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Abstract

Ceramides are lipid signaling molecules that cause cytotoxicity and cell death mediated by insulin
resistance, inflammation, and endoplasmic reticulum (ER) stress. However, insulin resistance
dysregulates lipid metabolism, which promotes ceramide accumulation with attendant
inflammation and ER stress. Herein, we discuss two major pathways, extrinsic and intrinsic, that
converge and often overlap in propagating AD-type neurodegeneration via a triangulated mal-
signaling network. First, we review evidence that systemic insulin resistance diseases linked to
obesity, type 2 diabetes, and non-alcoholic steatohepatitis promote neurodegeneration.
Mechanistically, we propose that toxic ceramides generated in extra-CNS tissues (e.g., liver) get
released into peripheral blood, and subsequently transit across the blood-brain barrier into the
brain where they induce brain insulin resistance, inflammation, and cell death (extrinsic pathway).
Then we discuss the role of the intrinsic pathway of neurodegeneration which is mediated by
endogenous or primary brain insulin/IGF resistance, and impairs neuronal and oligodendrocyte
survival, energy metabolism, membrane integrity, cytoskeletal function, and ABPP-Ap secretion.
The end result is increased ER stress and ceramide generation, which exacerbate brain insulin
resistance, cell death, myelin degeneration, and neuroinflammation. Altogether, the data suggest
that the triangulated mal-signaling network mediated by toxic ceramides, ER stress, and insulin
resistance should be targeted to disrupt positive feedback loops that drive the AD
neurodegeneration cascade.
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INTRODUCTION

Insulin resistance diseases—crisis of the Western lifestyle

Insulin resistance disease states, including Alzheimer's disease (AD), obesity, type 2
diabetes mellitus (T2DM), non-alcoholic steatohepatitis (NASH), and metabolic syndrome
are among the most prevalent and costly causes of morbidity, disability, and mortality in the
United States [1-5]. Furthermore, the rapid transfer of Western “high-tech” diets and
lifestyles has helped insulin resistance diseases spread throughout the world and bear their
tolls on global health. In the central nervous system (CNS), insulin and insulin-like growth
factor (IGF) signaling networks maintain a broad array of functions including cell growth
and survival, energy metabolism, gene expression, protein synthesis, cytoskeletal assembly,
synapse formation, neurotransmitter function, and plasticity [6-8]. Correspondingly,
impaired signaling through insulin and IGF receptors, i.e., insulin and IGF resistance, has
dire consequences with respect to the structural and functional integrity of the CNS [7, 9-
11].

Insulin resistance, irrespective of cause, results in cellular and tissue injury because it
promotes oxidative stress, formation of reactive oxygen species (ROS) and reactive nitrogen
species (RNS), mitochondrial dysfunction, and pro-inflammatory cytokine activation [7, 12—
19]. Increased levels of ROS and RNS contribute to nucleic acid and protein oxidative
damage in AD and diabetes mellitus [20]. Oxidation of amino acid residues results in the
formation of advanced glycation end products (AGES) or advanced oxidation protein
products. Increased protein oxidation drives protein unfolding and inactivitation, and it
enhances protein susceptibility to cleavage. Oxidation of aliphatic side-chains leads to
formation of peroxides, alcohols, and carbonyls (aldehydes and ketone). Carbonyls are toxic
and cause stress-induced AGE accumulation, which contributes to progressive impairment
of cellular functions in aging, diabetes, AD, experimental models of AD, and many other
degenerative diseases [21-24]. In AD, elevated levels of AGEs in amyloid plaques and
neurofibrillary tangles [25-27] may promote cell death and neurodegeneration [20, 25, 27].

The consequences of insulin resistance, particularly the increased stress responses
themselves, promote insulin resistance. If the factors mediating insulin resistance persist
unabated such that the rates of injury exceed those of repair, then disease will progress and
organ-system degeneration will ensue. Besides unmitigated injury and insulin/IGF
resistance, candidate triggers of organ-system degeneration include, impaired energy
balance, lipid dyshomeostasis, loss of membrane integrity, and endoplasmic reticulum (ER)
stress, because these factors all contribute to increased ceramide generation [28-34]. For
example, in chronic obesity, T2DM, and NASH, lipid dyshomeostasis results in increased
ceramide generation in adipose tissue and/or liver [30, 35-37].

Ceramide pathobiology-probable role in neurodegeneration

Ceramides are lipid signaling molecules that can be cytotoxic, cause insulin resistance [38—
42], and activate pro-inflammatory cytokines. Pro-inflammatory cytokines, such as tumor

necrosis factor-alpha (TNF-a) [43], are highly activated in obesity, T2DM, NASH, and AD
[44-50]. Inflammation and insulin resistance increase ceramide production, which promotes
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oxidative and ER stress. The end result of these interconnecting pathophysiological
processes is the inducement of positive feedback mal-signaling that establishes a cascade of
progressive organ-system degeneration.

AD has several features in common with systemic insulin resistance disease states, including
inhibition of insulin-stimulated pro-cell growth and survival pathways, increased oxidative
stress, pro-inflammatory cytokine activation, mitochondrial dysfunction, and impaired
energy metabolism [12, 51]. In addition, there is some evidence that ceramide levels are
increased in brains with AD [37, 52-55], and that the AD neurodegeneration cascade may
contribute to ceramide generation and accumulation in the brain [35, 56]. Therefore, AD
neurodegeneration could be mediated by similar or even the same cascades that promote
organ-system degeneration in non-CNS insulin resistance diseases. However, clinical and
experimental data suggest that CNS insulin resistance in AD can be mediated by exogenous
or systemic diseases such as T2DM or NASH, or primary or endogenous disease processes
in the absence of peripheral insulin resistance [6, 12, 51, 57-59]. To reconcile these
seemingly discordant observations, we hypothesize that, with respect to systemic diseases,
brain insulin resistance is mediated by CNS trafficking of toxic ceramides produced in
diseased (insulin resistant) peripheral organs, e.g., livers with steatohepatitis, while primary
brain insulin resistance in AD results in increased CNS production of neurotoxic ceramides
due to lipid dyshomeostasis and sphingomyelin degradation. Our interests are focused on
ceramides because ceramides: 1) can be generated in brain [35, 43, 60, 61]; 2) are increased
in various dementia-associated diseases, including AD [35, 37, 56]; and 3) are lipid soluble
and therefore may readily cross the blood-brain barrier, providing a mechanism by which
obesity, T2DM, or NASH could lead to brain insulin resistance [12, 62, 63]. The present
work reviews ceramide biology and the mechanisms by which ceramides contribute to AD
neurodegeneration via extrinsic or intrinsic pathways.

CERAMIDES- REVIEWED

Lipid composition of biological membranes

The lipid component of biological membranes contains glycerophospholipids such as
phosphatidyl-choline, phosphatidyl-ethanolamine, phosphatidyl-serine, phosphatidyl-
inositol and phosphatidyl-glycerol, sphingolipids (sphingomyelin and sometimes
glycosphingolipids), and sterols (mainly cholesterol). The relative abundance of each lipid
class varies with cell type and organelle, although glycerophospholipids and sphingolipids
are most abundant in eukaryotic membranes. Membrane lipids characteristically have
amphipathic structures in which the hydrophobic (distributed centrally) and hydrophilic
(distributed peripherally) regions are well-separated to maintain an energetically favorable
lipid bilayer structure [64, 65].

Glycerophospholipids are the most abundant class of biological membrane lipids. Their
glycerol backbones have fatty acids linked through an ester oxygen to Carbons 1 and 2.
Carbon 3 of the backbone has a phosphate ester-link, as well as other moieties such as amino
acids. Glycerophospholipid structure varies with the nature of the fatty acids attached to
Carbons 1 and 2; variations in membrane lipid composition contribute to differences in
cellular structure and function [66].
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Sphingolipids are the next most abundant class of lipids in biological membranes in which a
fatty acid is attached to the amino group of sphingosine (18-carbon amine alcohol), and
either a simple or complex sugar is linked to the alcohol on Carbon 1. However,
sphingomyelin is an important exception as it contains a phosphoryl-choline group instead
of a sugar moiety, making it an analog of phosphatidyl-choline. Among the sphingolipids,
sphingomyelin is dominant in biological membranes. The physical properties of
sphingolipids are mainly dictated by the moiety attached to Carbon 1, and secondarily by the
fatty acid component. For example, with regard to glycosphingolipids, the sugar attached to
Carbon 1 of spingosine is located on the outer membrane surface of where it functions as a
receptor, antigen, or signaling molecule [67-70].

Finally, cholesterol is the main sterol present in animal cell membranes. Cholesterol has a
four fused-ring steroid nucleus and a hydroxyl group on the A ring. Sterols differ based on
the number and positions of carbon-carbon double bonds and the hydrocarbon side chain
attached to the D ring. Cholesterol plays a key role in regulating membrane fluidity because
its presence and abundance add rigidity and strength to the liquid-crystalline phospholipid
bilayer [68, 71].

Ceramide biosynthesis

Ceramides comprise a family of relatively simple sphingolipids and are generated from fatty
acid and sphingosine [30, 70, 72-76]. In contrast to glycerophospholipids and
sphingomyelin, ceramides are present at low levels within biological membranes. Ceramides
contribute to cell membrane structure by participating in lipid raft formation, and they exert
diverse regulatory effects on cell signaling pathways that mediate growth, proliferation,
motility, adhesion, differentiation, senescence, and apoptosis. For the most part, ceramides
are formed as relatively transient intermediates in the biosynthesis of complex sphingolipids,
including sphingomyelin and glycosylceramides. Ceramides differ according to the length
and nature of the di- and trihydroxy long-chain bases linked to long-chain fatty acids (up to
Cy4 or greater), and the saturated and monoenoic components. More than 200 structurally
distinct ceramide species have been identified in mammalian cells.

Ceramides can be formed via biosynthetic, catabolic, or salvage pathway mechanisms.
Ceramide synthesis is regulated by 28 or more distinct enzymes, including 6 ceramide
synthases and 5 sphingomyelinases, each of which is expressed by a different gene.
Ceramide biosynthesis is achieved through ceramide synthase and serine
palmitoyltransferase activities [60, 72, 74, 77, 78]. Ceramide synthases couple sphinganine
to a long-chain fatty acid, yielding dihydroceramide. Multiple isoforms of ceramide synthase
exist, and each one may utilize specific fatty acids (different lengths) for ceramide
biosynthesis, and thereby regulate distinct cellular functions.

Ceramides can also be generated by catabolism of complex sphingolipids through activation
of sphingomyelinases (basic, neutral, or acidic) or phospholipase C [72, 79-83], or through a
relatively inefficient mechanism involving glycosidase hydrolysis of glycosphingolipids
localized in late endosomes and lysosomes [81]. Reversal of the sphingomyelin synthesis
reaction can also generate ceramides. Sphingomyelinases, which increase ceramide levels by
stimulating sphingomyelin hydrolysis, are activated by various drugs, physical agents, and

J Alzheimers Dis. Author manuscript; available in PMC 2015 August 26.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de la Monte

Page 5

natural compounds, including chemotherapeutic agents, pro-inflammatory cytokines, e.g.,
TNF-a, endotoxins, trophic factor withdrawal, heat, ionizing radiation, Fas, and 25-
dihydroxy-vitamin D3 [41, 43, 56, 72, 81, 84, 85].

The third mechanism of ceramide synthesis is via the salvage pathway in which sphingoid
bases released by acid ceramidase activity escape from the lysosomes and get re-utilized for
ceramide biosynthesis through the action of a ceramide synthase [72, 74, 86]. The salvage
pathway may be responsible for between 50% and 90% of sphingolipid biosynthesis. In
addition, ceramides generated via the salvage pathway may be spatially and functionally
distinct from those synthesized via the de novo pathway. Moreover, sphingoid bases
released from lysosomes may possess unique or independent biological functions. Finally,
sphingosine-1-phosphate is an important biologically active metabolite that can only be
generated from free sphingosine [85]. Therefore, the regulation of ceramide synthesis,
levels, and actions is central to many cellular and biological processes.

Ceramide degradation

As mentioned, ceramides are used in the synthesis of complex sphingolipids. For the most
part, ceramides needed to generate complex sphingolipids are synthesized on the
cytoplasmic leaflet of the ER, and subsequently processed in the Golgi [74, 87]. Ceramides
used to generate sphingomyelin are extracted from lipid bilayer membranes in the ER by the
CERT transporter protein [88, 89]. Short peptide motifs in CERT recognize a specific
protein in the ER. CERT protein extracts ceramides from lipid bilayer membranes with
limited specificity for those containing Cq4 to Cyq fatty acids [87, 90-92]. The pool of
ceramides used to synthesize glycosylceramide differs from that used to generate
sphingomyelin [93, 94]. The process requires ceramides to be transported between the ER
and Golgi by a separate transport mechanism that is still under investigation.

Ceramidases hydrolyze ceramides to sphingoid bases and free fatty acids. Five ceramidase
enzymes have been identified in humans; 2 have acidic, and 3 have alkaline pH optima for
enzymatic function [95]. In addition, ceramidase differ with respect to their sub-cellular
localizations and fatty acid specificities. Acidic ceramidases are located in lysosomes, and
they efficiently hydrolyze ceramides with medium chain fatty acid components [96]. Neutral
ceramidases are located in the plasma membrane and use long-chain to very-long-chain fatty
acid components (Cqg to >Cyy) as substrates [97, 98]. Alkaline ceramidases 1 and 2 (ACER1
and ACER?2) are localized in the ER and Golgi, and they also utilize very-long-chain acyl
groups as substrates. ACER3 is localized in both the ER and Golgi, but has specificity for
ceramides, dihydroceramides, and phytoceramides linked to unsaturated long-chain fatty
acids (18:1,20: 1 or 20: 4) [99].

Ceramide functions

The rapid turnover and short half-life of ceramides are critical to their functions as second
messengers for intracellular signaling. In addition, the levels of specific ceramide species are
regulated in order to target particular proteins. The de novo pathway of ceramide
biosynthesis may have a more important role in physiological maintenance of ceramides,
while catabolic pathways that utilize sphingomyelinases may allow for rapid production of

J Alzheimers Dis. Author manuscript; available in PMC 2015 August 26.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de la Monte

Page 6

ceramides under stress conditions. As noted, the range of ceramides produced differs among
cellular compartments, and the profiles of ceramides formed and accumulated in different
organelles and cell types can shift, either as adaptive or pathological responses.

Ceramides are physically concentrated in ceramide-rich platforms or rafts, i.e., lateral liquid-
ordered microdomains [100]. Acid sphingomyelinase mediates ceramide production within
rafts, and with their accumulation, ceramides displace cholesterol from sphingomyelin-
enriched rafts [101]. The accumulation of ceramides causes small rafts to merge into larger
units, resulting in modification of membrane structure and enabling specific proteins, such
as receptors, to oligomerize or cluster and thereby potentiate positive signals or minimize
negative signals [102-106]. Positive signaling can produce positive or negative effects. For
example, the formation of ceramide-rich platforms could enhance trophic factor signaling
with attendant cell growth, or stress-related signaling with resultant inflammation and cell
death.

Ceramides regulate a broad range of both positive and negative cellular functions, including
growth, proliferation, motility, adhesion, differentiation, senescence, and apoptosis [28, 31,
32,43, 53,74, 76, 82, 85, 107, 108]. Appreciation of the large number of variations in
ceramide structure and subcellular localization has led to the recogniztion that ceramide
signaling effects might be cataloged according to their molecular structures. Thus far,
emphasis has been placed on fatty acid chain length and glycosylation or phosphorylation of
the sphingolipid [109-111]. Earlier studies demonstrated that complex sphingolipids
including gangliosides [112], and long-chain naturally occurring ceramides, i.e., up to 24
carbon atoms in length [113] function by stimulating positive cellular responses such as
growth, while sphingosine-containing lipids, including shorter-chain ceramides, have
inhibitory effects that result in increased apoptosis, cytotoxicity, or impaired growth [112,
114, 115]. In addition, C4¢ ceramide mediates apoptosis, while C1g ceramide causes growth-
arrest and may function as an adjuvant by helping to trigger apoptosis in cancer cells
exposed to chemotherapeutic drugs [116, 117]. Finally, N-acetylsphingosine, the simplest
ceramide molecule (C2-ceramide), has distinct signaling functions relative to more complex
ceramides and mediates mitochondrial cytochrome c release and apoptosis [118]. Since
different ceramide synthase isoforms enable synthesis of specific chain-lengths of the base
and fatty acid, shifts in the expression profiles of ceramide synthases may reflect changes in
the types of ceramides expressed in cells and different organelles, and functional responses
to different environmental or intracellular stimuli.

While the rapid and dynamic turnover of ceramides is critical for modulating responses to
changing intracellular and extracellular cues and stresses, the actions of ceramides are
modulated by opposing effects of two of their own metabolites, sphingosine-1-phosphate
and ceramide-1-phosphate [85, 119, 120]. In contrast to ceramides, sphingosine-1-phosphate
and ceramide-1-phosphate have inhibitory effects on apoptosis [119, 121-123]. In addition,
ceramide-1-phosphate modulates inflammation by activating phospholipase A2 [124].
Therefore, the action of synthesizing ceramides to promote apoptosis can be rapidly halted
by activating ceramidases to generate metabolites that oppose the effects of ceramide
signaling. Future therapeutic compounds could be developed to manipulate the balance
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away from ceramide degradation in the case of cancer treatment, or in favor of ceramide
metabolite accumulation to rescue neurodegenerative, ischemic, or autoimmune diseases.

CERAMIDES, INSULIN RESISTANCE, ENDOPLASMIC RETICULUM STRESS

Insulin resistance dysregulates lipid metabolism and promotes ceramide synthesis and
accumulation

Insulin stimulates lipogenesis, which results in increased triglyceride storage in the liver and
adipose tissue [125, 126]. Although this process is generally benign and important for
maintaining energy balance, chronic high caloric intake leads to obesity, disrupting
metabolic homeostasis and resulting in insulin resistance [42, 57, 125, 127]. In liver, simple
steatosis can progress to steatohepatitis, which is associated with hepatic insulin resistance.
Besides impairments in transducing insulin stimulated signals, the accompanying
inflammation, pro-inflammatory cytokine activation, oxidative stress, and increased cell
death via mitochondrial or apoptotic mechanisms, all contribute to the progression of liver
disease in NASH.

One additional factor contributing to the progression of liver disease in NASH is that insulin
resistance promotes lipolysis [128], which leads to increased generation of toxic lipids, i.e.,
ceramides, that further impair insulin signaling, mitochondrial function, and cell viability
[41, 42, 129]. Importantly, ER stress and mitochondrial dysfunction can also initiate or
potentiate insulin resistance and lipolysis leading to increased ceramide production [33, 34,
130, 131]. Ceramides cause insulin resistance by activating proinflammatory cytokines and
inhibiting transmission of signals through phosphatidyl-inositol-3 kinase (PI3K) and Akt
[104, 132-134]. Therefore, insulin resistance leads to increased generation of ceramides that
exacerbate insulin resistance, inflammation, and tissue injury, and they also promote ER
stress and mitochondrial dysfunction, which worsen inflammation and insulin resistance.
This thickly inter-connected cycle corresponds to a harmful positive feedback loop that
mediates disease progression and tissue degeneration.

Endoplasmic reticulum stress

The ER mediates wide-ranging functions, including protein synthesis, folding, maturation,
and trafficking, i.e., post-translational protein processing and transport [135]. The ER is also
critical for Ca2* homeostasis and triglyceride synthesis. ER stress is caused by disruption of
homeostatic mechanisms that cause unfolded proteins to accumulate, and ROS and RNS
species to form [135]. Normally, the ER adapts to stress by activating the unfolded protein
response (UPR) [136, 137], which quickly increases the levels and activities of ER stress
sensor proteins including: inositol-requiring enzyme 1 (IRE1), PKR-like ER-localized elF2a
kinase (PERK), and the activating transcription factor 6a (ATF-6a; ER membrane-anchored
transcription factor). PERK and IRE1 activate ER stress signaling networks by transmitting
stress signals in response to protein misfolding or unfolding. In the unstressed state, the
luminal domains of PERK and IRE1 are stably complexed with the ER chaperone BiP. ER
stress induced by the UPR dissociates BiP from the luminal domains of PERK and IREL.
BiP's translocation to the cytosol correlates with the activation of PERK or IRE1 [136-138].
In addition, with ER stress, Bim, a proapoptotic member of the Bcl-2 family which is
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normally sequestered by Bcl-xL to prevent apoptosis, dissociates from Bcl-xL, translocates
to the ER, and activates a Capase-12-mediated pro-death cascade [139]. Insulin resistance
contributes to ER stress because vital ER functions such as protein synthesis, modification,
and folding, calcium signaling, and lipid biosynthesis utilize glucose as the main source of
energy to drive these processes, and insulin resistance impairs glucose uptake and
metabolism. Therefore, with chronic steatohepatitis and insulin resistance, hepatocellular
injury and death can be promoted by activation of ER stress pathways [33, 34, 131, 140].

Increased ER stress marks lipid dyshomeostasis and may reflect activation of pro-ceramide
and proinflammatory pathways with increased generation of toxic lipids, e.g., ceramides
[141-143]. Correspondingly, ceramide immunoreactivity and ER stress gene expression
were found to be increased in livers with steatohepatitis [62]. ER stress leads to activation of
PERK, and the growth arresting and DNA damaging, GADD34/PP1 phosphatase complex,
which dephosphorylates elF2a, promoting apoptosis. Correspondingly, recent studies
showed that ceramide immunoreactivity and ER stress genes are significantly upregulated in
livers with chronic steatohepatitis [144, 145].

PERIPHERAL INSULIN RESISTANCE, CERAMIDES, AND DISEASE

Ceramide-mediated tissue injury and degeneration

Ceramides can have positive or negative effects on cells by modulating a broad array of
functions including, differentiation, proliferation, transformation, inflammation, autophagy,
and apoptosis. Pro-growth and pro-differentiation effects of ceramides are examples of
positive regulation. Ceramide activation of autophagy could also represent positive
responses needed to maintain cellular homeostasis. On the other hand, ceramide inducement
of inflammation reflects negative signaling that results in tissue injury by various
mechanisms, including the activation of proinflamatory cytokines such as tumor necrosis
factor-a, or the recruitment of cytotoxic responses to the amyloid- (Ap) peptide, which
contributes to AD.

Ceramides participate in intracellular signaling by targeting ceramide-activated protein
phosphatase and kinases, causing net changes in glycogen synthesis, insulin responsiveness,
cell survival, and membrane permeability. Cytotoxic and degenerative effects of ceramides
are mediated by: 1) altering phosphorylation states of various proteins, including those that
regulate insulin signaling [146]; 2) activating enzymes such as interleukin-1f converting
enzyme (ICE)-like proteases, which promote apoptosis [81]; or 3) inhibiting Akt activity
[147] by activating protein phosphatase 2A [117] and glycogen synthase kinase 3
(GSK-3p) [148, 149] recruiting phosphatase and tensin homologue deleted on chromosome
10 (PTEN) [150]. Therefore, ceramide homeostasis is needed to enable positive cell
signaling while minimizing cell injury. This balancing act is achieved through rapid
conversion of ceramide intermediates to complex sphingolipids, and ceramidase metabolism
of ceramides to sphingosine-1-phosphate and ceramide-1-phosphate. Pathophysiological
increases in the levels of ceramides relative to sphingosine and sphingosine-1-phosphate
have been implicated in the pathogenesis of obesity and insulin resistance [61].
Correspondingly, inhibition of ceramide synthesis or its accumulation was shown to prevent
obesity-associated insulin resistance [32, 38]. Beyond this, ceramides have been implicated

J Alzheimers Dis. Author manuscript; available in PMC 2015 August 26.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de la Monte

Page 9

in the pathophysiology of aging and infertility due to activation of anti-proliferation and
inhibition of pro-survival responses.

Endogenous versus exogenous ceramides as mediators of steatohepatitis and hepatic
insulin resistance

Chronic steatohepatitis caused by various mechanisms and exposures, including obesity,
alcohol, and nitrosamines, activate pro-ceramide genes and enzymes, resulting in increased
ceramide levels in liver [12, 13, 62, 144, 151]. This response is accompanied by increased
inflammation and activation of stress pathways that promote further injury, and exacerbate
hepatic insulin resistance. Therefore, in the context of chronic steatohepatitis, a positive
feedback loop can become established whereby hepatic insulin resistance promotes the
generation of cytotoxic ceramides that render hepatic insulin resistance persistent and
progressive (endogenous mechanism of liver injury).

Besides local injury caused by ceramide accumulation and insulin resistance, evidence
suggests that cytotoxic ceramides generated in one tissue can injure cells and tissues at
distant sites. For example, with obesity, enhanced ceramide production in adipocytes can
adversely affect the liver and promote hepatic insulin resistance [32, 43, 152-155]. In vitro
experiments utilizing cell lines or liver precision cut slice cultures (L-PCSC) demonstrated
that exposures to synthetic cytotoxic ceramides (C2 or C6) cause significant tissue injury
with oxidative stress, impaired insulin signaling, reduced insulin-responsive gene
expression, and mitochondrial dysfunction [156]. Moreover, in vivo experiments
demonstrated that intraperitoneal administration of C2 or C6 cytotoxic ceramides causes
hepatic steatosis with inflammation and insulin resistance [63]. Together, these results
indicate that cytotoxic ceramides from exogenous sources can cause hepatic injury with
insulin resistance.

Recently, we showed that treatment with peroxi-some proliferator-activated receptor
(PPAR) agonists which function as insulin sensitizer agents as well as anti-inflammatory
compounds, increase insulin responsiveness and decrease pro-ceramide gene expression and
ceramide levels in livers with chronic steatohepatitis [157]. On the other hand, ceramide
enzyme inhibitor treatment of PCSCs generated from models of steatohepatitis, reduced
cytotoxicity and increased insulin responsiveness. These results suggest that insulin
resistance and ceramide accumulation/toxicity are highly inter-related and contribute to one
another's pathogenesis. Therefore, targeting these two disease mechanisms may halt or
reverse tissue degeneration in the context of steatohepatitis. This point is of particular
interest with regard to potential secondary neurodegenerative effects of chronic
steatohepatitis (see below).

Peripheral insulin resistance and cognitive impairment

Growing evidence suggests that peripheral insulin resistance with obesity, T2DM, metabolic
syndrome (dyslipidemic states), and NASH mediate brain insulin/IGF resistance, and
thereby contribute to the pathogenesis of mild cognitive impairment (MCI), dementia, and
AD [12, 58, 158-160]. Obese individuals have increased rates of MCI [161], impaired
performance on executive function tests [161, 162], and at least a two-fold increased risk for
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developing dementia or AD [163]. In experimental models, obesity caused by chronic high
fat diet feeding results in mild neurodegeneration and cognitive impairment [12, 127, 164—
166]. Although weight loss has not been shown to improve cognitive performance, it does
enhance neuropsychiatric function including mood and behavior [167]. Patients with NASH
have increased rates of neuropsychiatric diseases including depression and anxiety [168],
and they are at increased risk for developing cognitive impairment prior to cirrhosis [169].

The relationship between peripheral insulin resistance and cognitive impairment or sporadic
AD was brought to light by the near parallel growths of the obesity and AD epidemics
across multiple age groups [3]. Moreover, epidemiologic studies showed that individuals
with glucose intolerance, deficits in insulin secretion, T2DM, or obesity/dyslipidemic
disorders were at increased risk for developing MCI or AD-type dementia [59, 170, 171].
These human studies are supported by the findings in experimental animal models of
chronic high fat diet (HFD) feeding and diet induced obesity with T2DM in which deficits in
spatial learning and memory [165, 172] are associated with mild brain atrophy, brain insulin
resistance, neuro-inflammation, oxidative stress, and deficits in cholinergic function [127,
164]. Therefore, obesity or T2DM can lead to cognitive impairment, brain atrophy, and
some of the biochemical and molecular abnormalities associated with AD-type
neurodegeneration. However, it is noteworthy that the extent of neurodegeneration
associated with peripheral insulin resistance diseases alone does not fully replicate the
pathology of advanced AD. For the most part, T2DM, obesity, and probably other
peripheral/systemic insulin resistance states cause modest rather than severe degrees of
neurodegeneration in which neurofibrillary tangle pathology is absent, cortical dystrophic
neurites are low in abundance, ABPP-AP burden is low, and cell loss is subtle. In essence,
the neuropathology in obesity and peripheral insulin resistance diseases more closely mimics
the findings in MCI or early stage AD. Therefore, although peripheral insulin resistance
disease states by themselves mainly cause MCI, their more serious impact is that they can
serve as co-factors in the pathogenesis or progression of AD neurodegeneration.

Exogenous ceramides mediate cytotoxicity and insulin resistance in brain

As discussed, cognitive impairment can be mediated by peripheral insulin resistance
diseases. More specifically, evidence suggests that cognitive impairment and
neuropsychiatric dysfunction correlate more with hepatic steatosis and hepatic insulin
resistance rather than obesity or T2DM per se [168, 173-178]. For example, neurocognitive
deficits and brain insulin resistance were observed in experimental models of chronic HFD
whereby the mice or rats developed visceral obesity with hepatic steatosis or steatohepatitis.
Moreover, in the absence of obesity, toxin exposures that cause steatohepatitis with hepatic
insulin resistance also promote neurodegeneration and cognitive impairment [17, 127, 151,
164, 179]. A key feature of steatohepatitis with insulin resistance is increased ceramide
generation. Since ceramides can promote insulin resistance both locally and at distant sites
[28, 30, 43, 104, 180-183], brain insulin resistance and neurodegeneration arising in the
setting of hepatic insulin resistance could be mediated by liver-derived cytotoxic ceramides
[12]. Correspondingly, in humans and experimental models of chronic steatohepatitis,
irrespective of cause, ceramide levels are increased in both liver and peripheral blood. One
potential explanation for this phenomenon is that ceramides produced in diseased livers may
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transit into peripheral blood following hepatocellular injury or death, and subsequently exert
their toxic and metabolic effects on distant organs, including brain. We used invitroand in
vivo experiments to test this hypothesis.

Treatment of cultured neurons or cerebellar PCSCs with C2 or C6 synthetic cytotoxic
ceramides resulted in significant cell or tissue injury with oxidative stress, inhibition of
insulin signaling, and increased expression of genes and proteins associated with AD-type
neurodegeneration relative to cultures treated with the C2D inactive ceramide [156].
Moreover, intraperitoneal administration of C2 or C6 cytotoxic ceramides caused cognitive
and motor impairments with deficits in insulin/IGF signaling, and insulin/IGF responsive
gene expression in the brain [63]. Therefore, exogenous exposure to cytotoxic ceramides can
cause neurodegeneration with brain insulin resistance and deficits in cognitive and motor
functions.

To further assess the likelihood that cytotoxic ceramides present in peripheral blood can
cause brain injury/neurodegeneration with insulin resistance, we injected BODIPY (4,4-
difluoro-4-bora-3a,4a-diaza-sindacene)-tagged ceramides (50 pug/kg BODIPY-TR-BSA-C5)
i.p. ori.v., and 2 hours later, determined the degrees to which BODIPY fluorescence could
be detected in brain tissue membranes. BODIPY is an intrinsically lipophilic fluorescent dye
that does not interfere with the properties of natural lipids. The study demonstrated that
BODIPY-TR-C5 and not the bovine serum albumin (BSA) conjugate, BODIPYTR-C5-
BSA, could be recovered from lipid but not aqueous fractions of brain. These findings
indicate that the synthetic ceramides had partitioned into lipid containing membranes rather
than extracellular fluid or blood (Fig. 1). The absence of BODIPY-TR-C5-BSA fluorescence
in brain was expected because the BSA-conjugate would have prevented trafficking of the
BODIPY-TR tagged C5 ceramide from crossing the blood brain barrier. In further
preliminary studies, we demonstrated that cerebellar PCSCs exposed to lipids extracted from
plasma or livers of rats with chronic steatohepatitis exhibited increased neurotoxicity and
oxidative stress, and reduced insulin signaling and insulin-responsive gene expression
relative to cultures exposed to control sera (data not shown). These findings support the
hypothesis that cytotoxic ceramides originating from liver (or other organs/tissues) and
entering peripheral blood can cross the blood-brain barrier and exert neurotoxic and
neurodegenerative effects on the brain.

Liver-brain axis of neurodegeneration hypothesis: role of cytotoxic ceramides

In obesity, adipose tissue, skeletal muscle, and liver have abnormal sphingolipid metabolism
that results in increased ceramide production, inflammation, and activation of pro-
inflammatory cytokines, with impairments in glucose homeostasis and insulin
responsiveness [40, 43, 61]. In human [184] and experimental models of NASH [185],
ceramide levels in adipose tissue are elevated due to increased activation of serine palmitoyl
transferase, and acidic and neutral sphingomyelinases [81]. In addition, liver ceramide
synthase and serine palmitoyl transferase mMRNA levels are increased in the early stages of
hepatic steatosis, but with the development of NASH and neurodegeneration, ceramide
synthase mRNA transcripts decline while sphingomyelinase gene expression increases
[127]. Since neurodegeneration in models of obesity and diabetes have not been associated
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with increased CNS expression of pro-ceramide genes, we suspect that the AD-type
neurodegeneration with brain insulin/IGF resistance is mediated by secondary effects of
peripheral insulin resistance, i.e., dysregulated lipid metabolism, increased production of
cytotoxic ceramides, and increased trafficking of cytotoxic ceramides from peripheral blood
to brain.

The aggregate results from several studies suggest that chronic steatohepatitis, irrespective
of cause, promotes hepatic insulin resistance, oxidative stress, and tissue injury. Insulin
resistance drives dysregulation of lipid metabolism that leads to increased ceramide
production in liver. Hepatocyte accumulation of cytotoxic ceramides promotes ER stress
which exacerbates insulin resistance, inflammation, and oxidative stress. Consequences
include, increased DNA damage, mitochondrial dysfunction, energy depletion, ROS
production, and eventually the formation lipid, protein, and DNA adducts, which impair
cellular functions at multiple levels. Finally, a reverberating cascade of mal-signaling and
insulin resistance gets established, and progressively impairs cell survival [12]. Since toxic
lipids, including ceramides can cross the blood-brain barrier and cause insulin resistance by
interfering with critical phosphorylation events [81, 117, 147] and activating pro-
inflammatory cytokines [43, 114, 115], CNS insulin resistance, which is an early and
important feature of AD, may be mediated by chronic exposure to cytotoxic ceramides
generated from extra-CNS sources [63], mimicking effects of AD. In essence, brain insulin
resistance and cognitive impairment in the settings of obesity, Type 2 diabetes, metabolic
syndrome, NASH, or other forms of peripheral insulin resistance could be mediated by
trafficking of neurotoxic ceramides from liver to brain, i.e., a liver-brain axis of
neurodegeneration.

Corresponding with the above concept, mass spectrometry-based lipidomics analysis of
plasma detected elevated levels of saturated sphingolipids (N16 : 0 and N21: 0) in AD
relative to control subjects, and linked severity of cognitive impairment with altered levels
of specific very long chain ceramides [186]. In addition, elevated plasma levels of very
long-chain saturated ceramides (C22 : 0 and C24 : 0) were found to be predictive of memory
loss and hippocampal atrophy in patients with MCI [187], whereas increased ratios of
dihydrosphingomyelin to dihydroceramide and sphingomyelin to ceramide were shown to
be correlated with slower progression of AD [188]. Although these studies did not
interrogate the sources of plasma sphingolipids and ceramides or the presence of underlying
peripheral insulin resistance diseases, they provide evidence that shifts in plasma spingolipid
profiles and levels could be used as peripheral biomarkers for individuals at risk for
progression from MCI to dementia. Ideally, it would be beneficial to determine the degree to
which peripheral blood very long chain ceramide profiles shift with treatment of AD with
insulin, insulin sensitizers, or measures to support neurotransmitter function and metabolic
homeostasis in the CNS.
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PRIMARY BRAIN INSULIN RESISTANCE, CERAMIDES, ER STRESS AND
NEURODEGENERATION

Brain insulin resistance without peripheral insulin resistance in AD

Growing evidence supports the concept that AD is a metabolic disease in which brain
glucose utilization and energy production are impaired [6, 15, 16, 189]. Brain insulin and
insulin-like growth factor (IGF) resistance disrupt signaling that regulates neuronal survival,
metabolism, gene expression, and plasticity [7]. Moreover, inhibition of insulin/IGF
signaling contributes to AD-type neurodegeneration by increasing: 1) the activity of kinases
that aberrantly phosphorylate tau; 2) expression of ABPP and accumulation of ABPP-ApB; 3)
levels of oxidative and ER stress; 4) the generation of ROS and RNS that damage proteins,
RNA, DNA, and lipids; 5) mitochondrial dysfunction; and 6) activation of pro-inflammatory
and pro-death cascades. On a functional basis, insulin/IGF resistance down-regulates target
genes needed for cholinergic homeostasis, and compromises systems that mediate neuronal
plasticity, memory, and cognition [7, 12, 51].

The early stages of AD are marked by deficits cerebral glucose utilization [190-193], and as
disease progresses, metabolic and physiological abnormalities worsen [194]. AD is
associated with brain insulin resistance and insulin deficiency, with significant abnormalities
in the expression of genes and activation of kinases that are regulated by insulin and IGF
[15, 16]. As AD progresses, cerebral glucose utilization declines, and deficits in insulin
signaling worsen [15]. As is the case for other organs and tissues, brain insulin resistance
impairs energy metabolism and increases oxidative stress, ROS production, DNA damage,
and mitochondrial dysfunction, all of which drive pro-apoptosis, pro-inflammatory, and pro-
APPP-Ap cascades. Correspondingly, experimental inhibition of brain insulin receptor
expression and/or function results in cognitive impairment and neurodegeneration with
features that overlap with AD [17, 195-198].

In brains with AD, deficits in insulin/IGF signaling are due to combined effects of
insulin/IGF resistance and deficiency. Insulin/IGF resistance is manifested by reduced levels
of insulin/IGF receptor binding and decreased responsiveness to insulin/IGF stimulation,
while the trophic factor deficiency is associated with reduced levels of insulin polypeptide
and gene expression in brain and cerebrospinal fluid [6, 15, 16, 158, 199, 200]. Therefore,
AD may be best regarded as a brain form of diabetes that has elements of both insulin
resistance and insulin deficiency. To consolidate this concept, we proposed that AD be
referred to as, “Type 3 diabetes” [15, 16].

ER stress and neurodegeneration

As in other organs and tissues, ER stress in the brain is triggered by the accumulation of
unfolded or misfolded proteins in the ER lumen. Initially, the ER adapts to stress by
triggering the UPR [136, 137], which activates ER stress sensor proteins including IRE-1a,
PERK, and ATF-6a. Persistent activation of the UPR causes PERK and IRE-1a to activate
ER stress signaling networks [136, 138] that ultimately promote cell death via apoptosis or
mitochondrial mechanisms [139]. Increased ER stress is a recognized feature of several
major neurodegenerative diseases, including AD and Parkinson's disease, in which mis-
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folded cytoskeletal proteins accumulate, aggregate and become ubiquitinated, and thereby
promote ER and oxidative stress [201-203]. In vitro experiments linked ER stress to
increased expression of GRP78/BiP, CHOP, ATF4, ATF6, and phosphorylated PERK and
elFla in cultured neuronal cells, but only after induction by tunicamycin or thapsigargin
[204]. This suggests that ER stress responses in neuronal cells may be driven by calcium
release from the ER, together with oxidative stress and possibly mitochondrial dysfunction.

Role of brain-derived ceramides and ER stress in AD progression

Although T2DM, obesity, and other peripheral insulin resistance diseases significantly
increase the risk of developing MCI, dementia, or AD [205], the vast majority of patients
with AD do not have peripheral insulin resistance diseases. Similarly, in models of
neurodegeneration produced by intracerebral injection of Streptozotocin, the cognitive
deficits, and the nature and severity of neurodegeneration closely match the findings in AD,
and are not associated with T2DM or peripheral insulin resistance [17, 179]. At the same
time, postmortem human brain studies demonstrated no significant increase in AD diagnosis
among diabetics [206], and in experimental models and humans with obesity, T2DM, or
other peripheral insulin resistance diseases, the severity of neurodegeneration and brain
insulin resistance tend to be relatively mild, and they do not fully mimic the pathology of
moderate or severe AD [127, 164]. Together, these observataions suggest that brain insulin
resistance-associated neurodegeneration can be mediated by either peripheral insulin
resistance as discussed earlier, or a primary disease process in the brain.

We hypothesize that primary or endogenous brain insulin resistance is mechanistically
similar to the same process described earlier with respect to liver in that, insulin resistance,
ER stress, and cytotoxic ceramides are pathophysiologically inter-related and together these
factors promote chronic injury and neurodegeneration. In support of this concept are the
following: 1) sphingomyelins are abundantly expressed in brain and their degradation by
sphingomyelinases could readily generate ceramides [56, 112, 207, 208]; 2) oligodendrocyte
function, including myelin homeostasis, is regulated by insulin/IGF, and cerebral white
matter atrophy and degeneration are early features of AD [209], overlapping with the time
course during which brain insulin resistance emerges; 3) earlier studies suggested that
sphinolipid metabolism [210] and ceramide levels were increased in AD brains [53]; 4) ER
stress responses in AD are thought to be activated by the accumulation, aggregation, and
polyubiquitination of mis-folded fibrillar proteins, e.g., hyper-phosphorylated tau and ABPP-
AP [202, 203]; and 5) dysregulated ceramide generation in brain promotes cell death and
APPP-Af deposition [211-214]. Increased ER stress in the brain would exacerbate brain
insulin resistance and cytotoxic ceramide production, which in turn would forward
neurodegeneration by increasing mitochondrial dysfunction and cell death. In the final
segments of this article, we present new data that was generated to more directly examine
this hypothesis. In this regard, we measured pro-ceramide and ER stress RNA transcripts,
ER stress signaling proteins, and ceramide immunoreactivity in human brains with normal
aging, moderate AD, or end-stage AD.
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Hypothesis: Insulin resistance can precipitate and propagate progressive AD
neurodegeneration via intrinsic and/or extrinsic mechanisms (Fig. 2)

We propose that the AD neurodegeneration cascade can be initiated and propagated by
primary brain insulin/IGF resistance (intrinsic), peripheral insulin/IGF resistance diseases
(extrinsic), or combined effects of both.

Intrinsic mechanisms

Brain insulin/IGF deficiency and resistance directly contribute to oxidative stress,
neuroinflammation, impaired function and survival of neurons and oligodendrocytes,
reduced neurotransmitter functions required for plasticity, learning, and memory, deficient
myelin integrity, and disrupted processing and function of tau and APPP-Ap. Together, these
abnormalities contribute to constitutive activation of ER stress and pro-ceramide pathways.
A positive feedback loop leading to progressive neurodegeneration takes hold because each
aspect of the cascade reinforces one or more of the key elements. Given the fact that many
of the fundamental molecular and cellular abnormalities in AD also occur in other
neurodegenerative diseases, such as Parkinson's disease, motor neuron disease, alcoholic
brain disease, HIV-AIDS dementia and Niemann-Pick disease, it is likely that perturbations
in sphingolipid metabolism with accumulation of neurotoxic ceramides contribute to the
pathogenesis and progress of various forms of neurodegeneration [55, 56, 62, 215].

Extrinsic mechanisms

Peripheral, including hepatic insulin resistance with associated chronic injury, inflammation,
and metabolic dysfunction leads to dysregulated lipid metabolism with increased ceramide
production. Intra-hepatic accumulation of cytotoxic ceramides promotes ER stress, which
exacerbates insulin resistance, inflammation, and oxidative stress. Consequences include the
establishment of a reverberating cascade of mal-signaling and insulin resistance with
impaired cell survival that results in leakage of toxic ceramides from liver to peripheral
blood. Toxic ceramides capable of penetrating the blood brain barrier, cause CNS insulin
resistance, oxidative stress, and proinflammatory cytokine activation, which ultimately
result in dysregulated lipid metabolism, myelin breakdown, increased endogenous ceramide
generation, and ER stress. Sporadic AD that occurs independent of peripheral insulin
resistance disease is likely mediated by intrinsic brain insulin resistance with increased
activation of ER streass and pro-ceramide pathways. On the other hand, the epidemic of
peripheral insulin resistance diseases which includes obesity, Type 2 diabetes, and non-
alcoholic fatty liver disease, is likely responsible for the staggering increases in morbidity
and mortality rates from AD across all age groups, 50-years and older [3]. Mechanistically,
we attribute this extrinsic pathway of brain insulin/IGF resistance with attendant ER stress to
initiating insults arising from toxic ceramides generated in peripheral tissues, e.g., liver, and
trafficking through peripheral blood to the CNS to exert their neurotoxic and degenerative
effects. Future strategies for designing treatments for AD should consider multi-pronged
approaches that combat this triangulated mechanism of neurodegeneration.
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Fig. 1.
Ceramide crosses the blood-brain barrier. Long Evans rats were given a single intravenous

injection of vehicle, C6-Ceramide-BODIPY, or C6-Ceramide-BSA-BODIPY, and 1 hr later,
(A) plasma, (B) liver, (C) cerebrum, (D) cerebellum and (E) heart (myocardium) were
harvested to measure fluorescence (Ex 575 nm/Em 590 nm). Plasma fluorescence was
measured directly. Tissue fluorescence was measured in membrane (chloroform : methanol)
lipid extracts to demonstrate uptake. The BSA-conjugated C6-Cer does not penetrate the
blood brain barrier and served as a control. Data were analyzed by one-way ANOVA with
the Dunnet post-hoc significane test.
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Fig. 2.
Intrinsic versus extrinsic mechanisms of brain insulin/IGF resistance and neurodegeneration.

The central portion of this cartoon depicts the intrinsic mechanisms of neurodegeneration
mediated by primary brain insulin/IGF resistance and deficiency. The consequences are
multi-faceted, contributing tall all aspects of AD-type neurodegeneration.
Neurodegeneration progresses because certain effects of brain insulin resistance, e.g., ABPP-
A toxicity and neuroinflammation can also promote brain insulin resistance. As injury
progresses, the unfolded protein response leads to increased ER stress and
neuroinflammation, oxidative stress and ER stress lead to accumulation of neurotoxic
ceramides, which further exacerbate brain insulin/IGF resistance and advance the cascade of
neurodegeneration. The extrinsic mechanism is particularly relevant to Type 2 diabetes, non-
alcoholic steatohepatitis, and visceral obesity (visceral obesity shown as yellow discs below
livers), whereby excess lipid accumulation leads to insulin resistnce, which promotes
inflammation, ER stress, and oxidative injury. This process establishes a reverberating
cascade of mal-signaling and insulin resistance with impaired cell survival that results in
leakage of toxic ceramides from liver (or visceral fat) to peripheral blood. Toxic ceramides
capable of penetrating the blood brain barrier, cause CNS insulin resistance, oxidative stress,
and pro-inflammatory cytokine activation, which ultimately result in dysregulated lipid
metabolism, myelin breakdown, increased endogenous ceramide generation, and ER stress.
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