst of insulin secretion that falls back to 
near-basal levels within ten minutes. The second 
phase involves a slower progression to maximal 
secretion levels, which persists throughout the du-
ration of glucose exposure [17]. 

Both basal and postprandial circulating insulin 
levels oscillate with a period of approximately five 
to ten minutes [18], contemporaneously with the 
calcium concentration of the β-cells [19, 20]. The 
fluctuations are well synchronized entirely 
throughout the islets. This is because of the spread 
of electric potentials between adjacent cells 
through gap junctions [21, 22] and diffusible fac-
tors such as ATP [23]. In turn, the periodicities of 
the approximately one million islets in the human 
pancreas are thought to be synchronized by auto-
nomic ganglia [24]. In addition to these aforemen-
tioned high-frequency fluctuations in insulin con-
centration, low-frequency fluctuations, with a pe-
riod of 50 to 150 minutes, have also been reported 
in both humans and animals [25]. 

Both high-frequency and low-frequency fluctua-
tions of insulin release may be biologically signifi-
cant, since continuous insulin exposure induces 
downregulation of insulin receptor density on the 
target cell by internalization. The variations re-
duce this effect, thereby decreasing the amount of 
insulin needed to provide its cellular effects [26]. 
In experiments performed on rat livers, the poten-
tiating effect of varying insulin levels was reflected 
by fluctuating insulin levels inhibiting gluconeo-
genesis more effectively than exposure to a con-
stant concentration of the hormone [24]. 

Insulin replacement therapy in type 1 diabetes 
is based on subcutaneous administration of insulin 
[27]. Injected insulin is absorbed into the blood 
stream and a fraction of it reaches the liver both 
by the portal vein and the hepatic artery. It is 
unlikely that most of the injected insulin reaches 
the liver through the portal vein, as in normal 
conditions. It is more likely that the ratio between 
portal vein and hepatic artery insulin is closer to 
one. The consequence for blood flow independent of 
hepatocyte function in type 1 diabetes is not clear, 
but it cannot be excluded that liver fat and carbo-

hydrate metabolism, as well as insulin degrada-
tion are affected. 

Insulin action in the liver 

Molecular effects of insulin 

Regardless of the pathological setting, the nor-
mal effects of insulin are initiated by its binding to 
the transmembranous insulin receptor on the tar-
get cell. The insulin receptor consists of two poly-
peptide α-subunits, which are each linked to a β-
subunit [28]. The extracellular α-subunits bind the 
insulin molecule [29]. Upon binding, they discon-
tinue the inhibition of tyrosine kinase action of the 
transmembrane β-subunits [30]. 

The β-subunits phosphorylate tyrosines on the 
intracellular proteins insulin receptor substrate 1 
and 2 (IRS-1 and IRS-2) and Src homologous and 
collagen (Shc) [31]. All of these three proteins 
eventually lead to the activation of mitogen-
activating protein kinases (MAPK) [13], which in 
turn targets the cell nucleus, causing gene activa-
tion and transcription [32]. The IRS proteins also 
activate phosphatidylinositol-3 kinase (PI3K) [33], 
which has been linked to cell growth, proliferation, 
and survival [34]. is also assumed that PI3K 
causes translocation of glucose transporter type 4 
(GLUT4) from internal vesicles to the cell mem-
brane of fat and muscle cells [35], and protein syn-
thesis [36]. 

Effects on carbohydrate metabolism 

GLUT2 is a facilitative glucose transporter 
found primarily in the liver and pancreatic β-cells 
[37]. Several studies have demonstrated that liver 
GLUT2 expression is upregulated in a dose-
dependent manner according to glucose concentra-
tion in primary rat hepatocytes and hepatocyte cell 
lines [38-40]. Also, liver GLUT2 expression in rats 
is reduced during starvation and increases to nor-
mal levels after refeeding [41]. In diabetic rats, 
liver GLUT2 expression is increased, but is cor-
rected to regular levels when exogenous insulin re-
turns the hyperglycemic conditions to normal [42]. 
These data suggest that GLUT2 expression in the 
liver is stimulated by glucose and downregulated 
by insulin. The possible implications of these ac-
tions are discussed below. 

Furthermore, insulin decreases hepatic glu-
coneogenesis by suppressing gene expression of the 
key gluconeogenic enzymes phosphoenolpyruvate 
carboxykinase and glucose-6-phosphatase [43]. 
Also, insulin stimulates glycogen synthesis in the 
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liver by activating glycogen syn-
thetase [44]. Once the liver is 
saturated with glycogen, any 
additional glucose taken up by 
hepatocytes is moved to path-
ways leading to synthesis of 
fatty acids, which are exported 
from the liver as lipoproteins. In 
practice, however, saturation of 
glycogen stores requires a sus-
tained overconsumption of car-
bohydrates for several days. Un-
der normal conditions, the liver 
converts virtually no sugar to fat 
[45]. 

Stimulation of fat synthesis 

Insulin has been shown to in-
crease sterol regulatory element-
binding proteins (SREBPs) in target cells, includ-
ing hepatocytes. SREBPs are transcription factors 
that directly activate the expression of more than 
30 genes dedicated to the synthesis and uptake of 
cholesterol, fatty acids, triglycerides, and phos-
pholipids [46]. Insulin activates the aforemen-
tioned PI3K pathway, which leads to an aug-
mented abundance of the precursor form of 
SREBP-1c in endoplasmic reticulum. This precur-
sor form is then rapidly cleaved, leading to an in-
creased content of the nuclear mature form of 
SREBP-1c [47]. A high glucose concentration has 
also been shown in vitro to upregulate SREBP-1c 
independently of insulin [48]. 

SREBP-1c is essential for glucokinase expres-
sion. In the presence of a high glucose level, and 
during the concerted action with the additional 
transcription factor carbohydrate response ele-
ment-binding protein (ChREBP), SREBP-1c also 
assists the expression of the lipogenic genes liver-
type pyruvate kinase (LPK), fatty acid synthase 
(FAS), and acetyl-CoA carboxylase (ACC) [49]. 
LPK catalyzes the conversion of phosphoenolpyru-
vate to pyruvate, the principal source of acetyl-
CoA used for fatty acid synthesis [50]. FAS cata-
lyzes the conversion of malonyl-CoA into long-
chain saturated fatty acids [51]. ACC converts ace-
tyl-CoA to malonyl-CoA. This in turn inhibits car-
nitine palmitoyl transferase-1-induced transport of 
fatty acids into mitochondria, thereby reducing mi-
tochondrial fatty acid β-oxidation [52]. However, in 
primary hepatocytes, ChREBP can stimulate LPK 
gene transcription in response to high glucose con-
centrations without any apparent requirement for 
insulin [53]. ChREBP has been suggested as a con-

tributor to fatty liver in the hyperglycemic setting 
of type 1 diabetes [54]. 

Insulin also induces expression of the transcrip-
tion factor liver X receptor α (LXRα) in vivo [55]. 
One of two LXR isoforms, LXRα, is abundantly ex-
pressed in lipogenic tissues, and by activating the 
SREBP-1c promoter, it plays an important role in 
the transcriptional activation of lipogenic genes 
[56]. Another group of transcription factors in the 
liver, upstream stimulatory factors (USF), medi-
ates the effects of insulin on the FAS promoter by 
interaction with SREBP-1c [57, 58]. 

In rodent hepatocytes, insulin affects steatosis 
by modulating free fatty acid flux via fatty acid 
transport proteins (FATPs) 2 and 5 in a U-shaped 
dose-dependent or bimodal fashion. This signaling 
is mediated via IRS-2 at low insulin concentra-
tions, and through IRS-1at high insulin concentra-
tions, indicating an optimal range of insulin levels. 
Deviations from this optimal range, whether hy-
poinsulinemia due to endogenous lack of insulin 
production or hyperinsulinemia due to excessive 
exogenous insulin administration, lead to in-
creased hepatic triglyceride accumulation medi-
ated by FATPs [59]. 

Liver fat in relation to a lack of insu-
lin 

Histology and prevalence of NAFLD 

Nonalcoholic fatty liver disease (NAFLD) is a 
broad term, encompassing any net triglyceride re-
tention in hepatocytes caused by any factor other 
than ethanol intake. NAFLD is histologically in-

Table 1. Liver steatosis in conditions of hyperlipidemia, juvenile obesity, and diabetes 
 

 

Pathology 

 

Method of analysis 
 

% with liver steatosis 
 

Controls         Patients 

 

Reference 

 

Hyperlipidemia Ultrasonography - 
 

50 
 

133 
Juvenile obesity MRI - 23 77 
Juvenile obesity Ultrasonography 2.6    22.5 61 
Juvenile obesity Ultrasonography -    52.8 62 
T1D (children) Ultrasonography -    11.3 71 
T1D (adults) Ultrasonography - 24 73 
T1D (adults) Ultrasonography -    44.4 74 
T1D (adults) Ultrasonography -    53.1 75 
Type 2 diabetes Ultrasonography - 80 73 
Type 2 diabetes Ultrasonography -    69.5 134 
Type 2 diabetes Ultrasonography -    56.9 135 

 

Legend: See references 61, 62, 71, 73-75, 77, 133-135 in reference list below. MRI: ma-
gnetic resonance imaging. T1D: type 1 diabetes. 
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distinguishable from the hepatic damage caused 
by alcohol abuse. Biopsy features include aug-
mented triglyceride vacuoles, mixed inflammatory 
cell infiltration, hepatocyte ballooning and necro-
sis, glycogen nuclei, Mallory’s hyaline, and fibrosis 
[60]. The condition is present in 10-24% of the gen-
eral population in various countries [60]. It affects 
2.6% of children in general [61], and between 
22.5% [61] and 52.8% [62] of obese children. 
NAFLD has been reported in type 1 diabetes, but 
the mechanisms connecting the two conditions 
have not been investigated in detail. See Table 1 
for a comparison of the prevalence of NAFLD in 
various pathologies. 

Increased liver fat has been associated with re-
duced insulin clearance and sensitivity [63]. It has 
also been linked to impaired insulin action to sup-
press hepatic glucose production in both non-
diabetic subjects [64] and type 2 diabetic patients 
[65]. Insulin therapy has been shown to decrease 
liver fat content in type 2 diabetes patients [66], 
while in type 1 diabetes patients, liver fat corre-
lates with poor glycemic control [67]. 

Liver biopsies from type 1 diabetes patients 
indicating hepatic steatosis 

Despite advances in non-invasive medical imag-
ing techniques, liver biopsy is still considered the 
most specific test to assess the severity and nature 
of liver disorders [68]. See Table 2 for a compari-
son of methods for liver fat analysis. 

Generally, little information is available on 
liver biopsies from type 1 diabetes patients with 
NAFLD. Due to the absence of controlled studies 
on the subject, the only pertinent information we 
have found stems from six clinical case reports of 

patients presenting with severe diabetic symptoms 
due to poor glycemic control. These reports are 
summarized in Table 3. 

Prevalence of NAFLD in type 1 diabetes pa-
tients 

Type 1 diabetes has been linked to NAFLD in 
children [69, 70], but only a few studies have 
aimed to determine the stability of the correlation 
between the two conditions. The prevalence of he-
patic steatosis among type 1 diabetes patients was 
reported in five studies, all of which used ultra-
sonography to analyze the presence of liver fat. In 
a study of 106 children aged 8 months to 15 years, 
fatty liver was detected in 11.3% of the patients. 
The presence of fatty liver correlated to decreased 
glycemic control compared to patients without de-
tectable fatty liver (mean HbA1c was 12.14% vs. 
10.7%) [71]. Among 692 Egyptian type 1 diabetic 
children with a mean age of 9.65 ± 4.18 years, 
4.5% had abnormal hyperechogenicity and/or 
hepatomegaly on ultrasound diagnostic [72]. 

In studies on adults with type 1 diabetes, the 
prevalence of NAFLD is markedly higher. A study 
of 17 patients with type 1 diabetes aged 65 ± 7 
years detected hepatic steatosis in 24% of them, 
noting that patients with fatty livers had higher 
body mass indexes than their counterparts without 
steatosis [73]. Targher et al. observed fatty liver in 
44.4% of a sample of 202 type 1 diabetes patients. 
Persons with NAFLD had higher HbA1c (8.4 ± 1.3 
vs. 8.0 ± 1.1), lower glomerular filtration rate 
(GFR), longer duration of diabetes, and higher fre-
quency of abnormal albuminuria, metabolic syn-
drome, and its individual components. Also, diabe-
tes patients with NAFLD were older (aged 47 ± 12 

Table 2. Methods of liver fat analysis 
 

 

Method of analysis 

 

Parameter 

 

Advantages 

 

Disadvantages 

 

Reference 

 

Biopsy 
 

Histological evaluation of micro-
scopic or chemical features 

 

Semiquantitative; sensitive for 
subclinical liver pathologies 

 

Invasive; sampling errors 
 

136 

CT Radiodensity of tissues Non-invasive Exposure to radiation; attenua-
tion values vary between scan-

ners; limited accuracy 

137 

MRI Resonance frequencies of hy-
drogen nuclei 

Non-invasive; quantitative; accu-
rate 

   - 137 

Ultrasonography Diffusely increased echogenicity Non-invasive    Non-quantitative; poor  repro-
ducibility; difficult to separate 

steatosis from fibrosis 

137 

 

Legend: See references 136 and 137 in reference list below. CT: computed tomography. MRI: magnetic resonance imaging. 
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years vs. 37 ± 12) and more likely to be male and 
obese than those without NAFLD [74]. In another 
sample of 343 type 1 diabetes patients, Targher et 
al. found a prevalence of 53.1% for hepatic steato-
sis. Again, persons with fatty liver had higher 
HbA1c (9.4 ± 2.2 vs. 9.1 ± 2.2), lower GFR, longer 
duration of diabetes, and higher frequency of ab-
normal albuminuria and the metabolic syndrome; 
were older (aged 39 ± 13 years vs. 49 ± 15), and 
more likely to be male and obese than those with-
out NAFLD [75]. The differences in the prevalence 
of NAFLD between children and adults could be 
due to factors such as higher BMI [3] and in-
creased duration of diabetes in adults. 

A potential limitation in all five studies is that 
ultrasonography only can reliably ascertain a fat 
infiltration of more than 33% of hepatocytes [76]. 
Since non-obese healthy people have negligible 
amounts of liver fat (a fat fraction of over 9% has 
been called mild steatosis, while any value over 
18% was considered severe steatosis [77]), the use 
of ultrasonography to determine the presence of 
NAFLD may not be reliable. It may fail to detect 
lower, but still pathologically elevated, hepatic fat 
levels, thus underestimating the prevalence of the 
condition. In any case, these studies contradict the 
notion that hepatic steatosis is rare in type 1 dia-
betes patients, occurring only in instances of ex-
tremely poor glycemic control. 

Several epidemiological studies report a high 
incidence of the metabolic syndrome in type 1 dia-
betes patients (ranging from 20-50%) compared 
with non-diabetic subjects, which may provide in-
direct evidence of NAFLD [78-80]. Definitions of 
the metabolic syndrome vary, but a generally ac-
cepted characteristic of the state is insulin resis-
tance [81]. Although hepatic insulin resistance is 
usually associated with type 2 diabetes, the condi-
tion also occurs in some type 1 diabetes patients 

[82]. Since insulin resistance has been associated 
with liver fat [83], this may provide an indication 
of the existence of NAFLD in type 1 diabetes pa-
tients. However, studies on the relationship be-
tween insulin resistance and hepatic steatosis in 
type 1 diabetes are lacking so far. 

Elevated plasma levels of the liver enzyme 
alanine transaminase (ALAT) are an indicator of 
hepatocellular injury, and have been used as a 
marker for NAFLD [84], although other research-
ers have not found any clear correlation between 
NAFLD and abnormal ALAT concentrations [85, 
86]. Two studies, relating serum ALAT content to 
type 1 diabetes, found elevated levels of the en-
zyme in 10-35% of type 1 diabetes patients, respec-
tively [87, 88]. 

A study using ALAT, aspartate aminotrans-
ferase (ASAT), alkaline phosphatase (ALP), γ-
glutamyltransferase (GGT), ferritin, and bilirubin 
as indicators of NAFLD found that ALAT, ASAT, 
ferritin, and the ASAT-to-ALAT ratio significantly 
correlated with insulin resistance in type 1 diabe-
tes patients. In a logistic regression model, taking 
age, sex, BMI, and duration of diabetes into con-
sideration, increased levels of ASAT, ALAT, and 
ALP were correlated with an increased risk of de-
veloping insulin resistance. The authors noted that 
the majority of their patients with the most severe 
insulin resistance had ultrasound-proven liver 
steatosis [89]. 

Over 50 gene loci have been found to influence 
the risk of type 1 diabetes [90]. There does not ap-
pear to be any research correlating any of the gene 
variants to liver fat content. This may be an inter-
esting question to be clarified in future studies. 

Relation of liver fat to diabetic complications 
Type 1 diabetes is associated with a wide range 

of complications, including nephropathy, retinopa-

Table 3. Summary of case reports on liver biopsies from type 1 diabetes patients with NAFLD 
 

 

Age 

 

Gender 

 

HbA1c 

 

Liver histology 

 

Reference 

 

  7 
 

F  
 

n/a  
 

High glycogen deposition; unspecified amount of fat 
 

103 

  8 M  14 Fatty changes with enlarged hepatocytes, clarified cytoplasm due to glyco-
gen accumulation, and nuclear lipid vacuolization 

138 

13 M  12.3     Hepatic glycogenosis and macrovesicular steatosis 104 

16 F  14    Swollen hepatocytes and micro- and macrovesicular fat vacuoles 54 

28 M  n/a     Fatty liver hepatitis (steatonecrosis) 95 

29 M  10.6-11.1    Large droplet fatty change with lobular inflammation consistent with non-
alcoholic steatohepatitis 

139 

 

Legend: See references 54, 95, 103, 104, 138, and 139 in reference list below. 
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thy, neuropathy, and macrovascular disease [91]. 
Since such long-term complications of type 1 dia-
betes develop gradually over years, the early de-
tection of risk factors for and precursors of these 
conditions could facilitate their prognostication 
and treatment. 

NAFLD has been correlated to cardiovascular 
disease in type 1 diabetes patients after adjust-
ment for age, sex, smoking history, diabetes dura-
tion, HbA1c, LDL cholesterol, albuminuria, esti-
mated glomerular filtration rate, and presence of 
the metabolic syndrome [74]. Because the study 
associated NAFLD with cardiovascular disease in-
dependently of these risk factors, it could be possi-
ble that NAFLD itself, at least in part, contributes 
to accelerated atherogenesis. The results, which 
demonstrated that NAFLD is associated with an 
increased prevalence of both asymptomatic and 
symptomatic cardiovascular disease in patients 
with type 1 diabetes, independently of several es-
tablished risk factors, were later repeated with a 
larger sample of patients [92]. 

The same research group that conducted the 
aforementioned studies found that NAFLD was 
significantly associated with retinopathy and/or 
chronic kidney disease even after adjusting for 
age, sex, diabetes duration, HbA1c, body mass in-
dex, systolic blood pressure, triacylglycerol, medi-
cation use, and presence of the metabolic syn-
drome [93]. Again, due to the independence of 
NAFLD from these risk factors, it is possible that 
hepatic steatosis could be directly involved in the 
development of chronic kidney disease and reti-
nopathy, although the possibility of reverse causal-
ity (i.e. kidney disease causing the development of 
NAFLD) cannot be definitely excluded. The team 
later produced similar results with a larger patient 
sample (343 compared to 202 in the earlier study), 
who attended a different clinic [75]. 

Abnormalities of lipoproteins in type 1 diabe-
tes 

In cases of well-controlled type 1 diabetes, 
plasma triglycerides and low-density lipoprotein 
(LDL) levels are normal or slightly decreased, 
while high density lipoproteins (HDL) are normal 
or slightly increased. However, in type 1 diabetes 
patients with poor glycemic control, plasma 
triglycerides and LDL levels are frequently in-
creased [94]. 

Several potentially atherogenic qualitative ab-
normalities of lipoproteins are observed in patients 
with type 1 diabetes, even in those with good 

metabolic control. These abnormalities include in-
creased cholesterol-to-triglyceride ratios in very 
low-density lipoprotein (VLDL), increased triglyc-
erides in LDL and HDL, changes in the composi-
tion of the peripheral layer of lipoproteins, glyca-
tion of apolipoproteins, increased oxidation of LDL, 
and an increase in small dense LDL particles. 
These qualitative changes in lipoproteins are 
likely to impair their function. They cannot be 
fully explained by hyperglycemia and may be 
partly due to peripheral hyperinsulinemia associ-
ated with subcutaneous insulin administration 
[94]. It has been suggested that derangements of 
lipoproteins could be responsible for hepatic fat ac-
cumulation in type 1 diabetes [95]. Conversely, it 
is possible that NAFLD is not a consequence of, 
but rather a contributor to the development of 
lipid abnormalities. 

Hypotheses for hepatic steatosis in type 1 dia-
betes 

Based on the abovementioned findings, it seems 
that two hypotheses can be proposed to explain the 
occurrence of hepatic steatosis in type 1 diabetes 
in humans. First, atypical lipoprotein ratios and/or 
function could be responsible for an insufficient 
triglyceride secretion from the liver by VLDL. Sec-
ond, transcription factors of hepatic metabolism 
such as ChREBP and SREBP-1c are activated by 
hyperglycemia and promote hepatic lipogenesis. 

In addition, we may consider a third hypothe-
sis, namely that hepatic steatosis may develop sec-
ondary to hyperglycemia in type 1 diabetes pa-
tients by glucose being transported from the blood 
into the liver by GLUT2, with the excess of sugar 
being converted into fat. This effect may be further 
amplified by hepatic upregulation of GLUT2 that 
occurs during hyperglycemia and hypoinsulinemia 
(characterizing precisely the conditions in type 1 
diabetes), mediated by SREBP-1c [48], as de-
scribed above. This hypothesis could be tested in 
part by determining the levels of GLUT2 protein 
and mRNA expression in hepatocytes from hu-
mans or animals with type 1 diabetes-induced 
fatty liver. See Figure 1 for a summary of the pu-
tative intracellular enzymatic mechanisms of 
NAFLD in type 1 diabetes. 

Abnormal hepatic glycogen metabo-
lism in type 1 diabetes 

It may be regarded as possible that fat accumu-
lation in the liver of type 1 diabetes patients is 
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caused, in whole or in part, by conversion from 
carbohydrates. Then, one might expect to find ab-
normalities in the glycogen metabolism of the 
liver. Indeed, studies on this subject have found 
that patients with type 1 diabetes frequently have 
disturbances of hepatic glycogen accumulation and 
breakdown. However, the studies often appear 
contradictory. 

Hepatic carbohydrate metabolism 

A brief description of the main aspects of liver 
carbohydrate metabolism helps to evaluate the 
hypothesis that abnormal carbohydrate conversion 
causes fat accumulation in the liver. Hepatocytes 
take up glucose independently of insulin by the 
low-affinity, high-capacity glucose transporter 
GLUT2, which facilitates the entry of glucose in 
the presence of high concentrations of sinusoidal 
glucose. In the hepatocytes, glucose is rapidly 
phosphorylated to glucose-6-phosphate by the he-
patic hexokinase isoform glucokinase. From glu-
cose-6-phosphate, the glucose flux is directed into 
glycogen via uridine diphosphate (UDP)-glucose 
(direct pathway of glycogen synthesis), the pentose 
phosphate shunt, or into glycolysis, yielding mole-
cules such as pyruvate and lactate [96]. Glycogen 
can also be synthesized by an indirect pathway (3 
carbon units → phosphoenolpyruvate → glucose-6-
phosphate → glucose-1-phosphate → UDP-glucose 
→ glycogen) [97]. 

Glycogen synthesis and breakdown in type 1 
diabetes 

According to a study by Bischof et al., poorly 
controlled type 1 diabetic patients had a marked 
reduction in both hepatic glycogen synthesis and 
breakdown. Both defects in glycogen metabolism 
were improved, but not normalized, by short-term 
restoration of insulinemia and glycemia through 
intensified insulin treatment for 24 hours [98]. 
However, a subsequent study by the same re-
searchers found that strict long- and short-term 
metabolic control using peripheral insulin substi-
tution normalized hepatic glycogen synthesis, he-
patic glycogenolysis, and nocturnal endogenous 
glucose production fasting in type 1 diabetic sub-
jects. Yet, despite strenuous efforts to normalize 
glycemia, the contribution of the direct pathway to 
glycogen synthesis remained reduced in these pa-
tients, indicating augmented gluconeogenesis in 
type 1 diabetes, even after combined long- and 
short-term near normoglycemia. Hwang et al. per-
formed a similar study on adults. They found that 

patients with poorly controlled type 1 diabetes 
stored only 30% as much glycogen during daytime 
as controls, with the indirect pathway of glycogen 
synthesis contributing to a proportionally greater 
part of glycogen synthesis, while their hepatic glu-
coneogenesis was increased [99]. The results were 
similar to previous findings from the same re-
search group [97]. However, a study by Matyka et 
al. on prepubescent children found no such differ-
ence [100]. 

Inhibition of net hepatic glycogenolysis oc-
curred in hypoglucagonic, hypoinsulinemic, and 
hyperglycemic conditions, mostly due to decreased 
glycogen phosphorylase flux [101]. In intensively 
treated type 1 diabetes patients, hypoglycemia 

 
Figure 1. Proposed intracellular processes resulting in fatty 
liver in type 1 diabetes. Enzymes are in blue boxes, sub-
strates in yellow, and miscellaneous processes in orange. 
Plus signs indicate increased activity; minus signs decreased 
activity. Abbreviations: SREBP-1c: sterol regulatory element-
binding protein 1c. ChREBP: carbohydrate responsive ele-
ment-binding protein. GLUT2: glucose transporter 2. LPK: 
liver-type pyruvate kinase. ACC: acetyl-CoA carboxylase. 
FAS: fatty acid synthase. GK: glucokinase. PD: pyruvate de-
hydroxygenase. GS: glycogen synthase. CPT1: carnitine 
palmitoyltransferase I. FATP: fatty acid transport protein. 
IRS: insulin receptor substrate. LCFA: long-chain fatty acid. 
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failed to stimulate hepatic glycogen breakdown or 
activation of endogenous glucose production, de-
spite activation of counterregulation. According to 
the authors, these factors may contribute to the 
defective hypoglycemic counterregulation seen in 
type 1 diabetes patients [102]. 

Cases of excessive glycogen storage in type 1 
diabetes 

Despite some previously mentioned studies 
showing that glycogen storage is decreased in per-
sons with type 1 diabetes, there are numerous case 
reports of excessive glycogen storage in type 1 dia-
betes patients [103-112], some of the cases also 
had hepatic steatosis. The diabetes of all the pa-
tients that were examined due to palpable hepa-
tomegaly was poorly controlled. However, this fact 
does not exclude that patients with a better control 
of their condition could have hepatic glycogen lev-
els that are unusually high, but insufficient to 
cause hepatomegaly. 

Possible mechanisms of hepatic glycogen ac-
cumulation in type 1 diabetes 

It has been argued that hepatic glycogen accu-
mulation in patients with unstable diabetes occurs 
due to an insulin-independent passive flux of glu-
cose into the hepatocyte [104]. In the hepatocyte, 
glucose is converted irreversibly into glucose-6-
phosphate by glucokinase, and subsequently 
trapped in the hepatocyte. Glucose-6-phosphate is 
then converted into glycogen by glycogen synthase. 
This enzyme exists in an inactive phosphorylated, 
and an active dephosphorylated form. The enzyme 
phosphatase is responsible for this conversion. 
Phosphatase concentration is maintained by insu-
lin, and its activity relies on the presence of glu-
cose. Thus, the synthesis of hepatic glycogen is 
promoted by high cytoplasmic glucose concentra-
tions and relies on the presence of insulin. This is 
frequently seen in patients with unstable diabetes, 
where high blood glucose concentrations are asso-
ciated with infrequent doses of insulin [104]. 

It has also been argued that patients promote 
hepatic glycogen accumulation when they take ex-
cess insulin and treat the subsequent hypoglyce-
mic episode by administering glucose. Thus, a vi-
cious cycle of hyperglycemia and intermittent su-
praphysiological insulin administration would re-
sult in glycogenosis [104, 113]. This theory could 
explain the observation by Nakamuta et al. that 
the vigorous treatment of diabetic ketoacidosis 
with insulin seemed to trigger liver enlargement 

[107]. We have not found any studies on the possi-
ble further conversion of hepatic carbohydrates to 
fat specifically in type 1 diabetes, but hepatocytes 
are generally capable of synthesizing fatty acids 
from glucose via acetyl-CoA, a reaction mediated 
by the aforementioned, hyperglycemia-activated 
transcription factor ChREPB [51]. 

Effects of other diabetes-associated 
endocrine disorders on the liver 

In addition to losing their insulin production, 
type 1 diabetes patients may also suffer from addi-
tional disorders of pancreatic hormone secretion, 
affecting blood levels of glucagon, amylin, C-
peptide, and pancreatic polypeptide. 

Glucagon 

Glucagon is secreted by the α-cells of the islets 
of Langerhans [114]. This secretion is suppressed 
independently by both hyperglycemia and the 
paracrine function of insulin [115], which may ex-
plain the relative excess of glucagon levels that oc-
curs in diabetes patients [116]. Replacement with 
exogenous insulin to compensate the body’s own 
lack of insulin production in type 1 diabetes does 
not approach the paracrine levels of secreted insu-
lin from β-cells, making this type of therapy rela-
tively ineffective for lowering glucagon levels 
[117]. 

Glucagon increases hepatic gluconeogenesis 
and glucose output into the bloodstream, while re-
ducing the liver’s glucose uptake and storage [118], 
inhibiting the incorporation of acetate into fatty 
acids and cholesterol [119], and causing hepatic 
lipolysis and ketogenesis [120]. These effects seem 
to counteract any hepatic anabolism. Indeed, exer-
cise-stimulated glucagon receptor activation was 
found to be essential for treating high-fat diet-
induced NAFLD in non-diabetic mice [121]. This 
further complicates the understanding of liver 
steatosis and glycogen accumulation in type 1 dia-
betes. 

Amylin 

Amylin is secreted concomitantly with insulin 
from the pancreatic β-cells. Therefore, individuals 
with type 1 diabetes are deficient in this hormone 
[122]. Among its effects in the immediate post-
prandial period, amylin may suppress glucagon se-
cretion, reducing hepatic glucose production [123]. 
As the effects of amylin seem to be largely agonis-
tic to those of insulin, a loss of the former hormone 
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might possibly further aggravate the consequences 
of a deficit of the latter. 

C-peptide 

Insulin release from the pancreas may be 
measured by catheterizing the hepatic portal vein 
or measuring peripheral C-peptide concentrations. 
Since C-peptide is produced in equimolar amounts 
as insulin, yet not extracted by the liver, it pro-
vides an indicator for insulin secretion and hepatic 
clearance [124]. 

In addition to serving as a peripheral marker of 
insulin production, C-peptide may also have some 
biological functions in itself. For example, C-
peptide was reported to stimulate Na+-K+-ATPase 
activity both in vitro and in vivo, elicit release of 
nitric oxide from endothelial cells, and mimic the 
effects of insulin in some tissues [125]. However, it 
is not clear whether C-peptide has any effect on 
liver function [126]. 

Pancreatic polypeptide 

Pancreatic polypeptide (PP) is a hormone that 
arises from both the PP-cells of the islets of 
Langerhans and the acinar cells of the pancreas 
[127]. The secretion of this hormone is regulated 
by vagal cholinergic mechanisms in response to 
food intake and plasma glucose [128]. It has been 
shown that patients with type 1 diabetes release 
less pancreatic polypeptide after a meal than 
healthy persons, although their fasting levels of 
the hormone were similar [129]. Plasma PP has 
been shown to be clearly elevated in cases of dia-
betic ketoacidosis, and decreased following treat-
ment with insulin and fluid infusion [130]. 

Binding proteins for PP have been identified on 
hepatocytic plasma membranes in rats [131]. PP 
administration in fed rats resulted in significantly 
increased hepatic insulin receptor concentration as 

compared to that seen in saline-administered fed 
animals [132]. The effects of PP on the liver in 
man seem to be poorly understood; relating the 
aforementioned studies to hepatic steatosis seems 
tenuous. 

Future studies and clinical applica-
tions 

Despite an abundance of studies on NAFLD, 
the prevalence, etiology, and consequences of the 
condition in conjunction with type 1 diabetes seem 
to have received relatively little attention. How-
ever, the few studies that have been done suggest 
that the state may be more common than generally 
assumed. 

Studies linking liver fat to cardiovascular and 
kidney disease could potentially be advanced to 
provide a novel way of prognosticating complica-
tions of type 1 diabetes. Ultrasonography could be 
used to inexpensively screen patients for severe 
NAFLD, and to monitor the effects of treatment of 
liver steatosis by improving glycemic control. Fur-
ther studies in the field may clarify the feasibility 
of using hepatic fat as a proxy for insulin produc-
tion in the pancreas. If these two factors are suffi-
ciently linked, liver fat measurements could poten-
tially provide an alternative non-invasive method 
for prognosticating and diagnosing the presence 
and control of type 1 diabetes. For detailed defini-
tion, liver fat measurements could be carried out 
by magnetic resonance imaging (MRI) to provide a 
more precise determination of fat infiltration than 
ultrasonography. 
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