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Abstract

Emerging clinical evidence now suggests dyslipidemia may be strongly linked with the
development and progression of neuropathy in diabetic patients, and dyslipidemia is considered an
important risk factor for the development of diabetic neuropathy. However, because of important
species differences, current animal models fall short of accurately replicating human diabetic
dyslipidemia. Rodents resist expansion in low-density lipoprotein cholesterol (LDL-C) and
typically maintain or increase high-density lipoprotein cholesterol (HDL-C), despite prolonged
high-fat feeding. Here, we discuss the findings of Hinder et al., in which they utilized novel
genetic experimental approaches to develop a diabetic mouse model with human-like
dyslipidemia. The authors created a mouse with an apolipoprotein E (ApoE) knockout in
conjunction with a leptin receptor mutation. A triple mutant mouse with both ApoE and
apolipoprotein B48 knockout and leptin deficiency was also created in an effort to generate a
model of diabetic dyslipidemia that better mimics the human condition. The long-term goal of
these studies is to develop more faithful models to address how hyperglycemia and hyperlipidemia
may drive the development and progression of neuropathy. Hinder and colleagues were successful
at creating a diabetic mouse model with severe hypertriglyceridemia, hypercholesterolemia, and a
significant increase in the total cholesterol to HDL-C ratio. This work was successful in
establishing a model of diabetic dyslipidemia that more closely emulates the poor lipid profile
observed in human diabetic patients with neuropathy. This commentary will also review current
models used to study the effects of dyslipidemia on diabetic neuropathy and highlight a proposed
mechanism for the role of dyslipidemia in the pathogenesis of diabetic neuropathy.

Dyslipidemiais An Independent Risk Factor for Diabetic Neuropathy

The majority of diabetic patients will develop diabetic neuropathy, which is the most
common and debilitating complication of diabetes (Rutkove, 2009; Vincent et al., 2009b;
Zochodne, 2008). Hyperglycemia plays a key role in the development and progression of
diabetic neuropathy (Edwards et al., 2008; Feldman, 2008; Figueroa-Romero et al., 2008;
Sinnreich et al., 2005; Sumner et al., 2003), and a combination of multiple etiologies, each
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stemming from the initial insult of hyperglycemia, are likely responsible for the dying-back
type axonal degeneration that underlies neuropathic symptoms (Edwards et al., 2008;
Feldman, 2008; Figueroa-Romero et al., 2008). In light of long withstanding evidence that
hyperglycemia is the leading cause of diabetic neuropathy (1988; 1993; 1999; Feldman et
al., 1997; Franklin et al., 1990; Greene et al., 1999), evidence from several large clinical
studies indicate metabolic derangements such as a poor lipid profile are linked with
neuropathy development and progression, independent of glycemic control (Leiter, 2005;
Lyons et al., 2004; Tesfaye, 2007; Tesfaye et al., 2005; Wiggin et al., 2009). Consequently,
dyslipidemia has recently been identified as a major independent risk factor for the
development of neuropathy [reviewed in (Vincent et al., 2009b)].

Poor lipid profiles correlate with the onset of symptoms type 2 diabetic patients (Clemens et
al., 2004). In addition, elevated triglycerides correlate with the progression of diabetic
neuropathy independent of disease duration, age, glycemic control, or body mass index
(BMI) (Wiggin et al., 2009). Furthermore, nondiabetic patients with idiopathic neuropathy
with and without impaired glucose tolerance had a significantly higher rate of dyslipidemia
compared to diabetic patients without neuropathy (Smith et al., 2008). Despite the growing
body of clinical literature that suggests diabetic patients with a poor lipid profile are at
increased risk for developing neuropathy, few rodent models of diabetic neuropathy have
incorporated dyslipidemia.

Cellular Mechanisms of Dyslipidemia in Diabetic Neuropathy

Although the association of dyslipidemia and neuropathy has been identified in clinical
studies, the mechanisms by which lipids damage sensory neurons and contribute to
pathogenesis of diabetic neuropathy are unclear. It is possible that increased high-density
lipoproteins (HDLs), despite an otherwise poor lipid profile, may reduce peripheral lipid
deposits and interfere with the influence of other lipoproteins on sensory neurons in diabetic
patients. Vincent et al. (Vincent et al., 2009b) proposed a mechanism suggesting that
elevated low-density lipoproteins (LDLs) have increased susceptibility to oxidation and
oxidized LDLs (oxLDLs) induce cellular effects that lead to neuronal injury in the dorsal
root ganglia (DRG) by binding the oxLDL receptor (LOX-1) receptor expressed on DRG
neurons in a similar manner to oxLDL binding to its receptor in vascular endothelial cells
(Chen et al., 2007) and renal tubular cells (Kelly et al., 2008). Vincent et al. also reported
that oxLDLs are increased in the plasma of mice fed a high-fat diet and confirmed that the
LOX-1 receptor is expressed on DRG neurons. Exposure of cultured rat DRG neurons to
oxLDLS also increased LOX-1 expression and dose dependently increased oxidative stress
via LOX-1 (Vincent et al., 2009a). In addition, these studies suggested that oxLDL is
involved with LOX-1 induced neuron injury primarily by nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activation that results in increased superoxide production
(Vincent et al., 2009a). Figure 1, adapted from Vincent et al. 2009a highlights this novel
mechanism for dyslipidemia-induced sensory neuron damage in which oxLDL binding to
LOX-1 induces NADPH oxidase activation and results in superoxide generation in DRG
neurons. Because activation of LOX-1 on endothelial cells has also been reported to induce
oxidative stress and inflammation (Li et al., 2004; Mehta et al., 2004), it plausible to suggest
that oxLDLs could doubly contribute to neuropathy via both vascular and neuronal injury.

Demyelination resulting from lipid dysregulation is another potential mechanism of lipid
induced neuronal injury. Segmental demyelination is a key feature in human patients with
diabetic neuropathy, and myelin breakdown with focal demyelination has been shown to
occur in high-fat-fed rodents (Xie et al., 2013). Thus, it is plausible to suggest that
genetically or high-fat diet induced dyslipidemia may negatively impact myelination status
in peripheral nerves and contribute to sensorimotor deficits.
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To date, few studies have evaluated neuropathy and the lipid profile in rodents (Coppey et
al., 2012; Guilford et al., 2011; Kumar et al., 2009; Obrosova et al., 2007; Vincent et al.,
2009a) and most of these studies have been performed in high-fat-fed rodents. Although
high-fat-fed mice develop neuropathy-like symptoms, including sensory and motor nerve
conduction velocity deficits, reduced epidermal innervation, mechanical allodynia, thermal
hypoalgesia, and mild hyperlipidemia (Guilford et al., 2011; Vincent et al., 2009a), the
current dyslipidemic models fail to acquire all facets of the poor lipid profile observed in
human dyslipidemia.

Human diabetic patients with dyslipidemia typically exhibit increased triglycerides, elevated
LDL-C and reduced HDL-C. In mice, Vincent et al. reported a 100% increase in HDL that
was accompanied by increased cholesterol uptake by HDL in high-fat fed mice compared to
mice fed a control diet (Vincent et al., 2009a). Even though high-fat fed mice exhibit
significant increases in LDL-C and triglycerides (Guilford et al., 2011; Vincent et al.,
2009a), Hinder et al. makes a strong case that increased HDL may potentially counteract the
negative metabolic effects of increased LDL-C on neurons and the vasculature. In addition,
Guilford et al. reported mild increases in total cholesterol, LDL-C, and triglycerides in
nondiabetic or diabetic mice fed a high-fat diet, but neither of these groups had a significant
elevation in all three of the lipid variables (Guilford et al., 2011). Consistent with these
findings, other high-fat feeding studies suggest that although high-fat fed rodents develop
mild hyperlipidemia, rodents are resistant to robust increases LDL-C and the total
cholesterol/HDL-C ratio, and do not exhibit significant reductions in HDL-C (Kobayashi et
al., 2000; Seo et al., 2012; Zaman et al., 2011).

Furthermore, rodent models of diabetic neuropathy consistently lack demyelination, which
is an important clinical component of human diabetic neuropathy (Sullivan et al., 2008). A
plausible advantage of developing novel animal models that combine hyperglycemia and
“human-like” dyslipidemia would be to develop more accurate animal models of the human
phenotype. This would include models in which segmental demyelination and other lipid
disorders of myelin may develop.

Genetic Manipulations in Mice to Mimic Human Dyslipidemia

In this paper, Hinder and colleagues work to remedy this problem by using novel genetic
experimental approaches to reproduce human dyslipidemia in a diabetic mouse model. An
ApoE null mutant mouse combined with leptin receptor mutation (ApoE ™~ db/db) and a
triple knockout incorporating both ApoE and ApoB48 knockout in the ob/ob mouse were
developed to generate a rodent model (ApoE ™~ ApoB100only gb/ob) with hyperglycemia and
hyperlipidemia with a lipid profile that more closely resembles a human diabetic patient.

Db/db and ob/ob mice are models of type 2 diabetes that exhibit profound obesity,
hyperphagia, hyperglycemia, glucose intolerance, hyperinsulinemia, and develop neuropathy
(Coleman, 1982; Drel et al., 2006; Houseknecht and Portocarrero, 1998; Robertson and
Sima, 1980; Sima and Robertson, 1978; Sullivan et al., 2007). In addition, ob/ob mice fed a
standard diet develop dyslipidemia characterized by elevated triglycerides and LDL-C
(Kobayashi et al., 2000). Importantly, HDL-C levels were increased in this type 2 model of
diabetic dyslipidemia (Kobayashi et al., 2000). Although these are suitable models for type 2
diabetes, they still fall short of emulating human diabetic dyslipidemia.

Apolipoproteins are proteins associated with lipoproteins that bind lipids and are associated
with many diseases, especially cardiovascular disease. There are several classes of
apolipoproteins (A, B, C, D, E, H, J). A single molecule of apolipoprotein B (ApoB) is
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found on all beta lipoproteins (chylomicrons, very low-density lipoproteins [VLDLs],
intermediate-density lipoproteins [IDLs], and LDLSs) and there are two types of ApoB.
ApoB48 containing lipoproteins are the primary carriers of cholesterol in mice, while
cholesterol in humans is predominantly carried by LDLs that contain ApoB100 (Lloyd et al.,
2008). ApoB100 is found on VLDLs, IDLs, and LDLs (Irshad and Dubey, 2005) and is the
primary protein of LDL and is part of the LDL molecule that binds the LDL receptor
(Thomas and LaFontaine, 2001). LDL binding to the LDL receptor is an important event for
cholesterol uptake from the blood; thus, ApoB100 is a key protein involved in cholesterol
removal from the blood in humans (Boren et al., 1998). Familial defective ApoB100 in
human patients results in poor LDL receptor mediated cholesterol binding and elevated
circulating cholesterol (Genest and Cohn, 1995), further emphasizing the importance of
ApoB100 in human cholesterol homeostasis.

LDL receptor knockout mice are a common model used in dyslipidemia and atherosclerosis
research despite the fact that Apo B48 containing VLDLs and chylomicron remnants carry
the majority of plasma cholesterol in these mice. This is a significant issue as this problem
renders this model less relevant to human conditions (Lloyd et al., 2008). Elevated plasma
ApoB100 levels are associated with atherosclerosis in humans (Krauss, 1998; Segrest,
2002). Interestingly, ApoB48 knockout mice have increased ApoB100-expressing LDLSs,
which is more similar to lipid profiles in humans. Consequently, ApoB48 knockout mice
were utilized in the recent studies by Hinder et al. in conjunction with an ApoE knockout in
an ob/ob mouse to model human diabetic dyslipidemia (Lloyd et al., 2008).

ApOE is associated with VLDLs, HDLs, and chylomicrons and similar to ApoB proteins,
ApOE interacts with the LDL receptor but also interacts with a liver receptor for VLDL
remnants (Mayes, 1996). ApoE has numerous functions in the body, including playing an
essential role in VLDL remnant and chylomicron clearance by the liver (Mahley, 1988).
ApOE also has been identified as an antioxidant, a modulator of neurotropic factors, and
participates in lipid transport to the central nervous system (Burtis et al., 2001). There are
four major alleles of ApoE, and select alleles have been associated with increased risk for
developing Alzheimer's disease (Kim et al., 2009; Poirier, 2000; Sheng et al., 1996) and
atherosclerosis (Couderc and Bailleul, 1998; Davignon et al., 1999; llveskoski et al., 2000).
The ApoE knockout mouse is a common model in lipid and atherosclerosis fields (Osada et
al., 2000) that develops total cholesterol levels that are five times higher that of normal mice
(Zhang et al., 1992), elevated LDL-C, reduced HDL-C, moderate increases in triglycerides,
and atherosclerotic lesions similar to those in humans (Pendse et al., 2009; Plump et al.,
1992; Zhang et al., 1992).

Building a Better Model of Human Dyslipidemia in Mice

Although the data did not support the authors' hypothesis, the new animal models developed
by Hinder et al. break new ground for studies on the effects of dyslipidemia relative to
diabetic neuropathy. Hinder and colleagues proposed “that lack of ApoE would exacerbate
the development of diabetic microvascular complications, including neuropathy, i.e., that
dyslipidemia and hyperglycemia together aggravate the onset of diabetic complications”.
However, peripheral nerve dysfunction was not exacerbated by the addition of an ApoE
knockout to the leptin receptor mutation (ApoE~'~ db/db) despite that fact that these mice
exhibited hyperglycemia and profound dyslipidemia compared to db/db mice with wild-type
ApoE (ApoE** db/db) that were similarly obese and hyperglycemic, but not dyslipidemic.
Importantly, the addition of ApoE knockout to the leptin receptor mutant resulted in a lipid
profile that more closely resembles human dyslipidemia than previous dyslipidemic
neuropathy models. ApoE~~db/db mice had elevated triglycerides, total cholesterol, LDL-
C, and VLDL-C accompanied by reduced HDL-C and a total cholesterol/HDL-C ratio that
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exceeded the threshold for cardiovascular risk. Although ApoE™~ db/db displayed deficits
in thermal sensitivity, nerve conduction velocity and epidermal innervation, these negative
changes were not different or worsened compared to ApoE*/* db/db that displayed similar
neuropathy signs and hyperglycemia, but not were not dyslipidemic.

Although the Apo E knockout with wild-type leptin receptor (ApoE ™~ db/*) also had a total
cholesterol/HDL-ratio above 6.0, these mice did not display any behavioral,
electrophysiological, or pathological characteristics of neuropathy, suggesting that this lipid
parameter may not be a key mediator driving neuropathy in this mouse model. Hinder et al.
discuss the possibility that a lack of increased triglycerides in the ApoE~~ db/* could be
responsible for the absence of neuropathy in this mouse model. However, the db/db mouse
with wild-type ApoE exhibited significant neuropathy despite lack of hypertriglyceridemia.

As discussed by Hinder and colleagues, the triple mutant with ApoE and ApoB48 knockout
with leptin deficiency (ApoE ™~ ApoB100only ob/ob) displayed a surprising and perhaps
disappointing lipid profile. Although the authors predicted the combination of these genetic
manipulations to produce more profound dyslipidemia, this model had elevated total
cholesterol with expansion of LDL-C and VLDL-C, but HDL-C was also increased and
there were minimal effects on triglycerides. However, despite the disappointing lipid
phenotype, this triple mutant still exhibited significant characteristic signs of neuropathy
including reduced thermal sensitivity, nerve conduction velocity deficits, and reduced
epidermal innervation.

Taken together, the genetic approaches used by Hinder and colleagues place us closer to
achieving the goal of successfully creating a mouse model (Apo E™~ db/db) with increased
LDL-C and triglycerides in conjunction with reduced HDL-C, the phenotype that best
resembles human diabetic dyslipidemia. Collectively, these data suggest dyslipidemia using
these genetic approaches does not have a significant impact on peripheral nerve dysfunction
and neuropathy in mice.

Interestingly, the pattern of neuropathy appears to follow the pattern of hyperglycemia, since
two experimental groups (ApoE** db/db and ApoE~~ db/db) with hyperglycemia and
increased glycated hemoglobin both displayed the clearest signs of peripheral neuropathy.
Although glucose was not significantly elevated in the triple mutant compared to ApoE ™/~
ApoB1000nly ob/* mice, glycated hemoglobin was significantly elevated and these mice
displayed clear signs of neuropathy including reduced thermal sensitivity, nerve conduction
velocity deficits, and reduced epidermal innervation compared to ApoE~~ ApoB1000nly gp/+
mice. If the predictions of the role of dyslipidemia related to neuropathy were correct, one
would expect that mouse models with significant dyslipidemia would develop significant
neuropathy. However, based on the studies thus far, neuropathy appears to be more closely
linked with hyperglycemia.

Although neuropathy appears to be more closely associated with hyperglycemia rather than
dyslipidemia in this study, this issue brings up some additional and important questions. It is
plausible to suggest that genetically-induced dyslipidemia in mice additionally requires
other lifestyle features present in humans, including but not limited to sedentary lifestyles
and excess dietary energy and fat intake. An additional key component may be the tools
used to measure neuropathy, and a lack of behavioral testing for mechanical sensitivity may
be one example. High-fat fed mice exhibit neuropathy characterized by robust mechanical
allodynia, reduced thermal sensitivity, and reduced epidermal innervation (Guilford et al.,
2011; Obrosova et al., 2007; Xie et al., 2013). In addition, a biochemical and structural
evaluation of myelination status may have been a useful tool to study the impact of
genetically induced “human-like” dyslipidemia on features of neuropathy.

Exp Neurol. Author manuscript; available in PMC 2014 October 01.
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In high-fat feeding studies, it is difficult to tease out whether neuropathy in high-fat fed mice
is due to dyslipidemia or the high-fat composition of the diet. This novel study of
genetically-induced dyslipidemia allows the effects of dyslipidemia to be assessed apart
from high-fat feeding. Interestingly, these results suggest that dietary fat composition may
have a more profound effect on neuropathy than the secondary effect of dyslipidemia.
Finally, increased body weight is also a confounding factor in dyslipidemic high-fat fed
rodent models. In the current study, genetically obese mice with wild type ApoE developed
neuropathy, and the ApoE ™~ db/db mice also developed neuropathy, but body weight was
not significantly increased compared to wild type ApoE littermate controls (ApoE** db/*).
Thus, genetic obesity may not be a key factor driving neuropathy in these mouse models.

Possible Future Directions

Studies using treatments such as omega 3 fatty acids that specifically improve the lipid
profile could yield some important insights into the role of dyslipidemia in neuropathy
development and progression. It may be very important in future clinical studies to
rigorously document the dietary habits of diabetic patients with dyslipidemia and
neuropathy. Perhaps these approaches may elucidate possible relationships between dietary
composition and/or excess energy intake and neuropathy in diabetic patients.

Concluding Remarks

Modeling human conditions in mice is extremely challenging. However, these are key
hurdles to overcome as we seek to identify mechanisms that explain links between
dyslipidemia and neuropathy progression. The current studies by Hinder and colleagues are
important steps necessary to improve upon current models of diabetic neuropathy. The
establishment of these new and novel models of diabetic dyslipidemia with lipid profiles that
emulate the human condition have provided interesting new insights into this problem, and
have led to important new questions that are clearly associated with a very complex
problem. This genetic approach proved fruitful, as the authors were the first to create a
diabetic mouse with severe hypertriglyceridemia and hypercholesterolemia, expansion of
VLDL-triglycerides, increased LDL-C, and a robust increase in the total cholesterol to
HDL-C ratio. Although neuropathy was not exacerbated in conjunction with dyslipidemia,
this model will likely be beneficial for studies of cardiovascular disease and for testing lipid-
lowering pharmacotherapeutics.
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Genotype Abbreviations

Wild-type ApoE** db/*

L eptin receptor mutation only ApoE** db/*

ApoE knockout alone ApoE~~ db/*

ApoE knockout with leptin receptor mutation ApoE~"~ db/db

ApoE knockout with ApoB48 knockout and wild-type ApoE ™~ ApoB100only gb/*
leptin
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ApoE knockout with ApoB48 knockout and leptin ApoE~"~ ApoB100only gh/oh
mutation
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Figure 1. Putative mechanismsfor dyslipidemia-induced sensory neuron injury

Schematic diagram illustrating the DRG, with an enlarged inset of a DRG neuron and
adjacent blood vessel. The oxidized form of LDL (oxLDL) binds to the LOX-1 receptor in
vascular endothelial cells and DRG neurons and is subsequently endocytosed or
transcytosed. oxLDL is thought to activate NADPH oxidase via interactions with the LOX-1
receptor, resulting in non-mitochondrial superoxide generation. In addition, NADPH
oxidase may increase mitochondrial production of reactive oxygen species. Finally, glucose
may independently induce mitochondrial superoxide production and increase endothelial
LOX-1 expression. This schematic illustration was adapted from Vincent et al. (Vincent et
al., 2009b) with permission from John Wiley and Sons, Ltd.
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