Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy

Dove

ORIGINAL RESEARCH

Fatty acid desaturase | knockout mice are lean
with improved glycemic control and decreased
development of atheromatous plaque

David R Powell

Jason P Gay

Melinda Smith
Nathaniel Wilganowski
Angela Harris
Autumn Holland
Maricela Reyes

Laura Kirkham

Laura L Kirkpatrick
Brian Zambrowicz
Gwenn Hansen
Kenneth A Platt

Isaac van Sligtenhorst
Zhi-Ming Ding

Urvi Desai

Metabolism Research, Lexicon
Pharmaceuticals, Inc., The Woodlands,
TX, USA

Correspondence: David R Powell
Lexicon Pharmaceuticals, Inc.,
8800 Technology Forest Place, The
Woodlands, TX 77381, USA

Tel +1 281 863 3060

Fax +1 281 863 8115

Email dpowell@lexpharma.com

This article was published in the following Dove Press journal:
Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy

22 June 2016
Number of times this article has been viewed

Abstract: Delta-5 desaturase (D5D) and delta-6 desaturase (D6D), encoded by fatty acid
desaturase 1 (FADSI) and FADS?2 genes, respectively, are enzymes in the synthetic pathways for
o3, w6, and @9 polyunsaturated fatty acids (PUFAs). Although PUFAs appear to be involved
in mammalian metabolic pathways, the physiologic effect of isolated D5D deficiency on these
pathways is unclear. After generating >4,650 knockouts (KOs) of independent mouse genes and
analyzing them in our high-throughput phenotypic screen, we found that Fads! KO mice were
among the leanest of 3,651 chow-fed KO lines analyzed for body composition and were among
the most glucose tolerant of 2,489 high-fat-diet-fed KO lines analyzed by oral glucose tolerance
test. In confirmatory studies, chow- or high-fat-diet-fed Fads1 KO mice were leaner than wild-
type (WT) littermates; when data from multiple cohorts of adult mice were combined, body fat
was 38% and 31% lower in FadsI male and female KO mice, respectively. Fads! KO mice also
had lower glucose and insulin excursions during oral glucose tolerance tests along with lower
fasting glucose, insulin, triglyceride, and total cholesterol levels. In additional studies using a
vascular injury model, Fads! KO mice had significantly decreased femoral artery intima/media
ratios consistent with a decreased inflammatory response in their arterial wall. Based on this
result, we bred Fads! KO and WT mice onto an ApoE KO background and fed them a Western
diet for 14 weeks; in this atherogenic environment, aortic trees of Fads! KO mice had 40%
less atheromatous plaque compared to WT littermates. Importantly, PUFA levels measured in
brain and liver phospholipid fractions of Fadsl KO mice were consistent with decreased D5D
activity and normal D6D activity. The beneficial metabolic phenotype demonstrated in Fads1
KO mice suggests that selective D5D inhibitors may be useful in the treatment of human obesity,
diabetes, and atherosclerotic cardiovascular disease.
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Introduction

Polyunsaturated fatty acids (PUFAs) have multiple crucial functions in mammals.'*
PUFAs readily undergo mitochondrial beta oxidation, making them an important
energy source. They are also important structural components of cell membranes,
particularly in the central nervous system; their incorporation into membrane phos-
pholipids alters membrane fluidity and permeability which in turn can influence the
activity of membrane-bound receptors, transporters, and enzymes. In addition, PUFAs
can alter the activity of multiple metabolic pathways; they can act directly as ligands
for a number of transcription factors that orchestrate the activity of crucial metabolic
pathways, or they can regulate synthesis of secondary messengers such as inflammatory
eicosanoids or endocannabinoids.
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PUFAs have two or more double bonds in their long
hydrocarbon chains. They are classified according to the num-
ber of carbon atoms, number of double bonds, and position of
the double bond closest to the terminal methyl group. Of the
four PUFA families, ®3 and w6 families are considered the
most important. The PUFA profile in mammals reflects both
dietary intake and endogenous metabolism.* The precursor of
the w3 PUFAs, o-linolenic acid, and the w6 PUFAs, linoleic
acid (LA), are essential fatty acids that cannot be synthesized
by mammals.'* Additional PUFAs are synthesized by the
activity of a series of enzymes including delta-6 desaturase
(D6D), which is the first and rate-limiting enzyme in the ®3
and 06 pathways, and delta-5 desaturase (D5D), also active
in the ®3 and w6 pathways; these two desaturases, widely
expressed in mammalian liver and in other tissues, catalyze
the insertion of additional double bonds into the PUFA carbon
chain." D5D and D6D enzyme activities are difficult to mea-
sure directly. Alternatively, the desaturase index, calculated
as the ratio of the enzyme product/enzyme substrate present
in cell membranes, has been successfully used in epidemio-
logic studies as an indirect measure of enzyme activity.>* For
example, using PUFAs in the 06 pathway, D5D activity is
estimated by arachidonic acid/dihomo-y-linolenic acid (AA/
DGLA) levels and D6D activity is estimated by y-linolenic
acid (GLA)/LA levels.

Considering the physiologic importance of PUFAs, it
seems likely that D5D and D6D activities, by regulating
PUFA levels, influence a number of pathways that regulate
metabolism and inflammation. Consistent with this notion,
numerous studies have linked D5D and D6D activities to
multiple metabolic and inflammation-associated phenotypes
including obesity,* type 2 diabetes (T2D),** nonalcoholic
steatohepatitis (NASH),* dyslipidemia,>* and coronary artery
disease (CAD).>* However, it has been difficult to determine
whether changes in D5D or D6D activities contribute to, or
are a response to, associated changes in these phenotypes.>™*

D5D and D6D are encoded by the fatty acid desaturase 1
(FADS1) and FADS?2 genes, respectively, which are located
head to head on human chromosome 11q12-13.1 in a FADS
gene cluster.'® In the mouse, these genes have a similar
organization, with the homologous cluster located in the syn-
tenic region of chromosome 19." We used a high-throughput
approach to knockout (KO) and phenotype mouse orthologs
of >4,650 potentially druggable genes present in the human
genome; as part of our phenotypic screen, we performed
tests designed to identify genes that might encode drug
targets for a number of therapeutic areas, including obesity,
diabetes, osteoporosis, and dyslipidemia.®!* In this article,

we report that Fads! KO mice studied in our high-throughput
phenotypic screen had low body fat and improved glucose
tolerance relative to wild-type (WT) control mice. In addi-
tion, we present follow-up studies that not only confirm that
Fads1 KO mice are lean with improved glycemic control
but also show that they have decreased serum lipids and are
resistant to the development of atheromatous plaque when
maintained in an atherogenic environment.

Materials and methods

Generation of KO mice

ApoE KO mice were obtained from Taconic Biosciences
(Hudson, NY, USA; catalog no: APOE-M). Both Fads!
KO lines were generated at Lexicon Pharmaceuticals,
Inc. (The Woodlands, TX, USA) on a 129S5/SvEvBrd x
C57BL/6-TyrBhybrid background. The first Fads1 KO line
was generated by gene trapping as part of our effort to knock
out and phenotype mouse orthologs of nearly 5,000 druggable
human genes.*'* Methods for gene trapping in embryonic
stem (ES) cells, identifying trapped genes using OmniBank
Sequence Tags (OSTs), characterizing retroviral gene trap
vector insertion sites, and reverse-transcription polymerase
chain reaction (PCR) analysis of KO and WT transcripts are
published.!! Briefly, a retroviral gene trap vector was used
to produce OmniBank clone OST118368, which contains an
insertion into the intron between the first and second coding
exons that truncates the Fads! gene product immediately
after the first coding exon; this clone was then used to gener-
ate Fadsl KO mice (Figure S1). Mice heterozygous (HET)
for this Fadsl mutation were bred to ApoE HET mice to
ultimately generate Fads! HET/ApoE KO mice; these mice
were then used to generate Fads! KO and WT mice on the
ApoE KO background.

A second Fadsl KO line was generated by homolo-
gous recombination, using a conditional targeting vector
derived with the lambda knockout shuttle (KOS) system!?
and a strategy which is outlined in Figure S2A. The lambda
KOS phage library, arrayed into 96 superpools, was
screened by PCR using exon 1-specific primers Fads1-4
(5-CTTTGCTACCCGAGAGAGGCGGAG-3’) and Fads1-5
(5"-CGGTCTCTCAGGCGCTTGCATC-3"). The PCR-
positive phage superpools were plated and screened by filter
hybridization using the 548 bp amplicon derived from prim-
ers Fads1-4 and Fads1-5 as a probe. One pKOS genomic
clone, pKOS-86, was isolated from the library screen and
confirmed by sequence and restriction analysis. Gene-specific
arms (5-CGGCGGTCTCCGGGCGCGCGCTCGAG
GCAGCCCGAC-3") and (5-CTCAAGACTCCCAAGAAC

submit your manuscript

186

Dove

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2016:9


www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/get_supplementary_file.php%3Ff%3D106653.pdf
https://www.dovepress.com/get_supplementary_file.php%3Ff%3D106653.pdf

Dove

Metabolic phenotype of Fads| knockout mice

CGTCACCTGTGATCCTATGC-3") were appended by PCR
to a yeast selection cassette containing the URA3 marker. The
yeast selection cassette and pKOS-86 were co-transformed
into yeast, and clones that had undergone homologous recom-
bination to replace a 2,134 bp region containing exons 1 and 2
with the yeast selection cassette were isolated. This 2,134 bp
fragment was independently amplified by PCR and cloned
into the intermediate vector pLF-Neo introducing flanking
LoxP sites and a Neo selection cassette (Fadsl-pLFNeo).
The yeast cassette was subsequently replaced with the Fads1-
pLFNeo selection cassette to complete the conditional Fads1
targeting vector that had exons 1 and 2 flanked by LoxP sites.
The Notl-linearized targeting vector was electroporated into
129S5/SvEvEd (Lex-2) ES cells. G418/FIAU-resistant ES cell
clones were isolated, and correctly targeted clones were iden-
tified and confirmed by Southern analysis using a 253 bp 5’
external probe (1/2), generated by PCR using primers Fads1-1
(5"-GCCAGAGCAAGAGCGAAACTCCAAG-3’) and
Fads1-2 (5'-GGAGACAGTAGGACGCAATCAATCG-3),
and a 309 bp 3’ internal probe (8/9), amplified by PCR using
primers Fads1-8 (5’-CCAAGGATGCCAAGAACCAATG
GTTG-3’) and Fads1-9 (5’-GCCTGGCTAAGGCCTTCT
CACAGAC-3"). Southern analysis using probe 1/2 detected
a 7.6 kb WT band and 8.9 kb mutant band in Spel-digested
genomic DNA, while probe 8/9 detected a 9 kb WT band
and 11 kb mutant band in HindIII-digested genomic DNA
(Figure S2B). Two targeted ES cell clones were microinjected
into C57BL/6-Tyr**blastocysts. The resulting chimeras were
mated to C57BL/6-Tyr** females to generate Fads! HET
mice, which were then bred to generate Fads! KO and WT
mice. For all KO lines, genotyping was performed on tail
DNA as described earlier.!!

Mouse care and study

All studies were performed in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocols for all studies were approved by the Lexicon Insti-
tutional Animal Care and Use Committee (OLAW Assurance
Number, A4152-01; AAALAC International Accreditation
Number, 001025). General methods for mouse care have been
described.!' Mice were fed with a standard rodent chow that
has 22% kcal from fat and contains 0.02% (w/w) AA (9F
5020; Purina, St Louis, MO, USA), high-fat diet (HFD) that
has 45% kcal from fat and contains 0.06% (w/w) AA (45%
HFD; D12451; Research Diets, New Brunswick, NJ, USA),
HFD that has 60% kcal from fat and contains 0.09% (w/w)
AA (60% HFD; D12492, Research Diets), or Western diet

that has 41% kcal from fat and contains no AA (D12079B;
Research Diets). Food intake studies were performed as
described earlier.!?

Body composition determinations

Body composition was measured using either dual-energy
X-ray absorptiometry (DEXA; PIXImus; Inside Outside
Sales, Fitchburg, WI, USA) or quantitative magnetic reso-
nance (QMR; Echo Medical Systems, Houston, TX, USA)
technologies as described earlier.”' For our phenotypic screen
performed on chow-fed mice at 14 weeks of age, body fat
was analyzed by DEXA and data are presented as described
earlier.’ For our phenotypic screen performed on 45% HFD-
fed male mice at 11 weeks of age, body fat was analyzed by
QMR and data are presented as described earlier.>'* For stud-
ies quantitating the amount of liver fat, individual livers were
harvested at necropsy and analyzed for fat content by QMR.

Measurements of physical activity

Fads1 KO and WT mice were studied in an open-field cham-
ber as described earlier.'*!> An independent cohort of mice
was also studied in a second system that measures physical
activity, the ER-4000 physiological measurement system
(Mini Mitter, Bend, OR, USA) as described earlier.'*

Blood and stool sample analysis

Blood was obtained from mice by retro-orbital bleed, and
serum was assayed for fasting total cholesterol and total tri-
glycerides (TG) by Cobas Integra 400 analyzer (Hoffman-La
Roche Ltd., Basel, Switzerland) as described earlier.!* To test
for malabsorption, stools were collected from Fads/ KO and
WT mice and analyzed as described earlier.'*

Oral glucose tolerance tests

Oral glucose tolerance tests (OGTTs) were performed on
conscious unanesthetized mice as described earlier.* In addi-
tion, as part of our phenotypic screen, we performed OGTTs
on 10-week-old male KO and WT mice fed 45% HFD from
weaning, as described earlier.'?

Vascular injury model

Vascular cuff construction

Silicone vascular cuffs were constructed using Silastic
MDX4-4210 Biomedical Grade Elastomer (Dow Corning
Corporation, Midland, MI, USA) and sufficient copper
powder (product #42623; Alfa Aesar, Ward Hill, MA, USA)
to achieve a final concentration of 300 mg/mL. The cuff
mold was prepared by placing 17 mm of the smallest end of
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a transfer pipette (Samco transfer pipettes, product # 212;
Thermo Fisher Scientific, Waltham, MA, USA) onto a 26 G
needle; the copper/elastomer mixture was then introduced
through an 18 G needle into the pipette/needle mold. This was
followed by curing the mixture overnight at 75°C, allowing
the cuff to cool at room temperature for 30 minutes, harvest-
ing the cuff from the mold, and then trimming it to a length of
~1 mm. Freshly made cuffs were briefly stored in a small Petri
dish in 70% ethanol until they were introduced into mice.

Vascular injury model protocol

Vascular injury surgery was performed on 12—16-week-old
Fads1 KO and WT mice. Mice were anesthetized by 2%
isoflurane/oxygen, their left femoral artery was exposed, a
vascular cuff was placed around the artery, and the mice were
then allowed to recover. On postsurgery day 16, mice were
again anesthetized, their chest cavity was opened, and they
were perfused first with 15 mL saline and then with 15 mL
neutral buffered formalin. The left femoral artery of each
mouse was then dissected to expose the cuff. After removal of
the cuff, the arterial fragment was placed into formalin over-
night and then processed for histologic analysis, including
routine hematoxylin and eosin staining, as described earlier."
After serial sections of each artery were reviewed to identify
those where the section represented a clean cut through the
entire length of the artery, a picture was taken of the optimal
section, and this picture was analyzed to determine the medial
and intimal areas present, using Image-Pro software (Media
Cybernetics, Rockville, MD, USA).

Aortic plaque measurement

Male and female Fads! KO and WT littermate mice bred onto
an ApoE KO background were switched from chow to Western
diet at weaning. After 4 weeks, 8 weeks, and 12 weeks on
Western diet, mice had fasting blood samples obtained for the
analysis of total cholesterol and total TG. In addition, mice were
weighed on the day of each bleed. Mice underwent necropsy
after 14 weeks on Western diet; at this time, the aortic tree of
each mouse was collected and stained with Sudan IV to identify
areas of plaque. The percent of the aortic surface that stained
for plaque was then quantified using Image-Pro software.

Quantitative measurement of fatty acid

levels

Brain and liver samples obtained from 44-week-old male
Fads1 KO, HET, and WT mice (2/genotype) were analyzed
in the Lipomics TrueMass panel (Lipomics Technologies,

Sacramento, CA, USA). Briefly, lipids from brain or liver
samples were extracted in chloroform:methanol in the pres-
ence of internal standards. After neutral and polar lipids
were separated by solid phase chromatography, the polar
lipid fraction was separated into individual lipid classes by
HPLC. Individual phospholipid class fractions (cardiolipin,
phosphatidylserine, phosphatidylethanolamine, phospha-
tidylcholine, and lysophosphatidylcholine) were collected,
trans-esterified in sulfuric acid/methanol to create fatty acid
methyl esters, extracted into hexane, and then prepared for
gas chromatography. Individual fatty acids from each of the
five phospholipid samples were separated by capillary gas
chromatography and quantified by comparing the peak area
to that of the internal standard.

Statistics

Data are presented as mean + standard deviation (SD).
Unless stated otherwise, comparisons between two groups
were analyzed by unpaired Student’s 7-test and comparisons
among three or more groups were analyzed by one-way
analysis of variance (ANOVA) with post hoc analysis per-
formed using the Bonferroni correction. All statistical tests
were performed using PRISM 4.03 (GraphPad Software,
Inc., La Jolla, CA, USA). Differences were considered
statistically significant when P<0.05.

Results

Fadsl KO mice generated by a gene-trapping strategy
(Figure S1) were lean relative to WT littermates in our
previously reported high-throughput phenotypic screen
of 3,651 KO lines maintained on chow diet"® (Figure 1A).
These Fadsl mice had a normal Mendelian distribution
at weaning (561 WT, 1,105 HET, and 543 KO mice) and
appeared healthy. To confirm the lean phenotype observed
during this screen, a cohort of 8-20-week-old chow-fed
male Fadsl KO mice was studied and they were found to
have decreased body weight and body fat relative to WT lit-
termates (Figure 2A and B; Table S1). In addition, cohorts
of 8-32-week-old male and female Fads! KO mice fed 45%
HFD had decreased body weight and body fat relative to
WT littermates (Figure 2C and D; Table S1). Interestingly,
when data were combined from all male and female mouse
cohorts studied just after weaning at 4 weeks of age, Fads!
KO mice did not have the body fat phenotype that was
apparent at 8 weeks of age; their body fat at 4 weeks was
2.310.6 g (n=95), identical to the 2.310.5 g (n=87) value of
their WT littermates. In contrast, when data were combined
from all mouse cohorts studied at 15-22 weeks of age,
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Figure | Fads/ KO mice have low body fat in high-throughput phenotypic screens.

Notes: (A) Histogram of normalized % body fat for 3,651 KO lines maintained on chow diet. Body composition analyses performed by DEXA on 14-week-old male mice fed
chow diet from weaning were used to calculate normalized % body fat for each KO line. Solid points indicate actual numbers of KO lines. Curved line shows the calculated
curve; the range for | and 2 SD from the mean are indicated by lines located below the curve, and the mean value for the two Fads! KO mouse lines is indicated by an arrow
shown above the curve. (B) Histogram of normalized % body fat for 2,463 KO lines maintained on 45% HFD. Body composition analyses performed by QMR on | |-week-old
male mice fed 45% HFD from weaning were used to calculate normalized % body fat for each KO line. Solid points indicate actual numbers of KO lines. Curved line shows the
calculated curve; the range for | and 2 SD from the mean are indicated by lines located below the curve, and the value for the Fads| KO mouse line generated by homologous
recombination is indicated by an arrow shown above the curve.

Abbreviations: DEXA, dual-energy X-ray absorptiometry; HFD, high-fat diet; KO, knockout; QMR, quantitative magnetic resonance; SD, standard deviation.
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Figure 2 Fads| KO mice have low body weight and body fat: time course data.
Notes: Male Fads!| KO mice (n=11) and their WT littermates (n=I1), fed chow diet from weaning, were studied from 8 weeks to 20 weeks of age for (A) body weight and

(B) body fat measured by QMR. Fads| KO mice (n=15 males and seven females) and their WT littermates (n=17 males and seven females), fed 45% HFD from weaning, were
studied from 4 weeks to 32 weeks of age for (C) body weight and (D) body fat measured by QMR. Male KO mice different from WT mice of the same age and sex, *P<0.05,
**P<0.01, *¥P<0.00; female KO mice different from WT mice of the same age and sex, ‘P<0.05, *'P<0.01.
Abbreviations: HFD, high-fat diet; KO, knockout; QMR, quantitative magnetic resonance; WT, wild type.
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Notes: Body weight, body fat, and LBM data were normalized and combined from all mouse cohorts that were weighed and analyzed by QMR at 16-22 weeks of age:
(A) body weight and (B) body fat data for male Fads! KO mice (n=109) and their WT littermates (n=95); (C) body weight and (D) body fat data for female Fads| KO mice
(n=58) and their WT littermates (n=60); LBM data for the (E) male and (F) female Fads! KO mice and their WT littermates that were studied in panels A-D. For panels A-F:
KO mice different from WT mice, **P<0.001. (G) Normalized body fat data from the subset of cohorts that had Fads! KO (n=49), HET (n=42), and WT (n=40) littermate
mice; because normalized data from male and female mice were comparable, they were combined in this analysis. KO mice different from HET and WT mice, ***P<0.001.
(H) Liver fat measured by QMR in 75-week-old male Fads| KO mice (n=8) and their WT littermates (n=9); KO mice different from WT mice, **P<0.01.

Abbreviations: HET, heterozygous; KO, knockout; LBM, lean body mass; QMR, quantitative magnetic resonance; WT, wild type.
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body weight and body fat were significantly decreased by
16% and 38%, respectively, in male Fads! KO mice; data
from all female mice showed a similar result, with body
weight and body fat significantly decreased by 12% and
31%, respectively, in female Fads! KO mice (Figure 3A-D;
Tables S1 and S2). The FadsI KO had less of an effect on
lean body mass (LBM) at 1622 weeks of age; male and
female Fadsl KO mice showed a 7% and 2% decrease,
respectively, in LBM when compared to that of WT lit-
termates (Figure 3E and F; Tables S1 and S2). A subset of
these mouse cohorts included HET mice, which were found
to have significantly more body fat than KO littermates but
no difference in body fat when compared to WT littermates
(Figure 3G; Table S2). To confirm these findings from the
Fads1 KO line generated by gene trapping, a second Fads ]
KO line was generated by homologous recombination
(Figure S2). These Fads! KO mice were lean relative to
WT littermates in our previously reported high-throughput
phenotypic screen of 2,463 KO lines maintained on 45%
HFD" (Figure 1B), and additional cohorts showed the
same body composition phenotype observed in the Fads!
KO line generated by gene trapping (Table S3); these
Fads1 KO mice also had a normal Mendelian distribution
at weaning (165 WT, 332 HET, and 163 KO mice) and
appeared healthy. In both Fads! KO lines, the low body
fat phenotype persisted with age and was present in mice
aged >1 year (Table S4). Consistent with the finding that
Fads1 KO mice had relatively normal LBM, organ weights
from 71-week-old male gene trap Fads! KO mice fed 45%
HFD from weaning were not different from those of WT
littermates, with the exceptions that Fads! KO mice had
significantly lower liver and heart weights (Table 1). The
lower liver weight of Fads! KO mice, confirmed in two
additional cohorts of 45% HFD-fed male mice, suggested
the possibility of less liver fat. This hypothesis was sup-

Table | Body and organ weights of 71-week-old Fads! KO and
WT littermate mice fed 45% HFD from weaning

Weight (g) WT (n=11) Fadsl KO (n=11)
Body 52.77+7.74 39.6319.24*

Brain 0.4410.04 0.45+0.04

Liver 2.6310.65 1.8110.40*
Pancreas 0.26+0.12 0.23+0.07

Spleen 0.13+0.07 0.22+0.15

Right kidney 0.29+0.04 0.29+0.05

Heart 0.22+0.02 0.19+0.03**

Lungs 0.29+0.05 0.27+0.04
Gastrocnemius 0.15+0.02 0.14+0.02

Notes: n, number of mice. KO mice different from WT mice, *P<0.05, **P<0.01.
Abbreviations: HFD, high-fat diet; KO, knockout; WT, wild type.

ported by QMR analysis of livers from one of these cohorts,
which showed 73% less fat in the livers of Fads! KO mice
compared to those of WT littermates (Figure 3H); in the
other cohort, the lower liver weights found in the male
Fads] KO mice were accompanied by lower serum levels
of the liver enzymes alanine and aspartate aminotransferase
(Table S5).

We sought to identify the mechanism behind the low body
fat phenotype of Fads{ KO mice. A 19-day food intake study,
initiated in 4-week-old group-housed male Fads/ KO and
WT mice when their body weights did not differ, showed no
difference in food intake. These same group-housed mice
underwent a 14-day food intake study starting at 66 weeks of
age when the KO mice had significantly lower body weights,
and again no difference in food intake was noted (Figure S3A
and B). To investigate the possibility that a significant differ-
ence in food intake between Fads! KO and WT littermate
mice might best be observed at the time that the body fat
phenotype was developing, we monitored a cohort of group-
housed mice and found that, similar to other cohorts, Fads
KO mice had significantly less body fat at 8 weeks of age but
not at 4 weeks of age (Figure 4A). The food intake of these
mice was studied for 21 days beginning at 8 weeks of age,
and no significant difference in food intake was found (Figure
4B). Fecal weight and fecal fat were also measured as part
of this study, and no differences were noted between Fads
KO and WT mice (Figure 4C and D). An additional cohort
of 40-week-old mice was studied for 9 days, with Fads! KO
mice again exhibiting normal food intake without evidence of
malabsorption (data not shown). Two independent cohorts of
Fads1 KO and WT mice also showed no significant difference
in activity at 11 weeks of age in an open-field chamber (Figure
S3C) or at 65 weeks of age using a different technology that
measured activity over a full 24 hours (Figure S3D). Finally,
Fads1 KO mice and their WT littermates exhibited similar
changes in their body temperatures when they were housed
for an hour at 4°C (Figure S3E-G).

We evaluated the effect of Fadsl deficiency on meta-
bolic parameters. We found that male Fads! KO mice had
a lower glucose area under the curve relative to WT mice in
our previously reported high-throughput OGTT phenotypic
screen of 2,489 KO lines maintained on 45% HFD!! (Figure
5A). The decreased OGTT glucose excursions observed on
phenotypic screening of Fads! KO mice were confirmed
with multiple additional cohorts of male Fads!/ KO mice
and their WT littermates from both KO lines, and they were
also found to have fasting blood glucose levels that were sig-
nificantly lower than WT levels (Figure 5B; data not shown).
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Notes: (A) Time course of body fat measurements in group-housed male Fads! KO mice (n=15) and their WT littermates (n=8). KO mice different from WT mice, *P<0.05,
**P<0.01. At 8 weeks of age, these group-housed mice (two to three mice per cage, three to four cages per genotype) were studied for (B) intake of 45% HFD, (C) fecal

weight, and (D) fecal fat.
Abbreviations: HFD, high-fat diet; KO, knockout; WT, wild type; d, day.

In addition, Fads! KO mice had fasting insulin levels, and
insulin levels measured 30 minutes after glucose challenge,
that were significantly lower than WT levels (Figure 5C); thus,
less insulin was required to achieve improved postprandial
glucose excursions in these nondiabetic mice. Further studies
showed that fasting total cholesterol and TG levels tended to
be numerically lower in multiple cohorts of Fads/ KO mice
fed 45% HFD (Table S5); when data were normalized such
that mean WT values for each male and female cohort were
assigned a value of 100%, and all data were then combined,
total cholesterol and TG levels were significantly lower in
Fads1 KO mice, measuring 74% and 84% of WT littermate
values, respectively (Figure 5D).

We used a vascular injury model to measure the effect
of an inflammatory stimulus on the arterial intima of Fads!
KO and WT littermate mice. We found significant decreases
of 62% and 57% in the femoral artery intima/media ratio of
Fads1 KO mice relative to WT littermates in two independent
cohorts of mice using this vascular injury model (Figure 6A
and B, respectively). Because of this result and the tendency
of FadsI KO mice to have lower lipid levels, we then bred
Fads1 KO and WT mice onto an 4poE KO background and

fed these mice Western diet for 14 weeks in an attempt to
create an atherogenic environment. We found that, on the
ApoE KO background, Fads! KO mice had significantly
lower body weight than WT mice, but we did not observe
significant differences in fasting levels of either total cho-
lesterol or TG in Fads! KO mice relative to WT littermates
during this study (Figure 6C; Table S6). Nevertheless, the
aortic tree of the Fads! KO mice was found to have a sig-
nificant 40% decrease in plaque relative to that observed in
WT littermates (Figure 6D—F).

To determine the effects of D5D inhibition on w6 fatty
acid levels in the w6 fatty acid pathway (Figure 7A), we
studied levels of these fatty acids in brain and liver tis-
sue from Fadsl KO, HET, and WT littermate mice fed
45% HFD from weaning. As can be seen in Figure 7B
and C, levels of the D5SD substrate DGLA were markedly
increased, while levels of the D5D product AA were mark-
edly decreased, in brain phospholipids from Fadsl KO
mice relative to WT littermate values, while DGLA and AA
levels were quite similar in brain phospholipids from Fads !
HET and WT mice. Similar results were observed when
6 fatty acid levels were measured in liver phospholipid
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curve, and the values for Fads| KO mice are indicated by an arrow shown above the curve. (B) Glucose excursions, and (C) 0-minute and 30-minute insulin levels, from
OGTTs performed on 45% HFD-fed male Fads! KO mice (n=26) and their WT littermates (n=21) at 12—-17 weeks of age. (D) Normalized total cholesterol and TG data
from 30-to-46-week-old Fads| KO mice (n=89) and their WT littermates (n=70). KO mice different from WT mice, *P<0.05, **P<0.01, ***P<0.00| by Student’s t-test, and

**P<0.001 by Mann—Whitney test.

Abbreviations: AUC, area under the curve; OGTT, oral glucose tolerance test; HFD, high-fat diet; KO, knockout; TG, triglyceride; WT, wild type; SD, standard deviation.

fractions (Figure 7D and E). In brain, KO mice exhibited a
markedly decreased AA/DGLA ratio (0.23%0.02) relative
to HET (10.7£1.87) and WT (17.73£3.7) littermates, and
in liver, KO mice also exhibited a markedly decreased AA/
DGLA ratio (0.5510.04) relative to HET (6.4+£0.47) and
WT (9.86%1.06) littermates; these findings suggest that
D5D activity is markedly decreased in Fads! KO mice. In
contrast, levels of the D6D substrate LA were similar, while
levels of the D6D product GLA were slightly increased, in
brain and liver phospholipids from Fads/ KO mice rela-
tive to WT and HET littermate values; the resulting GLA/
LA ratios present in Fads! KO mice were consistent with
normal D6D activity. Similar results were noted when ®3
fatty acid levels in the @3 fatty acid pathway were examined
(Figure S4). In this analysis, levels of the D5D substrate
eicosatetraenoic acid were markedly increased and levels
of the D5D product eicosapentaenoic acid (EPA) were
markedly decreased in brain and liver phospholipids from
Fadsl KO mice relative to WT littermate values, while
eicosatetraenoic acid and EPA levels were quite similar

in brain and liver phospholipids from Fads! HET and
WT mice, suggesting markedly decreased D5D activity in
Fads1 KO mice.

Discussion

Fads1 KO mice had low body fat in our primary phenotypic
screen of 3,651 KO lines fed chow diet and 2,463 KO lines
fed 45% HFD, and these findings were confirmed by studying
multiple additional cohorts of Fads! KO mice generated by
two independent KO strategies. In humans, DSD and D6D
have been linked to body fat stores in many studies.'®>* Most
of these studies, which measured desaturase activity either
directly in liver tissue or indirectly using desaturase ratios
obtained from analyzing various lipid fractions, found that
an increase in various surrogate measures of obesity, or in
liver fat, was associated with a decrease in D5D activity
and an increase in D6D activity. However, these studies
were unable to determine whether the changes in desaturase
activity contributed to, or were a response to, the changes in
body fat, or if the desaturase activities might be confounded

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2016:9

submit your manuscript 193

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/get_supplementary_file.php%3Ff%3D106653.pdf

Powell et al

Dove

A
5
4
o
8 3
S
E 2
k=
1
0
WT Fads1 KO
Cc
Female WT
Female Fads1 KO
~ 50 Male WT
2 Male Fads1 KO
.'E” 40
g 30
=3
8 20
10
1 2 3
Time on diet (months)
E

w
NN W A~ O

Intima/media

WT Fads1 KO

M
_ 4

Plague area (%)
o W [e)] © N o

WT KO WT KO

Male Female

Figure 6 Fads! KO mice are less susceptible to vascular injury and, when exposed to an atherogenic environment, exhibit less aortic plaque.

Notes: (A) The left femoral artery of 18-week-old, chow-fed male and female Fads| KO mice (n=29) and their WT littermates (n=22) was exposed to a cuff containing
copper, which served as a chemical irritant. After 16 days, this artery was harvested from each mouse and the thickness of the arterial wall intima and media was used to
calculate an intima/media ratio. (B) An independent cohort of 18-20-week-old, chow-fed male and female Fads| KO mice (n=25) and their WT littermates (n=26) was studied
using the same vascular injury model described in (A). (C) Male Fads! KO (n=16) and WT (n=17) mice, and female Fads! KO (n=15) and WT (n=21) mice, all on an ApoE KO
background, were fed Western diet from weaning and had their body weight measured after 4 weeks, 8 weeks, and 12 weeks on Western diet. After 14 weeks on Western
diet, the mice presented in (C) had their aortic trees collected and stained for plaque; representative images of Sudan [V-stained (D) WT and (E) KO aortic trees are each
positioned beside a ruler that is divided into | mm increments. (F) The percentage of aortic surface that stained for plaque was quantified for all mice presented in (C). KO

mice different from WT mice, *P<0.05, **P<0.01, ***P<0.001.
Abbreviations: KO, knockout; WT, wild type.

by another variable such as diet.!*>> One way around this
problem is to study markers such as single-nucleotide poly-
morphisms located within or close to the gene of interest in
an attempt to uncover a genetic predisposition for a change in
D5D activity. Indeed, there is strong evidence in humans that
single-nucleotide polymorphisms near F4 DS/ are associated
with higher levels of LA and lower levels of AA, and this
association has been found in European, Asian, Hispanic, and
African populations; unfortunately, there is strong linkage
disequilibrium in this region that includes the FADS! gene
and much of the FADS2 gene, and studies suggest that the
alleles associated with lower AA/LA are also associated with
lower activity of both D5SD and D6D.*** In a recent study,

these alleles were not associated with obesity in a European
population,? which could merely reflect offsetting effects of
lower D5D and D6D activities. Interestingly, in the Greenland
Inuit population, who eat a diet rich in w3 PUFAs, these same
alleles have been strongly selected and are associated with a
significant decrease in body weight and body mass index.*
This suggests that the Inuit diet may have played a major role
in the selection of alleles with lower desaturase activities, but
again it is unclear whether lower D5D activity contributes to
the lower weight observed in the Inuit population.?

Fads1 KO mice had a low glucose area under the curve in
our high-throughput OGTT phenotypic screen of 2,489 KO
lines fed 45% HFD. Additional cohorts of mice confirmed
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Figure 7 Levels of w6 fatty acids present in phospholipids isolated from brain and liver of Fads! KO, HET, and WT mice.

Notes: Individual 06 fatty acids were quantitated in five phospholipid fractions (cardiolipin, phosphatidylserine, phosphatidylethanolamine, phosphatidylcholine, and
lysophosphatidylcholine) isolated from brain and liver samples of 44-week-old Fads| KO (n=2), HET (n=2), and WT (n=2) littermate mice; data from the five phospholipid
fractions were then combined to yield a single pooled value for each individual w6 fatty acid in brain or liver tissue of each mouse. (A) Enzymes and fatty acids that comprise
the w6 fatty acid pathway. (B) Brain levels of w6 fatty acids along the w6 fatty acid pathway. (C) Brain levels of DGLA and AA, the substrate and product, respectively, of
Fads!. (D) Liver levels of w6 fatty acids along the w6 fatty acid pathway. (E) Liver levels of DGLA and AA. All data are presented as nanomole of w6 fatty acid present in the
five phospholipid fractions isolated from | g of tissue.

Abbreviations: AA, arachidonic acid; AdA, adrenic acid; DGLA, dihomo-y-linolenic acid; DPA, né docosapentaenoic acid; D5D, delta-5 desaturase; D6D, delta-6 desaturase;
E, elongase; Fads/, fatty acid desaturase |; Fads2, fatty acid desaturase 2; GLA, y-linolenic acid; HET, heterozygous; KO, knockout; LA, linoleic acid; OX, peroxisomal

oxidation; WT, wild type.

this finding and in addition demonstrated that Fads! KO mice
had lower fasting glucose, fasting insulin, and fed insulin
levels relative to WT littermates. In humans, desaturase
ratios and liver desaturase activities have linked D5D and
D6D activities to a number of glycemic traits and to T2D
in cross-sectional studies'®7122 and to T2D in longitudinal
studies.?*? These data showed that an increase in T2D, and/or
in glycemic traits found in patients with T2D, was consistently
associated with decreased D5D activity and increased D6D
activity. Unfortunately, similar to the problem with relat-
ing desaturase activities to surrogate measures of obesity,
these studies were unable to determine whether changes
in desaturase activity influenced the development of T2D.
Additional studies that examined F4DS alleles that exhibit

low D5D and D6D activities revealed either weak or absent
association of these alleles with improved glycemic traits or
lower risk of T2D.232-33

Our studies show that, on an atherogenic ApoE back-
ground and Western diet, Fads! KO mice develop signifi-
cantly less aortic plaque than WT littermates. Decreased
serum total cholesterol and TG might contribute to fewer
atheromatous lesions, at least in humans,** and we did
observe modestly lower levels of these serum lipids in
many cohorts of Fads! KO mice. However, our Fads! KO
mice with less aortic plaque did not have lower levels of
these lipids. In humans, FADS allelic variants and desatu-
rase activities have been linked to changes in serum lipid
levels; although these changes were considered unlikely to
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influence cardiovascular outcomes, the independent role
of D5D was again difficult to assess.*!*3*37 Decreased
plaque formation could also be related to a decreased
arterial wall inflammatory response,*®* a possibility
supported by our use of a vascular injury model to show
that a localized inflammatory stimulus in vivo resulted in
less of an inflammatory response in the arterial wall of
Fads1 KO mice. The lower AA levels and AA/LA in tissue
phospholipids of our D5D KO mice may contribute to this
protective effect, because AA is the precursor of a number
of pro-inflammatory molecules that are likely to contribute
to the atherosclerotic process.**** In humans, F4DS alleles
associated with decreased AA/LA are also associated with
decreased production of pro-inflammatory eicosanoids in
vitro, and with lower levels of non-enzymatic oxidative
products of AA that serve as biomarkers for increased CAD
risk.*** These findings are consistent with the observa-
tion that FADS alleles associated with decreased AA/LA
are also associated with decreased risk of CAD and lower
C-reactive protein levels.*>4%4” Unfortunately, these alleles
do not separate the effects of D5D and D6D, and not all
studies are in agreement, as a separate study that measured
desaturase activities found that increased D5D, but not
AA levels, prospectively predicted lower cardiovascular
mortality.*®

The problem with the human studies discussed earlier
is that they do not clearly delineate the metabolic response
to an isolated decrease in D5D activity. Our KO is specific
for Fads1 and D5D; the GLA/LA and ratios were consistent
with normal D6D activity, thus separating these results from
FADS cluster alleles where D5D and D6D activities are
always linked in the same direction and from many studies
of metabolic traits where D5D activity is inversely correlated
with D6D activity. In addition, there are many examples
where mouse gene KOs closely model the physiology pres-
ent in humans with a genetic or drug-induced deficiency of
the protein product of the same gene,””!1:13:1449-54 gugoesting
that the favorable metabolic phenotype observed in Fadsl
KO mice might also be present in humans with an isolated
decrease in D5D activity. The phenotype of cannabinoid
receptor 1 (Cnrl) KO mice is relevant to this discussion for
two reasons. First, these KO mice are lean with improved
glycemic control and lower circulating total cholesterol
and TG levels, a phenotype that is reproduced in mice and
humans treated with the CNR1 inverse agonist rimonabant.'
Second, the phenotype of Cnr/ KO mice has some similarity
to the phenotype of Fadsl KO mice, possibly because the
two enzymes participate in the same metabolic pathway.

Recent work shows that mice lacking diacylglycerol lipase
o (DAGLA), an enzyme that uses AA as a substrate to syn-
thesize the endocannabinoid 2-arachidonoyl glycerol (2-AG),
have the same phenotype as Cnr! KO mice; this suggests that
DAGLA provides the 2-AG needed to signal through CNR1
to counteract the shared metabolic phenotype of Cnr/ and
Dagla KO mice." It is conceivable that the markedly lower
AA levels present in Fads! KO mice may limit the produc-
tion of 2-AG by DAGLA, resulting in decreased signaling
through CNR1. The possibility that the Fads! KO metabolic
phenotype might result, at least in part, from a decrease in
2-AG formation is an interesting hypothesis that will require
further study because 2-AG levels have not been measured
in Fads! KO mice.

An independent Fadsl KO line has been reported.?
These KO mice, fed an AA-free diet from weaning,
appeared healthy up to the time of their sudden death at
6—12 weeks of age; there were no pathology findings at
necropsy that could explain their early death. These KO
mice exhibited markedly decreased AA/DGLA ratios
relative to their WT and HET littermates, similar to what
we observed in our KO mice, and they also exhibited a
marked decrease in AA-derived eicosanoids. These KO
mice were not rescued by diets containing 0.1% or 0.4%
(w/w) AA, but their survival was comparable to that of WT
and HET mice when fed a diet containing 2% (w/w) AA;
no additional data were reported on the KO mice fed the
high AA diet. Interestingly, we saw no obvious decrease
in the survival of our gene trap Fadsl KO mice fed 45%
HFD containing 0.06% (w/w) AA for more than 1 year, and
they also appeared healthy and steadily gained weight when
placed on an AA-free Western diet for 14 weeks. Based on
the survival data from Fan et al,> our results strongly sug-
gest that our gene trap Fads! KO mice are hypomorphs®
that retain the residual D5D activity necessary for long-
term survival on an AA-deficient diet. Nevertheless, these
gene trap KO mice exhibit significantly decreased D5D
activity, as demonstrated by their markedly decreased
AA/DGLA ratios.>* Because they exhibit this significant
decrease in D5D activity, these Fadsl KO mice are an
excellent mammalian model for predicting the long-term,
on-target metabolic effects of potent and selective D5D
inhibitors, and all studies reported here were performed to
take advantage of this predictive model before embarking
on a drug discovery program.

Although our Fadsl KO mice had an intermediate
decrease in body fat when compared to other KO lines we
have studied,’ the accompanying improvements in glycemic
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control, lipid levels, and atheromatous plaque development
suggested that DSD inhibitors might be of particular thera-
peutic value because they may target multiple metabolic
abnormalities. However, a number of potential problems
may impact the development of D5D inhibitors for these
metabolic indications. 1) D5D inhibition will have pleio-
tropic effects due to altered levels of many ®3, w6, and @9
pathway PUFAs and their metabolites; thus, understanding
of potentially undesirable on-target effects is needed. For
example, brain levels of the ®3 PUFA docosahexaenoic
acid are 32% lower in our Fads! KO mice, and levels of
the 3 PUFA EPA are even lower than this, which may
be a problem considering the evidence that these PUFAs
are neuroprotective.”’ 2) Varying the dietary intake of AA
and other PUFAs may alter the efficacy and safety of DSD
inhibitors. 3) The role of the endocannabinoid system in
mediating the metabolic effects of D5D inhibition must be
explored; in particular, the possibility that neuropsychiatric
side effects are an on-target response to D5D inhibition
must be assessed.!* 4) D5D inhibitors may not reproduce
the metabolic phenotype observed in Fadsl KO mice.
Recently, a dual DSD/D6D inhibitor was shown to decrease
oleic acid-induced TG accumulation in cultured hepatocytes;
this was consistent with findings of increased liver D5D
mRNA in humans with NASH, and increased liver D5D
mRNA, protein, and AA/DGLA ratio in mice with NASH.
More importantly, orally available and highly selective D5D
inhibitors are being developed for metabolic indications,
and recent data suggest that some of these compounds can
decrease atheromatous plaque formation and body weight
while improving glycemic control in mice.>*® 5) D5D
inhibitors may not provide the same metabolic benefits in
humans as they do in Fads1 KO mice. This possibility is sug-
gested by many publications showing that increased rather
than decreased D5D activity is associated with a desirable
metabolic profile in humans.!62226248 We believe there is
a good chance that humans and mice with D5D deficiency
will exhibit the same metabolic phenotype; in our experi-
ence, the metabolic phenotype found in a mouse gene KO
line is often reproduced in humans with a genetic or drug-
induced decrease in the activity of the protein product of
that gene.7,9—ll,l3,l4,49—54

Conclusion

We find that Fads! KO mice have low body fat, improved
glycemic control, and decreased circulating lipid levels, and
that they are resistant to the development of arterial atheroma-

tous plaque. We predict that, in mice and humans, selective
D5D inhibitors will reproduce some or all components of
the metabolic phenotypes observed in Fads! KO mice. We
also emphasize the need for in-depth preclinical and clinical
studies exploring whether DSD inhibitors can provide these
metabolic benefits in the absence of additional undesirable
on-target effects in individuals maintained on diets containing
a wide range of PUFAs.
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