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Background: Huntington disease (HD) involves neurological and metabolic pathologies.

Results: Euglycemic therapeutics that affect hypothalamic transcription ameliorate multiple aspects of HD pathology.
Conclusion: Hypothalamic targeting in HD may yield enhanced HD drug efficacy.

Significance: Wider consideration of the metabolic aspects of neurological disorders may be important for drug design.

Our aim was to employ novel analytical methods to investi-
gate the therapeutic treatment of the energy regulation dysfunc-
tion occurring in a Huntington disease (HD) mouse model. HD
is aneurodegenerative disorder that is characterized by progres-
sive motor impairment and cognitive alterations. Changes in
neuroendocrine function, body weight, energy metabolism,
euglycemia, appetite function, and gut function can also occur.
Itislikely that the locus of these alterations is the hypothalamus.
We determined the effects of three different euglycemic agents
on HD progression using standard physiological and transcrip-
tomic signature analyses. N171-82Q HD mice were treated
with insulin, Exendin-4, and the newly developed GLP-1-Tf to
determine whether these agents could improve energy regula-
tion and delay disease progression. Blood glucose, insulin,
metabolic hormone levels, and pancreatic morphology were
assessed. Hypothalamic gene transcription, motor coordina-
tion, and life span were also determined. The N171-82Q mice
exhibited significant alterations in hypothalamic gene tran-
scription signatures and energy metabolism that were amelio-
rated, to varying degrees, by the different euglycemic agents.
Exendin-4 or GLP-1-Tf (but not insulin) treatment also
improved pancreatic morphology, motor coordination, and
increased life span. Using hypothalamic transcription signature
analyses, we found that the physiological efficacy variation of
the drugs was evident in the degree of reversal of the hypotha-
lamic HD pathological signature. Euglycemic agents targeting
hypothalamic and energy regulation dysfunction in HD could
potentially alter disease progression and improve quality of life
in HD.
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Huntington disease (HD)? is one of the most prevalent inher-
ited neurodegenerative disorders and is caused by an expansion
of the trinucleotide repeat (CAG) in the gene encoding the hun-
tingtin protein (htt) (1). HD is characterized by chorea, poor
balance, cognitive impairments, weight loss, metabolic abnor-
malities, and eventual death (2). Conventionally, HD is consid-
ered to be primarily a neurological disorder. However, recent
evidence indicates the importance of neuroendocrine altera-
tions and peripheral dysglycemia in HD. Many HD patients, as
well as HD mouse models, suffer from progressive weight loss,
alterations in appetite and metabolic function, and dysglycemia
(3). The cause of this is currently unclear (4), but a recent study
has suggested that weight loss could be due to increased invol-
untary motor activity (5) or increased metabolic rate (6), as
severe weight loss can occur despite adequate caloric intake (7).
Various studies have demonstrated that HD patients and ani-
mal models exhibit increased hunger and appetite, possess ele-
vated circulating levels of orexigenic hormones, and reduced
circulating levels of anorexigenic hormones (7-9). Further
reinforcing the relevance of neuroendocrine alterations in HD,
sleep disturbances and disruptions in circadian rhythm often
occur in HD patients (10, 11). Although htt disruption can
affect central neurons, htt is ubiquitously expressed and is
involved in multiple functions, e.g. protein scaffolding, neu-
rotrophin transport, and cell metabolism (12). Multiple HD
mouse models display dysglycemia involving alterations in pan-
creatic 3-cell mass and reduced insulin secretion, presumably
caused by mutant htt (mhtt) accumulation in the islets of
Langerhans (9, 13). In HD mouse models, mhtt expression has
been demonstrated in gonads, and HD patients often exhibit
significantly reduced circulating testosterone and luteinizing
hormone levels (14, 15). These effects could be due to pathology
of gonadal and hypothalamic gonadotropin-releasing hor-
mone-containing neurons (16).

2The abbreviations used are: HD, Huntington disease; Tfr, transferrin
receptor; LSI, latent semantic indexing; GO, Gene Ontology; MSigDB
PAGE, Molecular Signatures Database Parametric Analysis of Geneset
Enrichment; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-
propane-1,3-diol.
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A crucial link between peripheral endocrine system activity
and central nervous system activity is the hypothalamus, as this
organ facilitates hunger, thirst, reproductive function, and cir-
cadian rhythms (12). The potential hypothalamic alterations
that occur in N171-82Q mice are currently poorly character-
ized, yet a deeper understanding of the changes that occur may
assist the development of therapeutics that target hypothalamic
dysfunction in HD. We have previously shown that the gluca-
gon-like peptide 1 (GLP-1) analog, Exendin-4 (Ex-4), demon-
strates effective therapeutic activity in the N171-82Q mouse
model of HD (9). As the hypothalamus may represent an impor-
tant therapeutic locus in HD, we have investigated hypotha-
lamic transcriptional changes in the N171-82Q HD mouse
model induced by three functionally related euglycemic agents.
These agents are structurally distinct pharmacological com-
pounds that possess convergent euglycemic mechanisms as fol-
lows: insulin (Lantus), Ex-4, and a novel long acting GLP-1
receptor agonist GLP-1-Tf (17). Ex-4, but not GLP-1-Tf, can
enter the brain (17). As recent research has demonstrated HD
to be a more multidimensional disorder than previously
thought, encompassing neurodegeneration, protein aggrega-
tion, and metabolic disruption, we decided to develop a meth-
odology that could appreciate, at a multifactorial level, the likely
multitude of therapeutic mechanisms that could combine to
ameliorate the complex HD pathophysiology. Therefore, using
biochemical, behavioral, immunohistochemical, and multiple
bioinformatic analyses, we have investigated the pathological
phenotype of the N171-82Q mouse hypothalamus as well as
the multidimensional functional efficacy of these three eugly-
cemic agents for improving energy regulation, pancreatic mor-
phology, hypothalamic function, motor coordination, and life
span.

EXPERIMENTAL PROCEDURES

Animals, Drug Administration, and Hormone Measurements—
All animal procedures were approved by the Animal Care and
Use Committee of the NIA, National Institutes of Health. Male
B6C3-Tg(HD82GIn)81Dbo/] (N171-82Q) mice and age-
matched WT mice were used. Ex-4 (n = 10, 300 ul of 0.1 wmol/
liter solution, Bachem, Torrance, CA), the GLP-1-Tf (n = 10, 1
mg/kg), insulin (# = 10, 5 units, Lantus), or control treatment
(n = 10, phosphate-buffered saline (PBS); Sigma) was adminis-
tered by a once-daily subcutaneous injection. Injections were
started when animals were pre-symptomatic (2 months of age)
and continued for 5 weeks. Body weight and glucose levels
(using a Glucometer Elite XL) were measured weekly. At the
end of the study, mice were euthanized, and hypothalami were
isolated. Blood samples and pancreata were collected as
described previously (9). Plasma levels of insulin, leptin, total
ghrelin, and adiponectin were measured using standard ELISA
and radioimmunoassay methods, as described previously (9).

Pancreatic Insulin and Glucagon Immunohistochemistry—
Pancreatic sections were immunostained as described previ-
ously (9), using guinea pig anti-swine insulin, 1:300 (Dako-
Cytomation, Carpinteria, CA), or guinea pig anti-glucagon,
1:500 (Millipore, Billerica, MA).
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Motor Performance Assessment—Motor coordination was
assessed using an accelerating RotaRod (Med Associates, Geor-
gia, VT) as described previously (9).

RNA Extraction and Oligonucleotide Microarray Hybridi-
zation—RNA isolation from three individual animals in each
experimental group was carried out using a Qiagen RNeasy
mini kit (Qiagen, Inc., Valencia, CA), as described previously
(18). RNA conversion to cDNA and subsequent hybridization
with Sentrix MouseRef-8 Expression BeadChips (Illumina, San
Diego) was performed as described previously (18). Microarray
data were analyzed using DIANE 6.0, a spreadsheet-based
microarray analysis program based on the SAS JMP7.0 system.
Raw microarray data were subjected to filtering and z normal-
ization and tested for significant changes as described previ-
ously (18). Initial filtering identified genes with a z ratio of
=1.50, with the z ratio derived from the difference between the
averages of the observed gene z scores, divided by the standard
deviation of all of the differences for that particular compari-
son. Genes were then refined by calculating the false discovery
rate, which controls for the expected proportion of falsely
rejected hypotheses, and including only those genes with false
discovery rate <0.05. These data were further analyzed using
analysis of variance with significance set at p < 0.05. This
allowed us to identify transcripts that differed in their intensity
across all of the animal replicates and the various experimental
conditions of the mice employed in this study. We have
deposited the raw data at GEO/ArrayExpress under accession
number GSE39586, and we can confirm all details are
MIAME-compliant.

Protein Expression Analysis—Microarray results were vali-
dated by Western blots. Briefly, tissues were homogenized
using sonication followed by fractionation using a Qiagen
Q-proteome kit according to the manufacturer’s instructions
(Qiagen, Inc., Valencia, CA). For all experiments, cytoplasmic
fractions were used. Each tissue homogenate was loaded onto a
BisTris 4—12% polyacrylamide gel (Invitrogen) before electro-
transfer to a PVDF membrane (Thermo Scientific, Rockford,
IL). Proteins were identified using primary antisera at 1:1000
dilutions, followed by species-specific alkaline phosphatase-
conjugated secondary antibodies (Sigma) at a 1:7000 dilution.
Primary antisera specific for signal transducer and activator of
transcription-3 (STAT3), transferrin receptor (TFR), Glypican
3 (GPC3), growth-associated protein 43 (GAP43), tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation
protein, eta (YWHAH, 14-3-3-1), NADH dehydrogenase
(ubiquinone) la subcomplex 4 (NDUFA4), and actin were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Glycogen synthase kinase B (GSK3-B), protein-tyrosine
kinase-2 (FAK), neurotrophic receptor tyrosine kinase 2
(TRKB), Regulator of G protein signaling 4 (RGS4), and ribo-
somal protein S3 (RPS3) antisera were obtained from Cell Sig-
naling Technology (Danvers, MA). The anti-Discs large homol-
ogy 2 (DLG2) sera were obtained from GenWay Biotech (San
Diego). Specific anti-DEAD (Asp-Glu-Ala-Asp) box polypep-
tide 1 (DDX1), receptor accessory protein 5 (REEP5), and his-
tone deacetylase 3 (HDAC3) sera were obtained from Abcam
(Cambridge, MA). PVDF-bound immune complexes were
identified using enzyme-linked chemifluorescence and quanti-
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FIGURE 1. Transcriptomic alterations in the hypothalamus of N171-82Q mice. A, z ratio distribution for gene transcripts significantly and differentially
expressed in N171-82Q HD mice compared with age/gender-matched wild-type (WT) controls. B, Western blot validation of multiple protein products from
significantly regulated transcripts in N171-82Q mouse hypothalami. The protein levels were assessed in three WT mice (lanes 1-3) and three HD mice (lanes
4-6). Quantification of the representative Western blots is indicated for the WT (black bars) and HD (shaded bars) for the respective proteins: Tfr (C); DIg2 (D);
Ptk2 (E); Ddx1 (F); Reep5 (G); Hdac3 (H); STAT3 (/); GSK3-B (J); TrkB (K); Rgs4 (L); Gpc3 (M); and Gap43 (N). Expression variation was normalized to actin expression.
O, BioFunction Disease and Disorder annotation of statistically significant gene transcript differentials between HD and wild-type mice. Box and Whisker plot
in the upper panel demonstrates mean (blue line) and 95% confidence limits. Six Disease and Disorder groups (red circles) possess a calculated group hybrid
score (number of genes in group multiplied by the negative log10 of the enrichment probability) significantly different from the other identified annotated
Disease and Disorder groups. The lower panel describes the phenotypic nature of the six significantly different Disease and Disorder groups. Assessment of
statistical significance was performed with GraphPad Prism (Version 5) using a Student’s t test. *, p =< 0.05; **, p < 0.01; ***, p < 0.001.

fied using a Typhoon 9410 PhosphorImager (GE Healthcare).
All antibodies used have been previously validated.
Bioinformatic Analysis—Array-derived gene lists were ana-
lyzed using multiple forms of functional annotational cluster-
ing, i.e. Gene Ontology (GO), Parametric Analysis of Geneset
Enrichment (PAGE), and Latent Semantic Indexing (LSI). We
employed a cutoff of at least two genes (from the original fil-
tered/analysis of variance Geneset) needing to be present to
fully populate a GO term group or an MSigDB gene collection,
with a probability (p) of enrichment value of <0.05. Parametric
Geneset enrichment analyses such as GO or MSigDB-PAGE
are primarily performed using raw datasets to test significance
of enrichment at a group/collection level rather than at the
individual gene significance level (19). Ingenuity Pathway Anal-
ysis was employed for BioFunction Diseases and Disorders
analysis. For Diseases and Disorders analysis, a hybrid score
process was employed to generate a single index for each disor-
der significantly (p < 0.05) associated with input gene datasets.
Ingenuity Pathway Analysis BioFunction Diseases and Disor-
ders hybrid scores were generated by multiplication of the neg-
ative log,, of enrichment probability (p) with the number of
significantly enriched genes in each Diseases and Disorders
group. Latent Semantic Indexing (LSI, Computable Genomix,
Memphis, TN) analysis was performed as described previously
(18). Gene Indexer correlates the strength of association, using
LSI, between specific genes in a dataset with user-defined inter-
rogation terms. Gene Indexer employs a comprehensive
murine database of over 2 X 10° scientific abstracts to perform
this text-gene correlation analysis. LSI facilitates the specific
textual interrogation of an input dataset with a specific interro-
gation term, e.g. diabetes, to ascertain which of the input dataset
genes are associated with the interrogation term. The possible
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LSI correlation scores for a gene to be associated with an input
interrogation term range from 0 to 1, with the stronger corre-
lation scores approaching 1. A correlation score of =0.1 indi-
cates at least an implicit correlation, between the specific gene
and the user-defined input interrogation term.

Statistical Analyses—In each histogram, data represent the
means = S.E. Statistical analyses (Student’s ¢ test) were per-
formed using GraphPad Prism (GraphPad Software, San
Diego). p = 0.05 was considered statistically significant.

RESULTS

Hypothalamic Gene Alterations in the N171-82Q Model of
HD—Hypothalamic gene expression in symptomatic HD mice
was compared with age-matched wild types (WT). 133 gene
transcripts were significantly up-regulated and 194 were signif-
icantly down-regulated in HD hypothalamus compared with
WT (Fig. 1A and supplemental Table S1). Various significantly
altered genes were validated by Western blot as follows: Tfr,
Dlg2, Ptk2, Ddx1, Reep5, and Hdac3 (up-regulated), and Stat3,
Gsk3-B, TrkB, Rgs4, Gpc3, and Gap43 (down-regulated) (Fig. 1,
B-N). These specific factors were chosen from the transcrip-
tomic data as they demonstrate a variety of expression change
polarities (up- and down-regulation), possess important neuro-
physiological roles, and represent a diverse set of functional
entities (transmembrane receptors, kinases, transcription fac-
tor regulators, and neurosynaptic factors). To investigate
whether the hypothalamic transcriptomic signatures could be
considered an appropriate microcosm of the Huntington dis-
ease pathophysiology, we functionally annotated, using un-bi-
ased Ingenuity Pathway Analysis BioFunction-Diseases and
Disorders analysis, the transcripts significantly and differen-
tially regulated (supplemental Table S1) in HD compared with
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FIGURE 2. Genomic correlations in the hypothalamic N171-82Q HD mouse transcriptomic signature. A, genomic heat map representation of the
significantly regulated transcripts that possess an implicit semantic correlation (LS| score >0.1) with at least two of the user-defined input interrogator terms
(glucose, insulin, diabetes, metabolism, oxidative phosphorylation, neurodegeneration, and Huntington disease). Red blocks indicate the correlation of a correlated
gene up-regulated in HD compared with WT controls, and green blocks indicate the correlation of a down-regulated HD-associated gene. Black blocks indicate
no significant gene-LSl interrogator term correlation. B, upper panel indicates the mean (red bar) = S.E. LS| correlation score from all the specifically correlating
HD-associated genes with the input LSl interrogator terms. The lower panel displays the numbers and direction of transcript regulation of HD-associated genes

correlating with the specific LSl interrogator terms.

wild-type mice (Fig. 10 and supplemental Table S2). Applying a
class-based statistical appraisal of the significantly populated
(p < 0.05) BioFunction-Diseases and Disorders groups, we
found that six disorder groups possessed a statistically signifi-
cant greater hybrid score compared with the other BioFunc-
tion-Diseases and Disorders groups (supplemental Table S2).
The functional nature of these six disorder groups (Fig. 10) are
all strongly associated with classical HD-related pathology; this
result therefore suggests that our hypothalamic transcriptomic
signatures functionally encrypt a microcosm of the overall
genomic disorder.
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In addition to the appreciation of the HD hypothalamic
“signature” at the transcriptomic level, we also employed
Gene Ontology (GO) and Parametric Analysis of Geneset
Enrichment (PAGE) investigation of the hypothalamic HD
molecular signature. Using unbiased GO term enrichment
analysis (supplemental Table S3), we found a considerable
enrichment in the HD mice of GO term groups related to
cellular stress (Apoptosis, GO0006915; Response to Lipopoly-
saccharide, GO0032496), inflammatory signaling (NF«B cas-
cade, GO0077249), and DNA damage (Response to UV,
GO0009411; Response to DNA damage stimulus, GO0006974)
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by multiple transcripts up-regulated in the HD mice compared
with WT (supplemental Table S3). In contrast, considerable
enrichment of GO term groups associated with mitochondrial
function (Organelle inner membrane, GO0019866), neuronal
architecture (Neuron differentiation, GO0030182), protein
translation (Ribonucleoprotein complex, GO0030529), neuro-
nal receptor signaling (Neuropeptide hormone activity,
GO0005184), and energy regulation (insulin-like growth factor
binding, GO0005520) was observed by transcripts down-regu-
lated in the HD mice compared with WT (supplemental Table
S3). The transcriptomic collections at the Molecular Signatures
Database (MSigDB) facilitate a capacity for experimental anal-
ogy to be drawn between different datasets. Using PAGE to
interrogate the MSigDB, we were able to uncover multiple
important molecular signatures within the hypothalamic tran-
scriptomic differences in the HD mice compared with WT
(supplemental Table S4). Using PAGE analysis, we found con-
siderable MSigDB enrichment of transcript collections associ-
ated with DNA damage/cell cycle control (CELL_CYCLE_CH-
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ECKPOINT), stem-cell activation (STEMCELL_COMMON_
UP), apoptosis/inflammatory signaling (STRESSPATHWAY),
metabolic stress (BETAOXIDATIONPATHWAY), and neuro-
degenerative disease (PARKINPATHWAY) by multiple tran-
scripts up-regulated in the HD mice compared with WT (sup-
plemental Table S4). Similarly to what we observed using GO
term enrichment analysis, we again found considerable enrich-
ment of MSigDB collections associated with energy regulatory
mechanisms (ELECTRON_TRANSPORT_CHAIN), protein
translation (RIBOSOMAL_PROTEINS), neuronal architecture
(CORTEX_ENRICHMENT_EARLY_UP), and cell-cell com-
munication (CELL_ADHESION_RECEPTOR_ACTIVITY) by
transcripts down-regulated in the HD mice compared with WT
(supplemental Table S4).

To further investigate the potential pathophysiological and
metabolic ramifications of the hypothalamic HD transcrip-
tomic signature, in an unbiased manner, we performed LSI
upon the significantly altered genes (supplemental Table S5).
LSI analysis facilitates a targeted association approach between
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user-defined input terms and transcriptomic activity. Using
various “metabolic” and “neurodegenerative” input terms, we
created a genomic heat map (>2 genes per input LSI term) that
demonstrated the relative correlation strength of 63 statistically
correlated genes (Fig. 2A4). The input terms that demonstrated
the most number of correlating terms from the HD hypotha-
lamic transcriptomic signature were “metabolism” and “oxida-
tive phosphorylation.” With subsequent analysis of mean tran-
script correlation values (Fig. 2B, upper panel) as well as the
total numbers of implicitly correlating genes for each input LSI
term (Fig. 2B, lower panel), again it was clear of the strong role
metabolic tissues play in HD hypothalamic pathophysiology.
The multiple disease- and pathophysiology-related functions,
significantly populated by HD-regulated hypothalamic genes,
suggest that unbiased bioinformatic analyses of this tissue again
reveal a potential functional microcosm of the whole-animal
pathophysiological phenotype. Hypothalamic transcriptomic
alterations may therefore be highly correlated to the develop-
ment of HD pathophysiology. HD pathophysiology in our mice
and the amelioration of these pathophysiologies by our exper-
imental compounds were next investigated.

Glycemic Hormones Are Differentially Altered by the Eugly-
cemic Agents—Presymptomatic male HD mice and age-
matched controls were treated daily with insulin, Ex-4, GLP-1-
Tf, or saline (control). Body weight and circulating levels of
glucose and insulin were measured (Fig. 3). WT control mice
demonstrated progressive weight gain during the study, and
this was not significantly affected by daily injection of GLP-1-Tf
or insulin (Fig. 3A). Ex-4, as expected, caused significant weight
loss in WT animals (Fig. 34). Control HD mice, however, dem-
onstrated progressive weight loss during the study, and Ex-4,
GLP-1-Tf, and insulin all failed to attenuate this effect (Fig. 3B).
The HD mice demonstrated a profound dysglycemic pheno-
type (9). In WT animals, the three treatments did not signifi-
cantly alter blood glucose levels (Fig. 3C), but Ex-4 treatment
significantly lowered plasma insulin levels as expected (Fig. 3E).
These findings corroborate previous findings on the effects of
these compounds on glycemic hormone levels in WT animals
(9, 17). In contrast, both Ex-4 and GLP-1-Tf treatments signif-
icantly lowered blood glucose levels in HD mice (Fig. 3D), with
Ex-4 being the most effective. Interestingly, insulin treatment
had no effect on blood glucose levels in HD mice, illustrating
severe insulin resistance (Fig. 3D); however, both insulin and
GLP-1-Tf treatments significantly increased plasma insulin
levels in HD mice (Fig. 3F).

Euglycemic Agents Differentially Improve Pancreatic Struc-
ture in HD Mice—Previous studies have shown that HD mouse
models demonstrate a buildup of mhtt aggregates within pan-
creatic islets, which may contribute to their diabetic-like con-
dition (9). We assessed the effects of Ex-4, GLP-1-Tf, and insu-
lin on islet beta-cell and alpha-cell organization. As shown
previously, HD mice demonstrated significantly smaller islets
and a smaller area of beta-cells, compared with WT mice (Fig. 4,
A and B) (9). Both the Ex-4 and GLP-1-Tf treatments restored
islet size and numbers of beta-cells in HD mice close to those of
WT mice (Fig. 4, A—F). Ex-4 and GLP-1-Tf are effective treat-
ments for type 2 diabetes, as they not only protect pancreatic
beta-cell function but also significantly improve insulin sensi-
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tion in islets. Pancreatic beta-cells were identified in WT and HD mice via
insulin immunostaining (A-H), and pancreatic alpha-cells were identified in
WT and HD mice via glucagon immunostaining (/-P). Effects of vehicle (A and
B), Ex-4 (C and D), GLP-1-Tf (E and F), and insulin (G and H) treatment upon
beta-cell population for WT and HD mice, respectively, are shown. Effects of
vehicle (land J), Ex-4 (K-L), GLP-1-Tf (M and N), and insulin (O and P) treatment
upon alpha-cell population for WT and HD mice, respectively, are shown.n =
10 per group.

tivity (9, 17, 20). Insulin treatment did not alter islet size and
beta-cell numbers in HD mice (Fig. 4, G and H). In HD mice,
some of the alpha-cells were present in the center of the islets
(Fig. 4, I-P), causing abnormal islet structure. Ex-4 and GLP-
1-Tf treatments restored the alpha-cell topography of islets in
these HD mice (Fig. 4, K-N). Insulin treatment, however, did
not (Fig. 4P). Global energy metabolism is not solely controlled
by insulin but also by additional plasma hormones such as lep-
tin, ghrelin, and adiponectin. We therefore assessed the effects
of Ex-4, GLP-1-Tf, and insulin on these hormones.
Euglycemic Agents Affect Energy-regulating Plasma Hor-
mones in HD Mice—An alteration in energy homeostasis has
been reported in HD patients and in HD mouse models (8, 9).
As expected from their lower body mass, control HD animals
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demonstrated significantly lower leptin levels compared with
WT mice (p = 0.001; Fig. 5, A and B). In both HD and WT mice,
Ex-4 treatment caused a significant decrease in plasma leptin
levels (p = 0.05). GLP-1-Tf and insulin treatments, however,
caused a significant increase in plasma leptin levels in HD mice
(p = 0.05) but did not significantly affect plasma leptin levels in
WT mice (Fig. 5, A and B). Plasma ghrelin levels were reduced
in Ex-4-, GLP-1-Tf-, and insulin-treated WT mice compared
with controls (Fig. 5C), and similar effects have been reported in
humans with regard to Ex-4 (21). Although control HD mice
had significantly lower ghrelin levels compared with WT mice,
Ex-4 treatment restored ghrelin levels in HD mice to that of
their WT counterparts (Fig. 5, C and D). GLP-1-Tf and insulin
did not significantly affect ghrelin levels in HD mice (Fig. 5D).
Ex-4, GLP-1-Tf, and insulin treatments did not alter plasma
adiponectin levels in HD and WT mice (Fig. 5, E and F),
although plasma adiponectin levels were significantly lower in
HD mice compared with the WT mice (p = 0.001). Decreased
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adiponectin levels are often present in insulin-resistant or dia-
betic states (22).

Euglycemic Agents Differentially Improve Motor Control in
HD Mice—The N171-82Q model demonstrates a progressive
decline of motor performance (9). We assessed RotaRod per-
formance (time on RotaRod) as a percentage change of per-
formance compared with performance in week 1 for 5 consec-
utive weeks in WT (Fig. 6A4) and HD (Fig. 6B) mice. HD control
mice spent significantly less time on the RotaRod than WT
mice, which indicates that motor function was significantly
impaired in the HD control mice (Fig. 6, A and B). For WT mice,
Ex-4 treatment enhanced their ability to stay on the RotaRod
(p = 0.05). Additionally, GLP-1-Tf treatment also caused an
increase in time spent on the RotaRod, which may be connected
to increases in physical activity that is often observed with
GLP-1 dosing. Insulin treatment had no effect on RotaRod per-
formance in WT mice (Fig. 6A4). Control HD mice demon-
strated a progressive reduction in their ability to remain on the
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RotaRod during successive testing periods (Fig. 6B), indicated
by the negative percentage change of performance compared
with their initial base-line (T1) test. Ex-4-treated HD mice
showed a reversal of this motor performance decline and
actually demonstrated successive increases in performance
throughout the study. GLP-1-Tf treatment partially attenuated
performance loss in HD mice but, unlike Ex-4, failed to enhance
performance score. Insulin treatment of HD mice exacerbated
the degree of progressive decline in motor performance com-
pared with the control HD group (Fig. 6B).

Euglycemic Agents Differentially Affect Life Span of HD Mice—
HD mice demonstrated a significantly reduced life span (~140
days) compared with WT mice (>730 days) (9). No premature
deaths occurred in the WT animal cohort in this study. Ex-4
and GLP-1-Tf treatment, but not insulin treatment, signifi-
cantly increased the mean life span of HD mice (Fig. 6C).

Euglycemic Agent-mediated Transcriptomic Alterations in
Hypothalamus Are Related to Their Pharmacological Activity—
We next used genomic analyses to investigate the effects of the
euglycemic agents on the hypothalamic transcriptomic signa-
tures of WT (Ex-4, GLP-1-Tf, and insulin: supplemental Tables
S6-S8, respectively) and HD mice (Ex-4, GLP-1-Tf, and insu-
lin: supplemental Tables S9—-S11, respectively) (Fig. 7A4). All
three compounds significantly regulated multiple gene tran-
scripts in both genotypes, and a numerically greater effect was
observed in WT mice. In contrast to WT mice, only hypotha-
lamic transcriptional up-regulation was observed in HD mice in
response to Ex-4, GLP-1-Tf, or insulin. Specific transcriptional
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drug effects in WT mice were more unique to the individual
drug compound than in HD mice (Fig. 7B). As our data sug-
gested an HD therapeutic order of potency of Ex-4 > GLP-1-
Tf > insulin (Figs. 2, 3, and 5), we assessed whether this signa-
ture could be detected in the hypothalamic transcriptome data
(9). A greater similarity of function was seen between Ex-4 and
GLP-1-Tf (the two most effective agents) compared with either
compound or insulin (Venn intersection D, Fig. 7B). The ribo-
somal protein S3 (Rps3) was the only Ex-4-uniquely controlled
hypothalamic gene. 25 transcripts were uniquely controlled by
GLP-1-Tf, and 14 genes were co-regulated by Ex-4 and GLP-1-
Tf. As only Ex-4 and GLP-1-Tf exerted therapeutic effects in
HD mice, the z ratios for the genes that may elicit these actions
are shown in Fig. 7C (Venn intersections A, B, and D). We
validated the specific expression profiles of multiple protein
products from this potentially therapeutic gene subset using
Western blotting (Rps3, Ndufa4, and Ywhah, Fig. 7D). Despite
the demonstrated effective physiological effects of the euglyce-
mic agents (Figs. 3—6), a relatively small number of individual
associated genomic factors were strongly and significantly
modulated (Fig. 7). It is therefore possible that a better appre-
ciation of the evident palliative effects of these drug compounds
could instead be generated at a functional signature level
through the coherent but small regulation of multiple tran-
scripts and transcript groups (19). Therefore, rather than only
assuming that drug actions occur via modulation of singular
linear signaling pathways, they may instead exist at a systemic
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levels after Ex-4, GLP-1-Tf, or insulin treatment.

network level and thus a “higher order” level of appreciation
may be required to understand and quantify their efficacy (23).

Euglycemic Agent Reversal of Hypothalamic HD Transcrip-
tomic Signature Pathology Is Related to Eventual Functional
Efficacy—Using transcriptomic analysis, we identified a distinct
set of genes associated with hypothalamic pathophysiology in
HD mice (Fig. 1 and supplemental Table S1). To objectively
compare the genotropic effects that the three euglycemic
agents exert upon this “pathological” Geneset, we investigated
the intersections between this pathological Geneset (control
HD compared with control WT, supplemental Table S1) and
the HD-specific actions of the three euglycemic agents (Ex-4/
GLP-Tf/insulin-treated HD compared with Ex-4/GLP-1-Tf/in-
sulin-treated WT, supplemental Tables S12—S14, respectively).
Venn analysis of the pathological Geneset intersection with the
experimental compound-controlled genesets is indicated in
Fig. 84. We found 44, 53, and 48 genes that were significantly
regulated in both the pathological Geneset and the Ex-4/GLP-
1-Tf/insulin-treated HD-specific genesets. Of these three gene
groups, 27 transcripts were unique to Ex-4-activity alone (group
a); 17 were unique to GLP-1-Tf activity alone (group 3), and 17
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were unique to insulin activity alone (group vy) (Fig. 8B). We
found that 61.5% of the genes common to Ex-4 HD-specific
activity and the pathological set showed a reversal in expression
polarity; furthermore, we found that a considerably lower
degree of similar transcript expression reversal was seen with
GLP-1-Tf (15.4%) and insulin (0%) (Fig. 7C) activity compared
with the HD pathological Geneset. Therefore, Ex-4, which of
the three compounds demonstrated the most beneficial actions
in HD mice, also seems to possess the greatest ability to directly
reverse the direction of expression of hypothalamic genes asso-
ciated with the HD genotype. We have shown that the extent of
drug-induced reversal of the transcriptomic pathological signa-
ture of HD is strongly correlated to the agent’s eventual efficacy.
We next investigated the potential functional aspects, using GO
terms and MSigDB pathways, of these beneficial drug signature
reversal effects. Using the same Venn diagram-mediated
approach employed in Fig. 8, A and B, we generated the a-, 8-,
and +y-specific subsets of significantly populated GO term
group annotation (supplemental Tables S3 and S15-S17) from
the drug treatment paradigms indicated in Fig. 9, A and B. Of
these three GO term clusters, 14 GO terms were unique to Ex-4
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activity alone (group «), 17 were unique to GLP-1-Tf activity
alone (group f3), and 30 were unique to insulin activity alone
(group vy) (Fig. 9B). We found that 50% of the GO terms com-
mon to Ex-4 HD-specific activity and the pathological set («)
showed a reversal in GO term z score polarity. In contrast we
found a complete absence of pathological GO term z score
polarity reversal with both GLP-1-Tf (0%, 3) and insulin (0%, )
treatment (Fig. 9C). Therefore, as with the actual transcrip-
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tomic pathological signature (Fig. 8C), the most efficacious
agent, Ex-4, demonstrated the greatest ability to reverse the
functional GO term pathological HD signature as well. Rein-
forcing the concept that Ex-4 may engender a systemic thera-
peutic action via a multidimensional support of metabolic func-
tion, we found that many of the Ex-4-reversed pathological GO
terms were associated with energy regulation, e.g. glycogen bio-
synthetic process, organelle inner membrane, and growth fac-
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tor activity (Fig. 9C). GO term annotation is an excellent mech-
anism to identify broad functional aspects of a specific complex
dataset; however, a stronger phenotypic and signaling predic-
tion can be gained with MSigDB PAGE collection analysis. We
therefore repeated the HD pathological signature analysis (Figs.
8 and 9) using the statistically significant drug-related MSigDB
PAGE collection annotations generated (supplemental Tables
S4 and S18-S20). Using the same Venn diagram-mediated
approach employed in Figs. 8, A and B, and 9, A and B, we
generated the a-, 3-, and y-specific subsets of significantly pop-
ulated MSigDB PAGE collection annotation (supplemental
Tables S4 and S18-S20) from the drug treatment paradigms
indicated in Fig. 10, A and B. Four PAGE collections were
unique to Ex-4 activity alone (group «); seven were unique to
GLP-1-Tf activity alone (group ), and 11 were unique to insu-
lin activity alone (group v) (Fig. 10B). We found that 75% of the
PAGE collections common to Ex-4 HD-specific activity and the
pathological set («) showed a reversal in GO term z score polar-
ity. As with the GO term analysis, we found that no z score
reversals of pathological collections were observed with both
GLP-1-Tf (0%, B) or insulin (0%, y) treatment (Fig. 10C). With
specific respect to the functional MSigDB PAGE collection
pathological signature reversed by Ex-4, a clear emphasis upon
energy regulation again was evident, i.e. MSigDB PAGE collec-
tions reversed included ELECTRON_TRANSPORT_CHAIN
and MOOTHA_VOXPHOS, both of which are critically
involved in global metabolism (Fig. 10C).

Quantitative Bioinformatic Therapeutic Signature Analysis—
We have shown that Ex-4 has the greatest ability to reverse the
regulatory direction of the largest number of HD pathology-
related hypothalamic transcripts. Simply reversing the direc-
tion of gene transcription regulation (up versus down), how-
ever, may not be the sole therapeutic mechanism, i.e. small
quantitative changes without direction reversal may also con-
tribute to observed therapeutic effects. To investigate this, we
measured the mean gene transcript divergence modulus (mod-
ulus of z ratio difference between pathological gene regulations
and the drug-mediated gene regulations in sets «, B, and )
using the three previously described gene groups «, 3, and vy
(Fig. 8C). Calculating the mean transcript divergence moduli
for Ex-4, GLP-1-Tf, and insulin (from genes in groups «, 3, or )
revealed that the greatest mean divergence from the HD path-
ological genes was generated by Ex-4 (Fig. 11, A and B). This HD
pathology-related gene divergence induced by Ex-4 was signif-
icantly greater than that for GLP-1-Tf (p =0.001) and insulin (p
=0.001). In addition to analyzing drug activity at the gene level,
we also conducted genomic analyses for the analogous GO
terms and the MSigDB PAGE gene collection annotations of
the same genesets. These two forms of bioinformatic annota-
tion provide a prediction of the physiological actions of the
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significantly regulated genesets (24). We used our pathology
versus drug-related Geneset analysis (as used in Fig. 8) with GO
term (pathology set, supplemental Table S3; GO terms Ex-4,
GLP-1-Tf and insulin sets, supplemental Tables S15-S17,
respectively; Fig. 9) and MSigDB PAGE collections (pathology
set, supplemental Table S4; MSigDB PAGE-Ex-4, GLP-1-Tf,
and insulin sets, supplemental Tables S18-520, respectively;
Fig. 10). For GO term analysis, Ex-4 reversed the greatest num-
ber of HD pathology-related GO term groups (Fig. 11C) and,
compared with GLP-1-Tf and insulin, generated a significantly
greater GO term z score divergence modulus (p =0.05; Fig.
11D). For MSigDB PAGE collection analysis, we found that
compared with GLP-1-Tf and insulin, Ex-4 reversed the
greatest number of HD pathology-related MSigDB PAGE
gene collections (Fig. 11E) and generated a significantly
greater MSigDB PAGE collection z score divergence modu-
lus (p = 0.05; Fig. 11F). Our mixture of classical empirical
physiological data with advanced informatic analyses pro-
vide evidence that it could be feasible to investigate the
relative efficacy of therapeutic compounds using focused
tissue-based bioinformatic approaches to illuminate drug-
mediated reversals of pathological signatures.

DISCUSSION

We have previously shown that HD is a neurological disorder
with significant metabolic/dysglycemic co-morbidities (2, 9). In
this study, we demonstrated significant transcriptomic altera-
tions in the hypothalamus of the N171-82Q HD mice. It is
interesting to note that although the initiation of the disorder is
monogenic, there is a considerable transcriptomic effect, or sig-
nature, in the hypothalamus and probably other organs as well,
e.g. the pancreas. The hypothalamus provides a vital link
between the central nervous system and the periphery and
could play an important role in HD pathophysiology. Unbiased
LSI analysis of the relationships between the hypothalamic
genes significantly altered in HD mice indicated that a strong
neurodegenerative and metabolic signature was present (Figs. 1
and 2). Many transcripts altered in the HD hypothalamus were
associated with neurodegenerative disorders. Down-regulated
genes in HD mice compared with WT animals included argi-
nine vasopressin (Avp), prostaglandin D2 synthase (Ptgds),
insulin-like growth factor 2 (Igf2), cocaine- and amphetamine-
regulated transcript (Cart), mitogen-activated protein kinase 8
interacting protein (Mapk8ip, also known as JNK-interacting
protein 1), and somatostatin (Sst). Avp is reduced in brain tissue
and cerebrospinal fluid of patients with Alzheimer disease and
Down syndrome (25, 26). Igf2 can exert neuroprotective activity
in Alzheimer disease (27), whereas genetic disruption of Igf2
has been shown to exacerbate Parkinson disease (28). Mapk8ip
expression is strongly associated with neuroprotective activity

FIGURE 9. Euglycemic agents can reverse hypothalamic HD GO term pathology to different degrees. Isolation of significantly regulated GO terms are
common between the HD mouse hypothalamic pathology set (black circles, HD pathology) and the HD-specific Ex4- (green circle), GLP-1-Tf- (blue circle), or
insulin (red circle)-regulated GO term annotated datasets (A). Venn diagram isolation of Ex-4/GLP-1-Tf/insulin-unique HD pathology-related GO term groups is
shown. Ex-4-unique HD pathology-related GO term set is designated «, GLP-1-Tf-unique HD pathology-related GO term set is designated 3, and insulin-unique
HD pathology-related GO term set is designated vy (B). C, z score distributions of «, 3, and -y GO term set constituents. HD pathology-regulated GO term groups
are denoted in black, and the drug-dependent GO term regulatory behavior is color-coded as follows: green bars, Ex-4; blue bars, GLP-1-Tf; red bars, insulin. The
numerical percentage of these GO terms in the sets «, 3, or 7y that display a reversed polarity of z score regulation between the HD pathology data and the

drug-controlled data is indicated in each panel.
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in Parkinson disease patients (29). Cart is involved in hypotha-
lamic dysfunction in neurodegenerative disorders such as
Dementia with Lewy Bodies (30). Reduced Ss¢ levels have also
been demonstrated in HD patient hypothalami (31). Neuropa-
thology-related transcripts elevated in HD hypothalamiinclude
prion protein (Prnp), transferrin receptor (Zfr), sarcoglycan f3
(Sgeb), and Abelson helper integration site (Ahil). Prup has
been shown to be involved in the etiology of numerous neuro-
degenerative disorders such as HD (32), Parkinson disease (33),
and Hereditary Sensory and Motor Neuropathy (34), whereas
Tfr expression has also been implicated in multiple neurode-
generative disorders as tissue iron levels are strongly correlated
with neuronal oxidative damage (35). Mutations in Sgcb, a vital
component of the dystrophin-associated glycoprotein scaffold-
ing complex, causes significant movement disorders (36).

Altered Ahil expression has also been linked to multiple neu-
rological disorders, e.g. cerebellar ataxia (37).

As the hypothalamic signature in HD mice demonstrated
a strong pathophysiological imprint (supplemental Tables
S$2-54), we investigated how treatment with compounds that
possess multiple activities, including euglycemic and neuropro-
tective roles, are associated with changes in hypothalamic gene
transcription. In a previous study, we found that Ex-4 was able
to ameliorate some of the pathophysiologies in N171-82Q
mice (9). Here, we compared the HD therapeutic activity of
Ex-4 to our novel non-brain penetrant GLP-1 analog (GLP-
1-Tf(17)) and long lasting insulin (Lantus). For multiple indices
of HD pathology, e.g. elevated blood glucose (Fig. 3), altered
pancreatic islet morphology (Fig. 4), motor dysfunction (Fig. 6),
and life span (Fig. 6), we found Ex-4 to be the most effective,

FIGURE 10. Euglycemic agents can reverse hypothalamic HD MSigDB PAGE collection pathology to different degrees. Isolation of significantly regulated
PAGE collections common between the HD mouse hypothalamic pathology set (black circles, HD pathology) and the HD-specific Ex4- (green circle), GLP-1-Tf-
(blue circle), or insulin (red circle)-regulated MSigDB PAGE annotated datasets is shown (A). Venn diagram isolation of Ex-4/GLP-1-Tf/insulin-unique HD pathol-
ogy-related PAGE collections is shown. Ex-4-unique HD pathology-related PAGE collection set is designated «; GLP-1-Tf-unique HD pathology-related PAGE
collection set is designated S, and insulin-unique HD pathology-related PAGE collection set is designated vy (B). C, z score distributions of «, 3, and y PAGE
collection set constituents. HD pathology-regulated MSigDB PAGE collections are denoted in black, and the drug-dependent PAGE collection regulatory
behavior is color-coded as follows: green bars, Ex-4; blue bars, GLP-1-Tf; red bars, insulin. The numerical percentage of these PAGE collections in the sets «, 3, or
v that display a reversed polarity of z score regulation between the HD pathology data and the drug-controlled data is indicated in each panel.
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whereas GLP-1-Tf was comparatively less effective, and insulin
was completely ineffective. Our observation of a small but sig-
nificant overall life span extension with Ex-4/GLP-1-Tf, may be
associated with even more impressive effects in potential
human studies, as this and other murine models possess con-
siderably greater CAG repeat numbers (82—150) than human
HD patients (36-50). This pathophysiological divergence,
between animal models and humans, has been considered to be
a profound hindrance for the demonstration of effective HD
therapeutics in murine models (38).

If the neurological-endocrinological characteristics of HD
are indeed associated with hypothalamic disruption, then it
may be possible that the differential therapeutic transcriptional
signatures of these three compounds are evident in the hypo-
thalamus. As even in the cases of monogenic disorders such as
HD, it is clear that multiple physiological alterations occur in
the disease process, then perhaps appreciating and eventually
treating such conditions is best approached in a systemic net-
work manner (23). Therefore, in this study we strove to inves-
tigate the therapeutic interface between the disease and drug
effects in a rational tissue locus, i.e. the hypothalamus. When
we analyzed the effects of Ex4, GLP-1-Tf, and insulin on HD
hypothalamic transcriptomes, we found that these functionally
related compounds controlled many common genes (Fig. 7B).
As many of these 65 common genes were shared with the inef-
fective insulin treatment, it is likely that the genes regulated
only by Ex-4 or GLP-1-Tf were associated with their therapeu-
tic activity in the hypothalamus. Only one gene was uniquely
controlled in the hypothalamus by the most efficacious com-
pound Ex-4, ribosomal protein S3 (Rps3) (Fig. 6C). Of all the
treatment paradigms, hypothalamic Rps3 up-regulation was
only observed with Ex-4 treatment of HD mice (Fig. 7D). Ex-4-
mediated therapeutic activity may be strongly regulated by ele-
vation of Rps3, as this protein is associated with both Akt-1-de-
pendent neuroprotection and DNA-damage repair response
processes (39) that together may combine to ameliorate hypo-
thalamic damage. Among the potentially therapeutic tran-
scripts co-regulated by Ex-4 and GLP-1-Tf, several strongly
represented functional groups were present as follows: meta-
bolic controllers (Ugcrh (40) and Ugcrl0), cyclooxygenases
(Cox4— 6 isoforms) (37), and proteins associated with neuro-
and diabetic pathophysiologies (Hap1, Mif, and Ndufa4) (41—
43). Potentially therapeutic transcripts solely stimulated by
GLP-1-Tf included Atpifl (44), Ywhah/14-3-3-eta (45), and
Tubb2b (46). Reinforcing our hypothesis that hypothalamic
functionality could represent a keystone aspect of HD pathol-
ogy, many of the transcripts controlled by Ex4/GLP1-Tf are
simultaneously associated with neuroprotective and anti-dia-
betic activity as follows: Rps3 (37, 47); Mif (42, 48); Hapl (41,
49); Ywhah/14-3-3-eta (45, 50); Nisch (51); and Sparc (52—53).
In addition to the coherent nature of transcription patterns
altered by the effective compounds, we were also able to dem-
onstrate that drug-induced quantitative transcriptomic signa-
ture patterns, at multiple functional levels, in the hypothalamus
strongly correlated to their physiological efficacy (Figs. 8 —10).
We found that Ex-4 treatment reversed the expression polarity
of the greatest number of hypothalamic HD-specific patholog-
ical genes, GO term groups, and MSigDB PAGE collections
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compared with the other compounds (Figs. 8 —10). Indeed, the
overall gene transcript expression differences (divergence
modulus from HD-related genes) for HD-specific transcripts,
GO term groups, and MSigDB PAGE collections were signifi-
cantly greater for Ex-4 compared with GLP-1-Tf or insulin (Fig.
11). Through our use of combined transcriptomic signature
analyses, we were able to appreciate the drug-disease interac-
tions at both the gene level and a higher functional organiza-
tional level. From this form of analysis, we were able to demon-
strate that perhaps the most important mechanism by which
Ex-4 was exerting its beneficial effects was via a broad systemic
mechanism of metabolic support (Fig. 10). Our informatic
demonstration of efficacy based upon a network style of drug
effect is in line with previous data concerning the HD benefits
of normalizing energy balance (54, 55). Therefore, rather than
focusing upon individual response pathways, an additional
complementary approach for drug discovery and efficacy mea-
surement may be needed to assess the interactions between the
pathological and drug-induced transcriptomic signatures. This
may be especially important for therapeutic situations in which
a broad, multitissue level systemic efficacy, e.g. somatic energy
metabolism, may prove the best solution. Clearly at the present
time standard drug investigation paradigms of singular drug-
target analysis constitute the primary effective discovery mech-
anism. However, considering our modern ability to appreciate
disease complexity, with quantitative transcriptomics and pro-
teomics, at a functional signature level then perhaps the study
of therapeutic drug effects should also be performed at this
same intensive and thorough level of investigation. In this
study, we found that our multiple bioinformatic analyses
strongly recapitulated our standard HD therapeutic physiolog-
ical findings and therefore may pave the way for the generation
of complementary techniques for analysis of drug activity in the
context of highly complex disease processes.
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