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Abstract
Atherosclerosis is the major complication of diabetes and 
has become a major issue in the provision of medical 
care. In particular the economic burden is growing at 
an alarming rate in parallel with the increasing world-
wide prevalence of diabetes. The major disturbance 
of lipid metabolism in diabetes relates to the effect of 
insulin on fat metabolism. Raised triglycerides being the 
hallmark of uncontrolled diabetes, i.e. , in the presence 
of hyperglycaemia. The explosion of type 2 diabetes 
has generated increasing interest on the aetiology of 

atherosclerosis in diabetic patients. The importance 
of the atherogenic properties of triglyceride rich 
lipoproteins has only recently been recognised by the 
majority of diabetologists and cardiologists even though 
experimental evidence has been strong for many years. 
In the post-prandial phase 50% of triglyceride rich 
lipoproteins come from chylomicrons produced in the 
intestine. Recent evidence has secured the chylomicron 
as a major player in the atherogenic process. In diabetes 
chylomicron production is increased through disturbance 
in cholesterol absorption, in particular Neimann Pick 
C1-like1 activity is increased as is intestinal synthesis 
of cholesterol through 3-hydroxy-3-methyl glutaryl co 
enzyme A reductase. ATP binding cassette proteins G5 
and G8 which regulate cholesterol in the intestine is 
reduced leading to chylomicronaemia. The chylomicron 
particle itself is atherogenic but the increase in the 
triglyceride-rich lipoproteins lead to an atherogenic low 
density lipoprotein and low high density lipoprotein. 
The various steps in the absorption process and the 
disturbance in chylomicron synthesis are discussed.
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Core tip: The explosion of type 2 diabetes has generated 
increasing interest on the aetiology of atherosclerosis 
in diabetic patients. Evidence is mounting on the 
importance of the atherogenic properties of triglyceride 
rich lipoproteins. In the post-prandial phase 50% of 
triglyceride rich lipoproteins come from chylomicrons 
produced in the intestine. Recent evidence has secured 
the chylomicron as a major player in the atherogenic 
process. In diabetes chylomicron production is increased 
through disturbance in cholesterol absorption. This paper 
reviews recent literature in relation to diabetes, the 
intestine and dyslipidaemia with a view to understanding 
new targets for treatment.
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INTRODUCTION
The increasing incidence and prevalence of diabetes is 
of concern to patients their relatives and the medical 
profession. Politicians who do not fit into the above 
groups are also concerned because of the health budget 
considerations. Management of chronic conditions 
is expensive! A major cost of diabetes care goes on 
the management of cardiovascular atherosclerotic 
complications which are so much more common in both 
diabetes and pre-diabetes. Although statins remain 
at the centre of dyslipidaemia treatment for diabetes, 
there is generally an unawareness of the importance 
of the chylomicron and triglyceride-rich proteins being 
atherogenic in their own right but also in forming 
atherogenic low density lipoprotein (LDL). This lack of 
appreciation of the importance of hypertriglyceridaemia 
has for example encouraged Tenenbaum et al[1] to write 
an article entitled “Hypertriglyceridaemia: too long an 
unfairly neglected major cardiovascular risk factor”. 
Another important milestone in bringing the intestine 
to the notice of diabetologists and cardiologists has 
been the validation of ezetimibe, a drug that inhibits 
the absorption of intestinal cholesterol, which has 
been shown beyond doubt in the IMPROVE-IT study, 
demonstrating significantly lower primary combined 
endpoints in moderate to high risk patients who stabilise 
following acute coronary syndrome[2]. This article reviews 
dyslipidaemia in diabetes with a focus on the intestine as 
a dysfunctional regulator of cholesterol metabolism.

Insulin deficiency is associated with disturbance in 
both carbohydrate and fat metabolism. In fact even
before diabetes becomes manifest, in the pre diabetes 
phase of the condition free fatty acids fail to be 
suppressed after a glucose load leading to the sugges
tion that diabetes should be defined as lipidus rather 
than mellitus[3]. Indeed, had the serum rather than the 
urine been easily available many centuries ago, post 
prandial chylomicronaemia, as demonstrated by the 
milky serum, would have been preferred to the sweet 
taste of the urine as the diagnostic tool of choice!

The chylomicron is a particle containing protein fat and 
cholesterol. The protein, which is mostly apolipoprotein 
(apo) B48, is the solubilising protein which facilitates the 
transport of fatty acids, triglycerides and cholesterol. 
The chylomicron is assembled in the intestinal mucosa 
under the influence of microsomal triglyceride transfer 
protein (MTP) which is the rate limiting enzyme. Very 
LDL (VLDL) is the major triglyceride-containing particle 
assembled in the liver and, in the postprandial state, 
about 50% of triglyceride is carried on the VLDL particle 
and 50% on the chylomicron. Although the chylomicron 

by definition is the triglyceride rich particle containing 
apo B48 and VLDL by definition is the triglyceride-rich 
particle containing apo B100, the term chylomicron is 
also used based on density following separation in the 
ultracentrifuge and thus is a mixture of both chylomicrons 
and large VLDL particles. Hence there is often confusion 
about what is meant by the term chylomicron. 

CHYLOMICRON AS AN ATHEROGENIC 
PARTICLE
For many years triglycerides have taken a back seat 
in the perception and understanding of the aetiology 
of atherosclerosis. Part of the problem might have 
been that triglycerides have usually been taken fasting 
whereas the chylomicron is a post-prandial particle and 
the hepatic VLDL, the other major triglyceride containing 
particle, is also mostly produced in the postprandial state. 
Evidence that Apo B48 is found in the atherosclerotic 
plaque[4-7] has been around for years confirming the 
atherogenicity of the chylomicron particle. Trials such as 
the FIELD Study[8], failed to show cardiovascular benefit 
for reduction of triglycerides and had an adverse effect 
on the understanding of the atherosclerotic effect of 
the chylomicron. This has been rectified particularly by 
the Danish group who have shown that postprandial 
triglycerides are indeed associated with an increased in 
cardiovascular events[9]. Further analysis of the FIELD 
Study, and in particular understanding that too many 
people with normal triglycerides were included in the 
study, has resulted in a number of post hoc analysis 
of that study showing that reduction in triglycerides 
did have cardiovascular benefit. An evaluation of the 
effect of fenofibrate by sex in the FIELD Study was 
recently reported[10]. In that study the authors found that 
fenofibrate reduced LDL, non-high density lipoprotein 
(HDL) cholesterol and apo B more in women than in men 
irrespective of menopausal status. The prevention of 
total cardiovascular events was more in women (30% viz 
13%). In Patients with high triglycerides and low HDL the 
cardiovascular reduction was less different between the 
sexes (30% viz 24%). In a recent review Varbo et al[11] 
conclude that post hoc subgroup analysis of randomised 
trials using fibrates in individuals with raised triglycerides 
show a benefit in lowering triglycerides. Conversely 
low non fasting triglycerides have been shown to be 
associated with reduced all cause mortality[12]. The 
authors examined individuals from the Copenhagen 
Heart study. Genetically derived low triglycerides were 
associated with a reduction in all cause mortality and 
the authors suggest probably due to a reduction in 
cholesterol in remnant particles. Apo C111 interferes 
with the uptake of triglyceride-rich apo E containing 
lipoproteins (both chylomicron and VLDL). Loss of 
function mutations are associated with lower triglycerides. 
The effect of these loss of function mutations on the risk 
of coronary heart disease (CHD) was examined[13]. An 
aggregate of rare mutations in the gene encoding apo 
C111 was associated with lower plasma triglycerides. 
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Levels were 39% lower in carriers when compared to 
non-carriers and circulating levels of apo C111 were 46% 
lower than in non-carriers. The study found that the risk 
of CHD among carriers of any apo C111 mutation was 
40% lower than the risk among the non carriers. An 
other important boost to the importance of triglycerides 
in CHD. Fasting blood sugar is of course a recognised 
cause of increased cardiovascular risk[14] and it is very 
interesting to see that patients with polymorphisms of 
the various genes known to be associated with raised 
glucose such as the glucokinase gene (GCK) rs4607517 
have been shown to be associated with an increased risk 
of ischaemic heart disease and myocardial infarction as 
compared to genotypes associated with lower levels[15]. 
It is likely that the raised glucose is associated with the 
failure to suppress triglyceride.

Inflammation is a key factor in atherosclerosis 
progression and obesity is associated with an increase 
in inflammatory proteins such as tumour necrosis factor 
alpha and interleucin 6 (IL6). A study genotyping for 
variants affecting levels of non fasting remnant cho
lesterol, LDL cholesterol and C-reactive protein (CRP) 
by both CRP alleles and IL6 receptor alleles found 
that increasing non-fasting remnant cholesterol was 
associated with significantly higher CRP. This was not 
the case for LDL, suggesting that remnant cholesterol 
may in part cause acceleration of atherosclerosis through 
an inflammatory process[16-18]. Endothelial dysfunction 
is a precursor of atherosclerosis. Post prandially, when 
triglycerides rise neutrophils increase with concomitant 
production of pro-inflammatory cytokines and oxidative 
stress suggesting a contributory cause of endothelial 
dysfunction[19,20]. Further triglycerides have also been 
shown to increase leucocyte activation markers[21,22].

The mechanisms whereby the postprandial lipopro
teins might be pro-inflammatory and stimulate the 
progression of atherosclerosis has been investigated[23]. 
One mechanism is through the activation of neutrophils 
and Klop et al[24] have shown in healthy volunteers that 
post prandially changes occur in the white cell population 
which are similar to that shown in infection. A good 
review of post-prandial inflammation and the role of 
glucose and lipids has recently been published[25]. 

MTP
Since chylomicronaemia is such an important finding 
in diabetes it is of interest to examine MTP function in 
diabetes.

Biosynthesis of lipoproteins requires apo B and MTP. 
MTP binds and chaperones lipoproteins to the nascent 
apo B. MTP is an endoplasmic reticulum resident hetero 
dimeric complex. The liver and intestine are the major 
organs that express apo B and secrete apoB containing 
lipoproteins. There is good agreement between apoB 
levels and activity and in various animal models of 
diabetes in rats, rabbits and fructose fed hamsters 
diabetes MTP is up regulated[26-29]. 

In human studies in type 2 diabetes we demonstrated 

an increase in MTP mRNA in intestinal biopsies[30,31]. 
Diabetic patients who were on statin therapy had lower 
MTP mRNA compared to those not on statins[31]. We 
found positive correlations between MTP mRNA and 
chylomicron fraction cholesterol and apo B48[31]. A novel 
intestinal specific inhibitor of MTP has been shown to 
ameliorate impaired glucose and lipid metabolism in 
Zucker diabetic fatty rats but whether this effect was 
due to impairment of food intake or to inhibition of fat 
absorption is not clear[32]. The signals that upregulate 
chylomicron formation to cope with excess fat in the diet 
are slowly being elucidated. Another non-specific inhibitor 
of MTP, which reduced serum levels of triglycerides by 
more than 70%, was also associated with significant 
improvements in glucose tolerance and insulin sensitivity 
in Zucker fatty rats[33]. Hepatic MTP mRNA expression 
is negatively regulated by insulin and it is suggested 
that insulin might also directly inhibit apo B48 secretion 
independently of MTP even though it is probable that 
up-regulation of MTP stimulates apo B secretion[34]. 
The membrane glycoprotein CD36 binds long chain 
fatty acids. CD 36 deficiency reduces chylomicron 
production[35]. It has recently been shown that binding of 
lipid by CD36 upregulates apo B48 and MTP through CD 
36 signalling via the ERK 1/2 pathway[36]. Interestingly 
polymorphisms of MTP which have been associated with 
differences in serum lipids appear to alter cholesterol 
absorption but not synthesis in women[37].

ATP BINDING CASSETTE PROTEINS G5/
G8
Once cholesterol has been transported across the brush 
border membrane it faces another regulatory process 
and may be excreted back into the intestinal lumen 
rather than being further processed for absorption into 
the lymphatic circulation. ATP binding cassette proteins 
G5/G8 (ABC G5/G8) are heterodimers which are mostly 
confined to the human small intestine and liver[38]. 
These two proteins act in tandem to re-excrete both 
cholesterol, and in particular non-cholesterol sterols from 
the body. Much of the understanding of ABC G5/G8 
comes from the rare mutations that cause a defect in 
ABC G5 and G8 and result in high levels of sitosterol in 
the blood. Sitosterolemia, is a condition which manifests 
itself in children as tendon xanthomas or in young adults 
as severe CHD with massive accumulation of sterols and 
stanols in monocyte derived macrophages[39]. Ma et al[40] 
found in an animal model, that dietary calcium had a 
beneficial effect on lipoprotein profile by up-regulating 
the mRNA levels of intestinal ABC G5/8 and cholesterol-
7α-hydroxylase (CYP7A1), whereas it down-regulated 
the intestinal NPC1L1 and MTP due to enhanced 
biliary cholesterol excretion. Méndez-González et al[41] 
investigated the effect of ABC G5 and G8 deficiency 
on lipoproteins in mice. They found that postprandial 
triglycerides were 5 fold higher in the ABCG5/G8-/- mice 
due to a lower fractional catabolic rate with lower post 
heparin lipoprotein lipase activities. They also showed 
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of NPC1L1[61] in the intestine. Ezetimibe has been shown 
to improve biomarkers of inflammation and platelet 
activity[62] as stated above the IMPROVE-IT trial has 
been presented at the American Heart 2014 but not yet 
published. Ciriacks et al[63] have examined the addition of 
Ezetimibe to simvastatin in type 1 and type 2 diabetes. 
The study demonstrated that ezetimibe was at least as 
effective in lowering cholesterol as simvastatin among 
type 1 diabetics. Some studies have suggested that 
there may be a difference in cholesterol absorption rates 
between type 1 and type 2 diabetic patients[64]. 

OTHER TRANSPORTERS OF 
CHOLESTEROL
There are other transporters of cholesterol for example 
scavenger receptor class B type 1 (SR-B1) which is 
located both in the apical and basolateral membranes of 
the enterocyte[65]. SR are cell surface proteins that can 
bind and internalise modified lipoproteins. SR-B1, which 
is involved in cholesterol uptake in the intestine, may play 
an important part in intestinal chylomicron production[66]. 
The fatty acid transporter CD36 which is also involved 
in the uptake of oxidised LDL, is another member of the 
class B scavenger receptor family[66]. Hayashi et al[67] 
investigated gene expression of key proteins involved 
in the active absorption of dietary fat and cholesterol 
in response to the development of insulin resistance. 
They used 2 models of diet induced insulin resistance, 
the fructose fed hamster and the high fat fed mouse. 
Expression of SR-B1 was increased in both the fructose 
fed hamster and the high fat fed mouse models of 
insulin resistance. In CaCo2 cells SR-B1 over expression 
increased apo B100 and apo B48 secretion. The authors 
conclude that apical or basolateral SR-B1 may have an 
important role in cholesterol absorption and may play 
a part in cholesterol over absorption in insulin resistant 
states. SR-B1 in the intestine may play an important 
role in chylomicron production. CdC42, a member of 
the Rho family of small Guanidine triphosphotases with 
numerous functions, has been shown by Xie et al[68] to 
interact with NPC1L1 and to control its movement from 
endocytic recycling compartment to plasma membrane 
in a cholesterol dependent manner. Glucose stimulated 
CDc42 signalling appears to be essential for second 
stage insulin secretion[69]. It is probable that in insulin 
resistance the signalling of NPC1L1 is disturbed through 
this pathway but we have been unable to find any 
studies in the intestine that have explored the pathway in 
diabetes/insulin resistance.

THE EFFECT OF HIGH GLUCOSE ON 
CHOLESTEROL ABSORPTION
Ravid et al[70] have shown that high glucose increases 
intestinal absorption of cholesterol through an increase 
in the protein expression of NPC1L1. The same group 
later showed that the effect was through the basolateral 

that liver triglyceride secretion and intestinal triglyceride 
secretion were higher and there was a relationship 
between this and the HOMA index as a measure of insulin 
resistance. Rats with induced diabetes (streptozotosin) 
had impaired expression of ABC G5/8. Treatment with 
insulin partially reversed this effect[42]. This trend in 
impairment was found in Zucker diabetic rats[43,44] and 
the Psamonas Obesus (sand rat) was found to have the 
same intestinal impairment[45,46]. Intestinal G5/G8 mRNA 
in type 2 diabetic subjects produced similar findings[30].

ABC 5/8 genetic variants have been associated with 
susceptibility to CHD. One polymorphism in particular 
was shown to be associated with increased triglycerides 
with a significant gene - tobacco smoking interaction[47]. 
Another study has shown that ABC G5/8 regulate 
cholesterol available for chylomicron production. It is 
interesting to read that ABC G5/8 genotypes that are 
associated with low LDL cholesterol are protective against 
myocardial infarction but increase risk of symptomatic 
gall stone disease[48]. 

NIEMANN PICK C1-LIKE1 
The first step in cholesterol absorption in the intestine 
appears to be through the multi transmembrane 
protein Niemann Pick C1-like1 (NPC1L1) which is highly 
expressed in the jejunum[49]. In humans it is localised 
to the brush borders of the enterocytes and acts as 
a unidirectional transporter of cholesterol and non-
cholesterol sterols[50]. Zhang et al[51] discovered that it is 
the N-terminal domain of NPC1L1 that binds cholesterol. 
Twenty rare NCP1L1 alleles have been found in the low 
cholesterol absorbers and appear to impair NPC1L1 
cholesterol uptake through various mechanism[52,53], for 
review see Calandera[54]. It has been shown that the 
effectiveness of ezetimibe, which blocks NPC1L1 and 
inhibits cholesterol absorption, depends on the NPC1L1 
genotype. 

Cholesterol absorption has been shown to be in
creased in both animal and human diabetes[55] due to 
an increase in NPC1-L1[43,44,55]. In an animal model of 
type 2 diabetes, Sammomas Obesus, the opposite was 
found even though these animals have an increase in 
apo B48[45,46]. Ezetimibe inhibits cholesterol absorbtion 
through inhibition of NPCILI (for review see[56]). NPC1L1 
activity appears to be governed by dietary cholesterol[57]. 
The mechanism of this control is through the nuclear 
receptor, peroxisome proliferator-activated receptor 
(PPAR)δ/β[58]. Fenofibrate, a PPARα agonist has been 
shown to inhibit cholesterol absorption, the mechanism 
has been shown to be through NCP1L1 transcription by 
binding to a PPARα response element upstream of the 
human NPC1L1 gene[59]. In a human construct Iwayanagi 
et al[60] showed that PPARα positively regulated human 
NPC1L1 transcription and Valasek et al[59] showed that 
Fenofibrate reduced intestinal cholesterol absorption 
by PPARα modulation of NPC1L1. HMGCoA reductase 
inhibition (Atorvastatin) has been shown to increase 
cholesterol absorption in the intestine and downregulation 
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domain suggesting glucose in the circulation rather than 
in the lumen to be the stimulus[71]. The reason for the 
up-regulation of cholesterol through NPC1L1 in diabetes 
has been explored by Malhotra et al[72]. Using CaCo2 
cells they showed that removal of glucose from the 
culture medium significantly decreased NPC1L1 mRNA 
protein expression as well as pro-motor activity. Glucose 
replenishment significantly increased the promoter 
activity of NPC1L1 in a dose dependant manner. The 
authors concluded their experiments by examining 
mouse jejunum after 24 h fasting which confirmed the 
CaCo2 cell results.

The role of cholecystokinin on intestinal absorption 
has been reported by Zhou et al[73]. They found that 
in mice cholecystokinin (CCK) increased cholesterol 
absorption and increased cell surface associated NPC1L1. 
Previously Irwin et al[74] have shown that an CCK-8 
analogue improves insulin sensitivity and triglyceride 
deposition in liver and muscle but with reduction in 
weight gain and food intake. The effect therefore on lipid 
metabolism might be very dependant on dietary intake 
and the inhibition of apatite and improvement in insulin 
sensitivity with improvement in glucose tolerance with 
CCK makes analogues of CCK of interest as a possible 
treatment in diabetes and the metabolic syndrome. 

Interest in bile salt binding drugs for treatment of 
dyslipidaemia, such as cholestyramine, went out of 
fashion because of their poor cholesterol lowering effects 
and their unacceptable side effects. A new formulation 
colsevelam, is interesting in that not only that it lowers 
cholesterol and apo B but also lowers blood sugar. A 
recent study in type 2 diabetic patients demonstrated a 
0.32 drop in HbA1c vs placebo at 24 wk and a reduction 
of cholesterol of 6.5%[75,76]. The majority of adverse 
effects were mild or moderate, the authors concluding 
that the drug was well tolerated. Thus another option for 
patients who are near to but not on target with current 
medication. 

CHOLESTEROL SYNTHESIS AND 
3-HYDROXY-3-METHYLGLUTARYL CO-
ENZYME A REDUCTASE
Cholesterol synthesis in the intestine makes up 25% of 
de novo cholesterol synthesis. Cholesterol synthesis is 
regulated by 3-hydroxy-3-methylglutaryl co-enzyme A 
(HMGCo A) reductase the rate limiting enzyme in the 
synthetic pathway. HMGCo A reductase activity has been 
shown to be reduced by insulin in the rat hepatocyte[77]. 
It has been suggested that in type 1 diabetes improved 
glycaemic control will increase cholesterol synthesis. 
HMGCoA reductase inhibition has been shown to increase 
cholesterol absorption through a lowering of ABC G5/G8 
and an increase in NPC1L1[78].

HEPATIC STEATOSIS
Hepatic steatosis is common in diabetes, insulin resis

tance and obesity. Inflammatory stress is present in 
these conditions and is also associated with obesity 
insulin resistance and diabetes. It is therefore of interest 
to read that Zhao et al[79] demonstrated that IL1b and 
IL6 stimulation in Hep G2 cells increased SREBP2 and 
HMGCoA mRNA. Further high fat loading in mice or LDL 
loading in HepG2 cells suppressed the above genes 
but this suppression could be over ridden by the above 
inflammatory proteins. Severe calorie restriction in 
patients with steatosis results in rapid reduction of liver 
fat, insulin resistance and improvement in diabetes 
control[80]. On the other side of the coin insulin resistance 
and the accompanying hyperinsulinaemia are associated 
with an upregulation of SREPB-2 through extracellular 
signal regulated pathways involving the kinases ERK-1 
and 2 another example of the interaction between 
fat and carbohydrate metabolism, for review see Van 
Rooyen et al[81].

In conclusion, vascular disease in diabetes is complex 
as would be expected with a condition that impacts on so 
many metabolic pathways. Examination of the intestine 
in the search for abnormalities in cholesterol absorption 
and chylomicron formation has been rewarding. Statins 
have been very effective in reducing the burden of 
atherosclerosis in patients with diabetes but even so 
a large proportion of patients still succumb to events. 
Reduction in triglycerides is now accepted as being 
important in those patients who have raised triglycerides 
and in particular the importance of postprandial distur
bance in triglyceride metabolism and its impact on 
atherosclerosis is now accepted as being an important 
issue in management of diabetes and in the prevention 
of macrovascular complications.
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