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Life has evolved in the context of
constant, rhythmic oscillations
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Our behaviors are coordinated
in a rhythmic fashion

Noon
12:00
High alertness
10:00 Best coordination
Highest testosterone secretion 14:30

09:00
Bowel movement likely08:30

Fastest reaction time
15:30

Melatonin secretion stops

Greatest cardiovascular efficiency
07:30,

and muscle strength

Sharpest rise 17:00

in blood pressure06:45)°

18:00

18:30Highest blood pressure
19:00 Highest body temperature
Lowest body temperature 04:30

1:00 Melatonin secretion starts

02:0C

Deepest sleep 2:30

00:00 Bowel movements suppressed RN
Midnight [/ \
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Triad of sleep / circadian rhythms and metabolism
increasingly implicated in disease processes

Sleep

Sleep Deprivation
(Weljie et al, PNAS, 2015)

- Circadian

Metabolism
clock

\
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We live In an increasingly sleep
restricted and disrupted world

- stress

- high work load
- shift work

- home work

- parenthood

- recreation

» Immediate effects on alertness, cognitive function and
emotional regulation

» Gradually developing maladaptive changes in brain and body
that may increase the sensitivity to disease

Peter Meerlo



Effects of
Sleep deprivation

- Irritability

- Cognitive impairment \{f

- Memory lapses or loss

- Impaired moral
judgement

- Severe yawning

- Hallucinations

- Symptoms similar
to ADHD

- Impaired immune
system

- Risk of diabetes

- Increased heart rate variability
- Risk of heart disease

§ - Increased
| reaction time
\\ - Decreased accuracy
\ a\ - Tremors
A\ ) - Aches
B

Other:
- Growth suppression

Type 2

» 1\ - Risk of obesity
| |

\\ - Decreased
WS temperature
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Psychomotor vigilance task quantitatively
demonstrates cognitive changes with sleep
deprivation
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Banks S; Van Dongen HPA; Maislin G; Dinges DF. Neurobehavioral dynamics following
chronic sleep restriction: dose-response effects of one night for recovery. SLEEP |~
2010;33(8):1013-1026.



Serum sampled from human subjects with a
baseline sample, 5 nights of SR and one
recovery sleep opportunity

BL1
BL2 I
SR1 ]
SR2 -
SR3 ]
SR4 ]
SR5 L
R1 [ 1/

2200h 0800h

David Dinges, Namni Goel, UPent,
Weljie, et al. PNAS 2015



Comprehensive analytical analysis

GCMS

e Fatty acids
e Organic acids
e Amino acids

e Charged moieties
e Polar molecules
e Short / medium carnitines, LPCs, LPEs, and PCs

e Non-polar
e Lipids

e Fatty acids Q §>>>

UC Davis Metabolomics Core



PE (36:1)_2
phenylalanine
LPC 17:0
LPC 16:0
LPC 18:2

PC (38:4)
Tryptophan
PC (36:6)
Carnitine C5:0
LPC (16:1)
pipecolic acid
PC (38:4)_2
LPC (14:0)
LPC (20:3)
LPC (20:4)
TG (48:0)
TG (54:4)
TG (54:3)

PE (36:1)
octadecanol
dodecanol
myristic acid
DG (36:2)
DG (36:3)
oxalic acid
TG (53:1)
TG (54:5)
TG (52:2)
TG (52:3)
TG (46:0)

Recovered

Weljie, et al. PNAS 2015

Most metabolites
altered under
restricted sleep
recover— but not all
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Metabolite-centric view of sleep
deprivation effects

Sleep deprivation
- [rritability — SR
Ve mpament SN
-P r \ J“ : . .-
- Mémory lapses or loss - Increased heart rate variability
- Impaired moral - Rislgfget;‘%qgegiigsease
judgement - Carnitines, Lipids

SIRIBIE ARt Stress - Nicptingmige metabolism

- Hallucinations TedfRof Bkie

- Symptoms similar
to ADHD \) - Decreased accuracy
WA - Tremors

- Impaired immune | - Aches
Gastroingestshinal impact |
- Gut microflora Other:

- Pipecolic acid
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Two metabolites altered in both rats
and humans...

HumanSR RatSR 1a

27 3 126
2
3 49
156

Rat SR 1b

Weljie, et al. PNAS 2015



Oxalic acid and diacylglycerol 36:3

2 L 1.5

2.0 o

X —=__| (50.5

O BL SR5 Rec O BL SR5 Rec
Metabolite Rat Human

P-value FDR Day P-value FDR Day
Oxalic acid <0.01 0.02 14 <0.01 0.19 54,
DG 36:3 <0.01 0.008 1 <0.01 0.12 5

Weljie, et al. PNAS 2015



Analysis of human sleep and circadian studies
show significant overlaps— but also significant
opportunity to move beyond the low hanging fruit

Multiple circadian studies Multiple sleep studies

Lauroylcarnitine (C12:0)™*

LysoPC 16:0"
LysoPC 18:2" <€
Octanoylcarnitine (C8:0)/*
Phenylalanine™”

PC 32:1°

PC 36:6"

PC 38:4"

LysoPC 16:1"
Octadecenoylcarnitine (C18:1)"/%

Replicated across

circadian and sleep studies
DG Myristoylcarnitine (C14:0)™/¢
36:3 Tryptophan*/®
* detected by LC-MS
N detected by GC-MS
$ detected by FIA-MS
C 2))

Rhoades, Sengupta, Weljie, Current Opinion in Biotech,\20v1‘7



Triad of sleep / circadian rhythms and metabolism
increasingly implicated in disease processes

Sleep Sleep Deprivation
\ (Weljie et al, PNAS, 2015)

Circadian

clock \

Clock-driven metabolism
(Krishnaiah et al., Cell Metabolism 2017) \\
(Skarke et al., Submitted) —_|?/)

Metabolism



Evolutionary Entrainment Cues

b4
L r g=
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¢ Light Temperature
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@J system works bi-
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 Evolutionary Entrainment Cues | Gerhart-Hines, Lazar Endocrine Reviews, 2G15




Examples: timing of food intake
changes overall energy balance

Mis-timed feeding in mice

1 Weekly body weights
35 |
srowee- Light fed .
"
—*—Darkfed| * I ________ .I ........ {
2 { ........ I ........
325 -
™ K
3
3
20

)

15 v v v v v T )
Baseline Week 1 Week 2 Week 3 Week 4 Week 5 Week 6
Weekly caloric intake and activity

;f 6,000 —e=— Dark-fed activity
o ---u--- Light-fed activity

-2 5,000 I —— Dark-fed calories
3 X ---a--- Light-fed calories

|
S
o
=1
=]

k (total b

¢ 3,000

perw

2,000 .
123

1,000

Activity count

O mmatimm VAlaals 4 AATanl

160
140
120
1003
80 ;
60
40

20

Arble et al, Obesity, 2009

Weight-loss study in humans
comparing late vs. early eaters.
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Not just a sleep effect— human
metabolism cycles as reflected in
peripheral biofluids

Time Awake (h)
1 12 24 36

Time Awake (h)
36

)
Peptides
® Amino Acids
®Carbohydrates :
Cofactors & Vitamins =85 -

Dallman et al, PNAS, 2012

Plasma Saliva | -



The core clock and metabolism are also connected at a
molecular level through various transcriptional factors,
nucear receptors and post-translational modifications

(A) Cellular redox
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Brown, S. A. (2016). Circadian Metabolism:
From Mechanisms to Metabolomic” ano
Medicine. Trends in EndocrmoloE d) )
Metabolism. N 7/
http://doi.org/10.1016/j.tem.2016.03.015



Clock genes control transcription, but what is the
nature of metabolite change in liver?

Some low-resolution, non-circadian studies published

O
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Saikumari
Krishnaiah
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Water

Citrate
First we need to establish metabolite Bmall ~

rhythmicity under true circadian conditions
(dark / dark)

Sai Krishnaiah / John Hogenesch ~

Krishnaiah, et al. Cell Metab 2017



Samples were acquired every hour
under circadian condition for 48

hours
CT 18
1 hr collection

1 week | | |
acclimation

lod with
ight /dark IR
cycling

-48 24 0 24 48 72

Time (hours)

Krishnaiah, et al. Cell Metab 2017



Workflow for both polar and non-polar
metabolite analyisis

Sample

— T

Cell pellet Media

Saikumari 300ul of MeoH/CHCI3 (2:1
Krishnaiah oo eol 2 Seth Rhoades

FT /6times
| ~340 metabolites targeted

~400 named lipids + sonicate Using COLMeD

>4000 lipid features
100ul of CHCI3/H20 (1:1)

Applied cases: Centrifuge for 7min/13300rpm
Jang et al., Nat Med 2016 / \4 Rhoades & Weljie,
Tambellini et al, J. Prot. Res, Organic Aqueous Metabolomics, 2016
2017) Internal stds added i
l speed vac/overnight
dried in the hood l
dissolved in solvent A and B Re-dissolved in H,0

: l

Xevo G2-S qTOF Xevo TQD / TQS-micro



COLMeD - Comprehensive Optimization of LC-MS
Metabolomics Methods Using Design of Experiments

Initial Conditions Updated After Round 1 Updated After Round 2
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Rhoades & Weljie, Metabolorr{ics, 2016



Overall metabolite
cycling in liver is
extremely robust

24 hour period tested

i T i

90 features (89/179) exhibit
JTK BH.Q < 0.05 (~50%) )
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Temporal compartmentalization of
metabolism reduces futile cycling

a 100
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0 \ \ \ |
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Oxygen consumption in yeast
- metabolic cycles of ~¥4-5 hours
- three major phases:
- oxidative (Ox); reductive, building (R/B); reductive, charging ( R/C)
- Using time to segregate energetically incompatible reactions L

Tu BP & McKnight SL. Nat Rev Mol Cell Biol. 2006. PMID: 16823381



Methylation and redox processes
strikingly temporally segregated

Krishnaiah, et al. Cell Metab 2017



Triad of sleep / circadian rhythms and metabolism
increasingly implicated in disease processes

Sleep Sleep Deprivation
K (Weljie et al, PNAS, 2015)

Circadian Metabolism
clock

Lipids in cancer Clock-driven metabolism
(Krishnaiah et al, unpublished) (Krishnaiah et al, Cell Metabolism 2017)

(Hao, Sengupta et al., unpublished) (Skarke et al., Submitted)



Core clock genes are associated with
cancer in humans

Seasonal Latitudinal Night Shift
Variation Variation Work

Day Length Light at Night
BC: PER1, 2, CRY1
EECHOMINTElC Melatonin W Artificial Light & BMAL-1 ,
i, hypermethylation
Dietary NSCLC: PER1
Factors hypermethylation
and acetylation
o CML: PER3
L methylation
Rhyvthm
Breast cancer Disruption
Tumor gene
Colon cancer expression analysis
BC: PER1, 2, 3W
Prostate cancer CC: PER1W
Population PC: PER1, 2V &
Other cancers association studies BMAL'I**
Chronic myeloid leukemia BC: PER3, NPAS2 NSCLC: PER1
Non-small cell lung carcinoma &MTNR1a, b CML: PER1, 2, 3W
Non-Hodgkin's lymphoma ey BMAL-1W

Sanmugam et al, J of Local and Global Health Science (2013)



Free-running mouse experiments under
circadian conditions show cry1 loss shortens
period and cry2 loss lengthens period
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Cry1 knockdown induces unexpected 8 h rhythms in
metabolite cycling in a cell autonomous model!

Dimethylarginine Arginine
| 0.8
1 ] 041 " +
0 --+ ”} ¢ : s | 0.0 "\ '\ ++‘
9 va' i ! ¢ / J 3
, b4 v
N of N\ 04l "
48 54 60 66 72 78 84 90 96 4854 60 66 7278 84 90 96
- L - T L e ____ r
Z 4854 60 66 72 78 84 90 96 48 54 60 66 72 78 84 90 96 4854 60 66 7278 84 90 96
Tryptophan Thiamine Leucine/lsoleucine
: 34 | | 03] )4l | |
01 ++ 4 ‘:,'++“  "y ’ {,‘ ‘ 1 y vy _0_3.+ | il
41! " ~03{] ~0.61
48 54 60 66 72 78 84 90 96 48 54 60 66 72 78 84 90 96 4854 60 66 72 78 84 90 96
ACRY1 KD Time (hrs) F

Krishnaiah, et al. Cell Metab 2017



Cry1 and Cry2 shift overall periods, although the cryl shift is
bimodal with one harmonic being extremely short (8 hrs)

O
sIRNA target

0.06 - cry2 KD
> s eyt KD
.‘é’ * | control
éo-"“‘ JTK BH.Q< 0.2,
Q (-og(ADJ.P)  arinds between
Y 0 4-40 hours tested

0.02- o 5

@ 10
0.00 -

8 24 30 36
JTK Period (hrs)

o) -
—
N

Cry 1 knock down in U20S cells
Bimodal with one predominant harmonic being extremely short -8 h
No 12 h harmonics compared to control
* These period shifts are greater than that observed in the transcriptional clock
* Cry 1 knock down leads to frequency decouple transcription from metabolite cycling. —

Krishnaiah, et al. Cell Metab 2017



Triad of sleep / circadian rhythms and metabolism
iIncreasingly implicated in disease processes

Insomnia circadian metabolism

(Gehrman, Sengupta et al,
submitted) Sleep Deprivation

(Weljie et al, PNAS, 2015)

Vistomic tracing / circadian flux
(Rhoades et al, submitted)

Circadian

Metabolism
clock

Lipids in cancer Clock-driven metabolism
(Krishnaiah et al, unpublished) (Krishnaiah et al, Cell Metabolism 2017)

(Hao, Sengupta et al., unpublished) (Skarke et al., Submitted)



Sleep is regulated by a
homeostatlc and circadian process

B Slow wave activity afte

ClClrcadlan rhythmicity 40 h of wakeful
of wakefulness

[ Sleep pressure

A Slow wave activity after
16 h of wakefulness

24 2 4 6 8h
Sleeponset\A
5
g
2
7
]
2

Sleep onset

I 1 1 1 1 I I I
6 12 18 24 6 12 18 24 6
Time of dav (h)

Reimann et al, The Lancet Neurology 2015 14, 547-558DOI: (10.1016/S1474-4422(15)00021-6)




Insomnia as a disorder of
hyperarsousal

« One of the top 10 causes of
neuropsychiatric disability.
(Source: NIMH)

10-15% of US population
suffers from insomnia.

- Negative sequelae include —
daytime fatigue, cognitive
difficulty, impaired emotional

regulation and overall o 2

decreased quality of life.

Very little is known about the
underlying pathophysiology ¢
insomnia.

PCho o4

3 Gray Matter

[l

Harper et al, Sleep, 20%.




Insomnia has a circadian component; is
there metabolic desynchrony?

Wake Maintenance Zones

Wake-Up Zones

-
P g 2B
~

-.T--‘

EMA Normal SOl
Tmin Tmin Tmin

12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 6 7 8 9 10 11 12
TIME (24 Hour)

EMA — early morning awakening Lack and Wright, 2007
SOI — sleep onset insomniacs



Experimental design

9:00 13:00 17:00 21:00 N =15 insomnia
Day 1 15 controls
3:00 7:00 (age/sex matched)
[ [ [ ] N o
[ [ [ ] Day 3

Acclimatization timepoints

Sampling timepoints Blood samples

withdrawn every 2
hours on both

Overnight sleep study one night acclimatization and
-sleep stages sampling time points.
-sleep continuity Blood serum was

immediately recL . ireld,



Metabolomic methods

“ 1. Extraction by
NVeonchah 2
' 2. Polar fraction

was subjected
to further analysis

PWNR

. Glucose

4
Time series a 15 —
a na Iysis 15 1:00 Al 3:00AM 5:00 AM 060 AM

Quantitative
Unbiased

Easy sample processing XN
Insensitive L [2))



Metabolites are correlated with only wakefulness
after sleep onset (WASQO) amongst clinical

WASO
150 p=0.07
100 :
. .
D ! ;
Control Insomnia

Morning levels of two energy
metabolites are correlated
significantly to the WASO
scores of insomnia patients.
No such correlation was
observed for controls.

variables

r=0.63
20 e p=0.01
9 14 .
8 .
8 B L ] . L L
<< L e ‘..

Succinate

10 90 170 250

r=0.63
1.1 * p=10.01
L
0.6 4 & .
. . bt
L ]
0.1 ..

10 50 170 250

Hypothesis: Levels of circulatory metabolites may provide more information on [

insomnia than sleep architecture.



Global metabolic profiles of
insomnia patients are distinct

Spectral analysis were performed on two distinct sets — 1. with analytical triplicates and 2.
no analytical replicates.

Supervised multivariate OPLS-DA analysis

Set 1 (triplicate) Set 2 (singlet)

Cross validated LV[1]
i»
Cross validated LV[1]

Cross validated LVI1]1 Cross validated LV[1]

Q2 =0.84 Q2 =0.58 ~15))
CV-ANOVA p<0.0001 CV-ANOVA p<0.0001 N4



Global metabolic profiles of
iInsomnia patients are distinct

Significant bins of
set 1 (triplicate)

237 elevated
472 decreased

455 elevated
278 decreased

Significant bins of
set 2 (singlet)

In this case, all time points from all the samples were considered. This will
possibly obscure day / night differences

)



Insomnia affects metabolic
oscillation

Insomnia imparts new oscillatory
metabolites while keeping most

_1
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Pathway level metabolic alteration
INn Insomnia patients

Pyruvate

=t bt
Q : O
metabolism
g 0.5 Gly/Ser/Thr O g 0.3 Arg/Pro
g 04  metabolism Arg/Pro £ .metabolism
; 0.3 Ometabolism ; 0.2 BCAA
© 0.2 © catabolism
= . < 0.1 - .
< 01 Glycolysis/ - . Glycolysis/
= Gluconeogenesis =t Gluconeogenesis
© T 9 @ .
a0 | o
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5 7 9 11 01
-log(p) -log(p)

Metaboanalyst 3.0



Clinical implications of metabolic
connection of insomnia

Glucose T
1
TGchonsis
00:00 /

4

1. Higher energy need
06:00 2. Elevated catabolism

) ng D o Hyperarousal
>

( /\ Objective \ 4

12:00 € insomnia ——>p Acetate Diabetes?

Time dependent ’
\

metabolic effects in insomniacs quantification Succmate

Perturbed body clock

1. Temporal loss of anabolism-catabolism balance.
2. More catabolic activity during bedtime.

\ BCAA catabolismT

Epidomielegyd’Haahh Services Researc h

Insomnia With Objective Short Sleep

Duration Is Associated With Type 2

/ o\
)]

Diabetes N °2)

A population-based study




Broad range of sleep disorders—
many opportunities for metabolic

]



Discussion points— Impact of
metabolomics

 How deep do we need to go in Global Metabolomics analysis?

— Are platform biases a long-term hindrance?

« Systemic metabolite biomarkers of circadian / sleep disruption
to mechanistic interpretation— how useful are translational
models?

— Challenges of nocturnal vs diurnal species, photic response
differences, sleep architecture, metabolic capacity

— Are sleep metabolic changes observed circadian or due to
metabolic homeostasis?
— Human variability!
« Relevance of ultradian oscillations in cell-autonomous systems
in a clinical context?
— Disruption of ordered temporal segregation favorable for
disease?
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