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Go to any on-line calculator for the risk of a future event from
atherosclerotic cardiovascular disease (ASCVD) - and you will see a
button for “Diabetes”, yes or no [1]. It's odd. Diabetes, here meaning
diabetes mellitus, is a syndrome caused by two major diseases that are
as pathogenically distinct from each other as they are from central or
nephrogenic diabetes insipidus. Typically, a smoldering autoimmune
attack on pancreatic 3-cells causes type 1 diabetes mellitus (T1DM),
which is therefore an autoimmune disease of absolute insulin deficiency
[2-4]. By contrast, patients with type 2 diabetes mellitus (T2DM) are
hyperinsulinemic, from either endogenous overproduction of the hor-
mone or copious exogenous administration, and they are often obese.
The clinical issue in T2DM and related syndromes of overnutrition is
the failure of tissues outside the pancreas to respond normally to insulin
— a problem sometimes called pathway-selective insulin resistance and
responsiveness (SEIRR) or imbalanced insulin action [5-7]. Many au-
thors have correctly noted that the obesity epidemic now affects many
patients with T1DM, leading to insulin resistance for handling glucose
[8] on top of their autoimmune destruction of pancreatic 3-cells. Only
about one-third of obese individuals with pathway-selective insulin
resistance progress to frank T2DM, and the event that tips them over
appears to be an inability of their pancreases to hypersecrete enough
insulin to adequately manage their metabolism of glucose. But the so-
called pancreatic “failure” in T2DM patients is neither autoimmune nor
absolute: patients with advanced T2DM often exhibit supernormal basal
and peak concentrations of endogenous insulin in their plasma [9].
These and other superficial similarities between T1DM and T2DM
should not obscure their fundamental differences. How, then, can
T1DM and T2DM be lumped together in ASCVD risk assessment as if
they were somehow a single entity? More importantly, from the
standpoint of therapeutic strategies, are the processes that accelerate
ASCVD risk in TIDM and T2DM the same, or are the processes different
but just happen to increase ASCVD risk to approximately the same
numerical extent?

Excess ASCVD risk in T2DM seems to be explained by known causal
agents, meaning apolipoprotein-B (apoB)-containing lipoproteins that
become retained, or trapped, within the arterial wall, and by known
exacerbators (recently listed in table 1 of reference [10]). A cohort
study last year from the Swedish National Diabetes Register followed
patients with T2DM, but who were otherwise relatively healthy at
baseline. Of that cohort, the patients with T2DM who had just five
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factors within target ranges — plasma low-density lipoprotein choles-
terol concentration (causal), and blood level of glycated hemoglobin
(HgbA;.), albuminuria, smoking, and blood pressure (exacerbators) —
showed little or no excess risk of heart attacks, strokes, or premature
death compared with the general population during 5.7 years of follow-
up [11]. Excess ASCVD risk in TIDM, however, has been neither ex-
plained nor corrected [12]. Two recent mechanistic studies from Ha-
gensen et al., the latter one in this issue of Atherosclerosis, shed light on
novel pathogenic processes but also highlight long-standing questions
and suggest at least one mystery regarding properties of LDL in T1DM
that we had not previously recognized [13,14].

The fact that we are even discussing ASCVD risk in T1IDM - and in
other conditions that used to block a long lifespan, such as sickle-cell
anemia and acquired immunodeficiency syndrome — indicates how far
we have come in helping these patients. From ancient times until the
discovery of insulin in 1922, patients with TIDM died within months
from ketoacidosis, even when under expert care for that era [15]. From
the mid-1920s until roughly the 1970s, death came predominantly from
diabetic nephropathy [16,17]. With better glycemic control, aggressive
evidence-based blood pressure management, and less smoking, the in-
cidence of new nephropathy per patient per year of TIDM has plum-
meted [16]. Patients with T1DM are now living long enough to develop
clinically significant ASCVD, and their risk is high [18].

While hyperglycemia (or hyperglycemia variability) drives micro-
vascular disease in both T1IDM and T2DM, the role of excess glucose per
se in accelerating ASCVD in the two conditions may differ [12,18,19].
Randomized controlled trials of intensive glucose-lowering in middle-
aged, high-risk patients with established T2DM and co-morbidities
failed to show significant reductions in ASCVD events [19]. These
findings indicate that aggressive glucose lowering started late in the
disease does not help cardiovascular endpoints [19]. Alternatively, it
has also been suggested that the results of those trials may mean that
hyperglycemia is not a major driver of macrovascular risk in T2DM
[19], whereas hyperlipidemia and hypertension clearly are — and have
become a focus of successful preventive therapies.

In contrast, the DCCT/EDIC study, a key randomized controlled trial
of 6.5 years of intensive glucose-lowering with exogenous insulin in a
relatively young cohort of patients with T1DM, showed that the initial
period of intensive glycemic management markedly and persistently
reduced the risk of ASCVD events during long-term follow-up after the
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end of the intervention period [12,20,21]. Remarkably, 30 years later,
ASCVD events were still 30% lower in the group that had been in-
tensively treated for that initial 6.5 years — and the decrease in HgbA;
statistically accounted for all of the ASCVD benefit [21]. Levels of
HgbA, . often associate with known causal factors and exacerbators of
ASCVD, but a recent mediation analysis indicated that approximately
half of the effect of HgbA;. on ASCVD events in this cohort was in-
dependent of traditional ASCVD risk factors [12]. Along similar lines, a
Mendelian randomization study in non-diabetic subjects showed that
small, lifelong increases in nonfasting plasma glucose concentrations
exacerbate the risk of ASCVD events [22]. How might hyperglycemia
per se exacerbate the risk of ASCVD events in TIDM - or in non-dia-
betics who inherit minor glucose-raising alleles?

Prior studies established that the key initiating event in ASCVD is
the retention, or trapping, of cholesterol-rich apoB-containing lipo-
proteins within the arterial wall [10,23,24]. Retained and modified
apoB-lipoproteins within the artery wall trigger a series of strikingly
maladaptive cellular responses that accelerate further lipoprotein re-
tention and lesion development (Fig. 1). Early attempts to develop
animal models of accelerated atherosclerosis in TIDM involved the
administration of alloxan, a toxin for pancreatic -cells, to cholesterol-
fed rabbits. But the strategy paradoxically protected the animals’ ar-
teries, owing to the abnormal development of huge lipoproteins that
were too large to cross the endothelium and enter the intima [25].
Thus, these animals did not mimic the human condition. The long-
standing lack of a suitable animal model of accelerated atherosclerosis
in T1DM has hindered research into this important clinical problem
[26].

Recently, however, the Akita mouse model of TIDM was shown to
exhibit accelerated atherosclerosis when made deficient in LDL re-
ceptors [26,27] — apparently without the development of gigantic li-
poproteins. The Akita mouse is not autoimmune, but carries a single

copy of a mutation in the Ins2 gene (Ins2**“%; mice have two separate
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Fig. 1. The response-to-retention model of initiation
and progression of atherosclerosis.

Arrows are color-coded to indicate crucial mechan-
isms in the retention of cholesterol-rich atherogenic
apolipoprotein-B-lipoproteins within the arterial
wall, which is the key initiating step in atherogenesis
(yellow) and then local responses to the retained and
modified lipoproteins that lead to plaque growth and
evolution (red). The yellow oval encompasses pro-
cesses that affect LDL retention in vivo, as assessed by
Hagensen et al. [13,14] — namely, movement of LDL
across the endothelium, adherence to proteoglycans
(PGs) within the arterial wall, and early modifica-
tions of LDL within the arterial wall that enhance
retention. ChEase, cholesteryl esterase; C-TRL, cho-
lesterol- and triglyceride-rich apoB-containing lipo-
protein; IFN, interferon; IL, interleukin; LP, lipopro-
tein; Lp(a), lipoprotein(a); LPL, lipoprotein lipase;
MMPs, matrix metalloproteinases; PGs, proteogly-
cans; SMase, sphingomyelinase; SMC, smooth muscle
cell; TF, tissue factor; UC, unesterified cholesterol.
Adapted from Ref. [24] with permission.

insulin genes). The mutation impedes proper folding of murine proin-
sulin-2 so that the protein accumulates in the endoplasmic reticulum of
pancreatic [(-cells, triggering apoptosis. The animals become hy-
poinsulinemic and hyperglycemic. When also made deficient in LDL
receptors and placed on an atherogenic diet, Akita mice become more
hypercholesterolemic and more hypertriglyceridemic than the normo-
glycemic, LDL receptor-deficient controls. These Akita mice also de-
velop more severe atherosclerosis [26,27]. One might conclude that
their worsened hyperlipidemia could entirely explain their accelerated
atherosclerosis — a result that would not mimic human T1DM [12].

Instead, Hagensen et al. examined additional explanations for the
effects of TIDM, using the Akita model to focus on the earliest stages of
atherogenesis (Fig. 1, yellow oval). In the first of their mechanistic
studies, Hagensen et al. injected fluorescently labeled LDL from healthy
non-diabetic human donors into living wild-type and Akita mice [13].
Aortas of the Akita mice accumulated, or retained, two to eight times as
much labeled LDL as did the aortas of wild-type control mice. Related
findings had been previously reported [28], but not in an animal model
in which T1DM had been shown so clearly to accelerate atherosclerosis
(reviewed in Ref. [13]). Microarray profiling of the Akita aortas did not
show differential levels of mRNAs known to be involved in arterial
retention of LDL, although one extracellular matrix candidate, Prg4,
was identified in an exploratory analysis [13]. Thus, the nature of the
alterations in Akita aortae that accelerate LDL retention remain un-
known [13] but should be a fruitful area for further study. Delaying the
development of these arterial changes by early intensive glucose man-
agement could contribute to the long-lasting ASCVD benefit in the
DCCT/EDIC study.

In their second mechanistic study, Hagensen et al. looked at the
other participant in arterial retention of LDL — namely, LDL itself [14].
They injected living Akita mice with fluorescently labeled LDL from
human patients with TIDM - or with labeled LDL from healthy, non-
diabetic control volunteers. LDL from T1DM patients was retained in
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the aortae more than four times as much as was the control LDL [14]. It
is a particularly important finding, given that patients with TIDM do
not typically exhibit elevated plasma concentrations of LDL. But the
quality of their LDL is different. Why?

Numerous prior studies have focused on non-enzymatic glycation of
LDL as a potential atherogenic change (reviewed in Ref. [14]) — a
process that could fit with clinical findings from the DCCT/EDIC study
implicating hyperglycemia in accelerated ASCVD risk in T1DM
[12,20,21]. But the new study from Hagensen et al. provides evidence
to suggest that glycation may not be the key change in LDL in patients
with T1DM. First, the degree of LDL (or apoB) glycation in their study
was low — below the limits of detection in their assay. This finding is
consistent with the relatively short half-life of LDL in plasma: two days,
compared with three months for the hemoglobin in each red blood cell.
Second, accelerated LDL retention in murine aortae did not correlate
with the patients’ glycated hemoglobin levels. Third, although artificial
glycation of LDL in vitro increased its retention in arteries, the degree of
glycation vastly exceeded what occurs in human patients [14]. Ad-
ditionally, the degree of LDL glycation in non-diabetics who inherit
minor glucose-raising alleles must be miniscule, yet these people also
show increased ASCVD events [22].

So these are the mysteries: why do arteries of TIDM animals (and
presumably people) retain more LDL than do arteries in normoglycemic
controls? [13,28] And what makes LDL from human patients with
T1DM much more prone to retention in arteries than is LDL from
healthy control subjects? [14].

Perhaps we need a new idea, beyond just glycation. Extrapolating
from the work by Hagensen et al. [13,14] and others, here are a few
suggestions. First, integrity of the endothelial barrier to LDL entry into
the arterial subintima might play a role [29,30]. Second, agents to
block LDL retention to arterial matrix have been reported [31] but have
not been tested yet in TIDM. Third, strategies are now available to
improve LDL quality [32], though again not tested in TIDM. One
tempting possibility is icosapent ethyl, which decreases ASCVD events
through unknown mechanisms [33,34], perhaps by altering the com-
position of LDL and other atherogenic apoB-containing lipoproteins.
Fourth, if hyperglycemia is the key exacerbator of ASCVD risk in T1DM,
then we should expect the problem to be solved as, say, closed-loop
systems improve. Based on data in humans, starting early may be
particularly important [19-21,35].

The “harvest of sorrow” in TIDM goes on [17], though thankfully
delayed to later in life. We hope that these recent insights will allow
even long-term harm from T1DM to become more medically tractable.
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