AGE-INDUCED DESYNCHRONIZATION BETWEEN CLOCK
AND IMMUNE GENES EXPRESSION IN MICROGLIA AND
OTHER PERIPHERAL CLOCKS IN MALE WISTAR RATS:

CHRONOBIOTIC ROLE OF CURCUMIN

A thesis submitted to University of Hyderabad for the award of
the degree
Doctor of Philosophy
In
Animal Sciences

Supervisor: By:

Prof. Anita Jagota Neelesh Babu Thummadi

Department of Animal Biology
School of Life Sciences
University of Hyderabad
P.0. Central University
Hyderabad 500 046, Telangana, India

July, 2019 Reg. No.: 12LAPHO08



University of Hyderabad

(A Central University by an Act of Parliament)

Department of Animal Biology

School of Life Sciences

P.O. Central University, Gachibowli, Hyderabad-500046

CERTIFICATE

This is to certify that the thesis entitled “Age-induced desynchronization between clock
and immune genes expression in microglia and other peripheral clocks in male Wistar
rats: chronobiotic role of curcumin” submitted by Mr. Neelesh Babu Thummadi bearing
registration number 12LAPHO08 in partial fulfillment of the requirements for award of
Doctor of Philosophy in the School of Life Sciences is a bona fide work carried out by him
under my supervision and guidance.

This thesis is free from plagiarism and has not been submitted previously in part or in full
to this or any other University or Institution for award of any degree or diploma.

Further, the student has the following publications before submission of the thesis for
adjudication and has produced the evidence for the same in the form of acceptance letter or
the reprint in the relevant area of his research.

A. Publications:

1. Neelesh Babu Thummadi, Anita Jagota (2019) Aging renders desynchronization
between clock and immune genes in male Wistar rat kidney: chronobiotic role of
curcumin. Biogerontology 20(4):515-532 (ISSN: 1389-5729, Springer Nature);
(Part of thesis: Objective II)

2. Anita Jagota, Neelesh Babu Thummadi (2017) Hormones in Clock regulation During
Ageing. In: Rattan SIS, Sharma R (eds) Hormones and Ageing and Longevity. Healthy
Ageing and Longevity, vol 6. Springer, Cham, pp 243-265 (ISBN: 978-3-319-63000-
7, Springer)

3. Anita Jagota, Neelesh Babu Thummadi*, Kowshik Kukkemane* (2019) Circadian
regulation in Hormesis: Health and Longevity (eds Rattan S and Marios Kariazis) in
“The Science of Hormesis in Health and Longeivity.” Chapter 22 pp 223-233.
Academic press (* equal contribution) (ISBN: 978-0-12-814253-0, Elsevier)

4. Anita Jagota, Kowshik Kukkemane*, Neelesh Babu Thummadi* Biological Rhythms
and Aging. In “Models, Molecules and Mechanisms in Biogerontology.” Springer
Nature (in Press) (* equal contribution)

and

has made presentations in the following conferences:

ii|]Page



B. Presentations in Conferences:

1. International conference on ‘Recent trends in Neurological and Psychiatric Research’ (SNCI —
2016) “Daily chronomics of clock genes expression and specific inflammatory markers in
peripheral clock — Liver: Middle age perturbations” Poster Presentation, December 2016,
CSIR-CCMB, Hyderabad, Telangana, India, as part of 30" Annual meeting of Society for
Neurochemistry India (SNCI). (International)

2. Academia Sinica-UOH (Indo-Taiwan) joint workshop on Frontiers in Life Sciences “Age induced
alterations in clock genes and inflammatory parameters in peripheral clock — Liver” Poster
Presentation, September 2016, School of Life Sciences, University of Hyderabad, Hyderabad,
India. (International)

Further, the student has passed the following courses towards the fulfillment of course
work required for the award of Ph.D.

Course Code Name Credits Pass/Fail
AS 801 Seminar 1 1 Pass
AS 802 Research Ethics & Management 2 Pass
AS 803 Biostatistics 2 Pass
AS 804 Analytical Techniques 3 Pass
AS 805 Lab Work 4 Pass
Supervisor Head of the Department Dean of the School

iii|]Page



University of Hyderabad

(A Central University by an Act of Parliament)

Department of Animal Biology

School of Life Sciences

P.O. Central University, Gachibowli, Hyderabad-500046

DECLARATION

I, Neelesh Babu Thummadi, hereby declare that this thesis entitled “Age-induced
desynchronization between clock and immune genes expression in microglia and
other peripheral clocks in male Wistar rats: chronobiotic role of curcumin”
submitted by me under the guidance and supervision of Prof. Anita Jagota is an
original and independent research work. [ also declare that it has not been submitted
previously in part or in full to this university or any other University or Institute for

the award of any degree or diploma.

Date: Name: Neelesh Babu Thummadi

Signature of the Student

Reg. No.: 12LAPHO08

iv|Page



ACKNOWLEDGEMENTS

| express my deepest gratitude to my supervisor Prof. Anita Jagota for allowing me to
work under her guidance in the wonderful field of chronobiology and immunology. Words
fall short to describe the kindness and the encouragement she showed since the day |
began my journey in Ph.D. | am extremely delighted to work under Prof. Anita Jagota
whom | cherish as a true mentor. | will forever remember her support and enthusiasm in

science which helped me in learning and shaping myself as a better student.

| am extremely thankful to my doctoral committee members Prof. B. Senthilkumaran and
Prof. Naresh Babu Sepuri for their encouragement and suggestions throughout my
Ph.D.

| am grateful to Head, Department of Animal Biology Prof. Anita Jagota and the former
Heads Prof. Jagan Pongubala and Prof. Senthilkumaran for allowing me to use the

department facilities.

| am thankful to Dean, School of Life Sciences, Prof. S. Dayananda and former Deans
Prof. K.V.A. Ramaiyya, Prof. P. Reddanna and Prof. RP. Sharma for allowing me to

use school facilities.

| extend my thanks all the faculty members of Dept. of Animal Biology and School of Life

Sciences for their timely suggestions.

| take this opportunity to thank the family members of Prof. Anita Jagota, Shri

Laxminarayana Jannu, Navya and Nishant for always being cordial.

| thank all the Office staff from Animal Biology department, School of life sciences,

Animal house and administrative wing for their timely help.

| thank my former lab mates Dr. Ushodaya M, Dr. Dileep Kumar Reddy, Dr. Lakshmi B,

and Dr. Vinod Ch. for creating conducive environment in the lab.

| especially thank my labmates Dr. Varsha S Prasad, Kowshik K, and Minurani Dalai

for being there with me. | thank the other labmates Sushree Abhidathri Sharma,

v|iPage



Zeeshan Akhtar Khan, Sultan Khan, Santosh K Das, K Vidila Jing for their help and
support.

| thank Mr. Balakrishna for his assistance in the lab.
| thank Kavya and Mr. Senthil for being very good friends with me.

I thank my friends from the University of Hyderabad, Sirish, Lokiya, Swaroop, and Siva

for making my stay more pleasant.

| thank all the Professors from my Integrated M.Sc. who helped me a lot. | especially
thank Dr. C Madhav Reddy and Dr. T Chandrashekar for their kindness and support.

| thank my friends from my Integrated M.Sc. Naveen, Bushan, Varaprasad, Khaja, Siva,

Ganesh, Suresh, Balaji, Sivarjuna, Pramod, Nagarjuna, and Mallikarjun
I thank all my school Teachers who invigorated the passion for science in me.
| thank all my school friends.

| thank my Parents, sister, brothers, cousins and all the near and dear who has

unfathomable love and care towards me.

vi|]Page



Contents

Chapter I Introduction and Review of Literature................ceonnceeconeceinecenes 1
(1] gor=To [T T I g 01771210 1SR T PR 2
CIFCAAIAN CIOCK .....ouiiiiit ettt ettt s 4
Suprachiasmatic NUCIEUS (SCIN) ...c.eiuiieieieieieer ettt 4
Molecular mechanism of Circadian ClOCK ............coeoeriiiiiiiirie s 9
PEITPNEIAI CIOCKS.......ceiiieiieiet ettt a et enenne s 12
o 1] o R SRRSTRUTRS 17
Aging and CloCK AYSTUNCLION ........c.ociiiicice e st aaenre s 17
Aging and peripheral clocks dYSTUNCTION .......cc.ooueiiiiiiiiieee e 19

1. Aging, Microglia and Clock dySTUNCEION..........ccovirieriiieiiiiee e 19
11. Aging, Liver and clock dySTUNCHION........c.coiiiiiriieicece e 26
111. Aging, Kidney and clock dySTUNCLION .........ccuvoieiiiicceceeee e 30
1V. Aging, Spleen and clock dySTUNCLION..........ccieieiiiiieiece e 32
Inflammaging and NF-kB pathway in clock dysfunction ..............c..cccooeieiiinininincniccceee, 33
Aging and Serotonin mediated inflammation in clock dysfunCtion ............c.cecoevevivinenencicieennne 34
Curcumin as a therapeULIC UG .....c.cceieeiiieeeecieete ettt et sttt s be e b e steernenbesreenee e 36
HYPOTNESIS ...ttt ettt s et e s be et esbeete e besbeesaesbeessasesbeenbesteessentesanentesseensenes 38

OBJECLIVES..........oooeoo i 39

Chapter II Materials and MetAOUS .......................cwcrveinnenieiineniisssesisssesesssesisssinens 41

CAAPTEEY JIT RESULLS ... 50

CAAPTLEY TV DISCUSSTON.........cooeooeerresseesse s 152

SUMMAry and CONCAUSTONS ................coovveieeicriisceseces e 168

REJCYCICES ... 172

APPONUAICES ... 187
[Ty 0 T =TT TSP 188
LIST OF TADIES ...ttt 192
ADDIEVIALIONS ...ttt s 193

PUBLICALIONS ...ttt 198

vii|Page



Chapter I Introduction and Review of Literature

Chapter I Introduction and Review of Literature

1|Page



Chapter I Introduction and Review of Literature

Circadian rhythms

During the evolution, it is the adaptation of the organisms that resulted in the synchrony of their
physiological, behavioural and metabolic functions to the daily light dark cycles. This adaptation
had lead the organisms to execute most of their biological activities in a rhythmic pattern with
the near 24 hour periodicity which are called as circadian rhythms (Jagota 2012). The term
circadian rhythm was coined from the Latin circa — around; diem — a day. The circadian rhythms
exist in various organisms ranging from single cell organisms like cyanobacteria to highly
evolved mammals (Edgar et al. 2012). With circadian rhythms, organisms are able to anticipate
the environmental changes and make use of the resources like light and food in better way
(Sharma 2003). In mammals, circadian rhythms are observed in several physiological functions
like sleep-wake cycles, body temperature, blood pressure, melatonin secretion etc. (Fig. 1).
Synchrony between the physiologies is essential for the metabolic homeostasis (Li and Lin
2016).

High alertness
10:00 Best coordination
Highest testosterone secretion 14:30
. 09:00 Fastest reaction time

Bowel movement likely 08:30 15:30

Melatonin secretion stops

Greatest cardiovascular efficiency
07:30,

and muscle strength

Sharpest rise 17:00

in blood pressure06:45 ).

06:00 N 7 2 18:00
18:30Highest blood pressure

19:00 Highest body temperature
Lowest body temperature 04:30v

1:00 Melatonin secretion starts

02:00

Deepest sleep 2:30

00:00 Bowel movements suppressed
Midnight

https://en.wikipedia.org/wiki/Circadian rhythm#/media/File:Biological clock human.svg

Fig. 1: This diagram depicts the circadian patterns typical of someone who rises early in
morning, eats lunch around noon, and sleeps at night (10 p.m.). Although circadian rhythms tend
to be synchronized with cycles of light and dark, other factors - such as ambient temperature,
meal times, stress and exercise can influence the timing as well.
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Parameters of circadian rhythms

Endogenous: Circadian rhythms exist even in the constant conditions i.e. in the absence of any
external cue such as light. In constant darkness, mammals exhibit free-running period which is

denoted by Greek letter ‘1’

Entrainable: In spite of being endogenous, circadian rhythms will be reset in the presence of a
given external cue and the process of resetting is termed as ‘entrainment’. Any stimuli that can
cue an entrainment is termed as zeitgeber (time giver). In the process of resetting, a zeitgeber can
induce phase alteration of a circadian rhythm. Depending on the time and type of zeitgeber,

phase advance or phase delay can be observed in the circadian rhythms (Fig. 2).
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Fig. 2: Phase response curves of circadian rhythms. In the top panel, actograms represent the
response of locomotor activity rhythms to a light pulse during 1) the subjective day, 2) the early
subjective night (inducing a phase delay of the rhythm), and 3) the late subjective night (inducing
a phase advance). The bottom panel represents a nonphotic stimulus (such as a novel running
wheel) presented 4) in the middle of the subjective day (inducing a phase advance of the rhythm)
or 5) during the subjective night (no response). The central graph is a representation of both
phase response curves, a PRC to light (solid line), and a PRC to a nonphotic stimulus (dashed
line), indicating the numbers of the manipulations shown in the corresponding actograms
(Golombek and Rosenstein 2010).
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Temperature compensated: Variations in physiological temperatures influence the kinetics of
biomolecules but it cannot alter the periodicity of the circadian rhythms in mammals. This

property is referred as temperature compensation.

Circadian clock

In the living organisms, there exists a circadian timing system that maintains the circadian
rhythms with near 24 h periodicity of several physiologies and behaviour and keeps in synchrony
with the light dark cycles (Jagota 2012). Circadian clock maintains the circadian rhythms not
only in response to the external cues but also to the endogenous signals within the biological
system (Ueda et al. 2005). A well synchronized circadian clock is highly essential for the proper
maintenance of homeostasis of an organism (Kim et al. 2019). The architecture and the
mechanism of the circadian clock varies from insects to mammals with increase in complexity
and functions. In the light of the importance of circadian clock, Nobel Prize in physiology and
medicine in 2017 was awarded jointly to Jeffrey C. Hall, Michael Rosbash and Michael W.
Young for their discovery of molecular mechanism involved in circadian rhythms in Drosophila
(Callaway and Ledford 2017). In mammals, the central circadian clock is located in
Suprachiasmatic nucleus (SCN) (Takahashi 2017).

Suprachiasmatic nucleus (SCN)

Suprachiasmatic nucleus is group of neurons that is present below the hypothalamus, above the
optic chiasm, and on either side of the 3" ventricle (Fig. 3a, 3b) with 10,000 in number on each
side (Hastings et al. 2018). It serves as the principal pacemaker or master clock that regulates the
overt circadian rhythms. SCN is functionally distinct into two compartments i.e. core and shell
which are diverse in their neuronal distribution, neuropeptide secretions, gene expression pattern
etc. (Evans et al. 2015). Shell is characterized by the presence of arginine vasopressin (AVP)
neurons, whereas, the core is densely populated with vasoactive intestinal peptides (VIP) neurons
(Morin 2007) (Fig. 3c, 3d, 3e). Individual neurons in SCN has the capacity to sustain the
circadian rhythms of neuronal firing, gene expression and calcium concentration ([Ca?']i)
(Noguchi et al. 2017). Interestingly, SCN exhibits higher electric activity during the circadian
day in both diurnal and nocturnal animals (Hastings et al. 2018). In the process of entrainment of
circadian rhythms, SCN involves three major steps (i) perceiving of the external stimuli such as
light, (i) processing and intra communication of the received information (iii) transmission of

the processed signals to other tissues and synchronise them to the given stimuli.
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a Suprachiasmatic b
nucleus (SCN)
Lateral geniculate

nucleus

Right retina.>

Left retina
https://www.slideserve.com/kolya/circadian-rhythm

Jagota et al. 2000

Mohawk and Takahashi 2011 Mieda et al 2015

Fig. 3: (a) Suprachiasmatic nucleus located at either side of optic chiasm. (b) Coronal slices of
hamster SCN. Arrows show SCN; OC, optic chiasm (Jagota et al. 2000). Expression of
neuropeptides in the mammalian suprachiasmatic nucleus (SCN) demonstrated by
photomicrographs of mouse SCN slices. The bilateral nuclei are located directly above the optic
chiasm and positioned on either side of the third ventricle. Slices were obtained from transgenic
mice expressing the CLOCKD19 mutant protein tagged with hemagglutinin (HA) in
secretogranin positive cells (expression of the HA-tagged transgene protein product is shown in
green). Sections were immunostained to detect expression of the neuropeptides (c) arginine
vasopressin (AVP, red) and (d) vasoactive intestinal polypeptide (VIP, red). AVP expression is
observed most prominently in the dorsal SCN, whereas VIP expression is strongest in the ventral
SCN. Cells expressing both CLOCKD19-HA (expressed throughout the nucleus) and the peptide
of interest appear yellow (Mohawk and Takahashi 2011). (e) Different compartments of SCN
(Mieda et al. 2015).

Afferent pathways

There are three afferent pathways to receive the information from external zeitgeber and transmit
to SCN (Fig. 4). In mammals, retinohypothalamic tract (RHT), geniculohypothalamic tract
(GHT), and raphe nuclei are identified as primary afferent pathways (Reghunandanan and
Reghunandanan 2006). Light is the major zeitgeber which transmits through the monosynaptic
retinohypothalamic tract (Jagota 2012). Glutamate and pituitary adenylate cyclase-activating
polypeptide (PACAP) serve as the major neurotransmitters from RHT. RHT neurons excited
with light stimulation release glutamate into the core of SCN which is rich in VIP neurons (Webb
et al. 2013). PACAP from retinal ganglionic cells may help in potentiating the action mechanism
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of glutamate on the core of SCN (Webb et al. 2013). GHT arising from the intergeniculate leaflet
(IGL) projects into the SCN region where RHT inputs into the SCN (Hanna et al. 2017). IGL
receives the photic information from a branch of RHT. Thus GHT helps as a secondary or
indirect photic messenger and also it serves to transmit non-photic signals like motor activity
(Saderi et al. 2013). Neuropeptide Y (NPY), GABA and enkephalin (ENK) are identified as
potential neurotransmitters involved in GHT pathway to SCN in various species (Albers et al.
2017). The third input pathway raphe mainly projects the serotonergic neurons to the central
pacemaker with serotonin as major neurotransmitter. In addition, SCN responds to the raphe
nuclei through dorsomedial hypothalamus nucleus to alter the serotonin levels. In response to this
raphe nuclei signals to SCN about the activity status (Deurveilher and Semba 2008). This

provides a significant and sustainable circadian rhythms.

PERIPHERAL AVPVIP DIFFUSIBLE
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Fig. 4. Afferent inputs of the SCN. RHT: Retinohypothalamic tract, GHT:
Geniculohypothalamic tract, OC: Optic chiasm, 3V: Third ventricle, IGL: Intergeniculate leaflet,
DM: Dorsomedial SCN, VL: Ventrolateral SCN, NPY: Neuropeptide Y, GABA: Gamma amino
butyric acid, PACAP: Pituitary adenylate cyclase-activating polypeptide (Reghunandanan and
Reghunandanan 2006).

Intra-SCN communications

To have the robust and sustained circadian rhythms a strong and integrated intra-SCN
communication is highly needed (Reghunandanan and Reghunandanan 2006). GABA, VIP and
AVP are most essential neurotransmitters as potential SCN synchronizers. GABA is expressed
by most of the SCN neurons and are GABAergic (Albers et al. 2017). It was shown that GABA
can exhibit dual effects where it can be excitatory during the day and at night it can be inhibitory
(Wagner et al. 2001). In SCN, nearly 9 — 24% of neurons express VIP which acts through

VPAC: receptor that is expressed in nearly 60% of neurons in SCN, and results in change in
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neuronal firing rate (Reghunandanan and Reghunandanan 2006). Through VPAC,, VIP can reset
the rhythms in the presence of light and also can help in sustaining the existing rhythm (Jones et
al. 2018). In SCN, AVP is produced by one third of the neurons where its synthesis and secretion
is in circadian manner (Mieda et al. 2015). AVP acts through V1la receptors and plays an
excitatory role which leads to increased amplitude of neuronal firing rates in the subjective day
(Li et al. 2008).

Efferent pathways

To synchronize the circadian rhythms to the external stimuli SCN has to signal the other
peripheral tissues and organs, this is carried out by the efferent pathways (Fig. 5). SCN relays its
signals to the nearest regions like hypothalamus, thalamic nuclei, paraventricular nucleus,
dorsomedial nucleus, subparaventricular zone. SCN innervations not only ends in hypothalamus

but extend to several other regions like salivary glands, liver etc. (Hastings et al. 2018).
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Fig. 5: The SCN receives direct retinal innervation via the retinohypothalamic tract (RHT) to
ensure its synchronization to day-night cycles. The SCN clock projects to various brain centres,
many of which contain local circadian clocks that direct behavioural (for example, feeding—
fasting and sleep— wakefulness), autonomic and neuroendocrine circadian rhythms. These
systemic cues synchronize the local molecular clocks of peripheral tissues, and these local clocks
in turn direct local programs of circadian gene expression that regulate physiological rhythms
critical to health (for example, rhythms relating to mental alertness, blood pressure, triglyceride
metabolism and renal function (Hastings et al. 2018).
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VIP and AVP are the essential neurotransmitters that are involved in the efferent pathway
signaling. In addition to these neurotransmitters several other neurochemicals like somatostatin
(SS), calbindin (CalB), calretinin (CALR), Galanin (Gal), Angiotensin 11 (ANG I1), Prokineticin
2 (PK2) etc. are identified as potential signaling molecules. Apart from the neurotransmitters,
several other humoral molecules like TGFa are identified as important signaling molecules
(Kramer et al. 2001). Of all the signaling mechanisms, one pathway plays an essential role in
regulating the circadian rhythms i.e. the melatonin secretion from the pineal gland. Melatonin

synthesis and secretion is explained in Fig.6.

G SN Pineal
3
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Clock ‘ =2
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AA- NAT“—\ (. 0
CREB \ROXO/
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genes GABA PVN serotonin P?A
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Melatonin
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Fig. 6: The most prominent projection of the SCN is to the subparaventricular zone, located
ventral to the paraventricular nucleus (PVN), and to the dorsomedial nucleus of the
hypothalamus. The subparaventricular zone projects to the medial preoptic region and is involved
in control circadian rhythms of body temperature. The dorsomedial nucleus, which receives SCN
both directly and via the subparaventricular zone, controls a wide range of circadian responses,
including the sleep—wake cycle, corticosteroid secretion, and feeding, via projections to other
hypothalamic targets, including the ventrolateral preoptic area, the PVN, and the
hypocretin/orexin neurons of the posterior lateral hypothalamus. The SCN also sends a direct
inhibitory projection to PVN neurons controlling sympathetic output to the pineal gland
(Benarroch 2008).
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Melatonin is considered as the messenger of the darkness as it signals the animals about the
absence of light and its upsurge is observed at dark periods in both diurnal and nocturnal animals
(Jagota and Thummadi 2018). Melatonin is a potent circadian synchronizer in several tissues and
acts through melatonin receptors like MT1, MT2 and MT3 in various tissues. SCN is one among
those tissues which receives the signals from melatonin. This pathway provides a feedback
mechanism for the SCN. Melatonin suppress the neuronal activity levels of SCN in the night
time and can reduce the VP levels in SCN as an immediate effect. Melatonin can also exert long
term effect like phase shifting and amplifying the circadian rhythms in SCN (Reghunandanan
and Reghunandanan 2006). Owing to its circadian synchronizing property, melatonin has been

well studied for its chronobiotic properties (Mattam and Jagota 2014).

Molecular mechanism of circadian clock

In between receiving the stimuli and relaying it to the other organs, SCN employs a highly
conserved molecular mechanism that plays a non-replaceable role in generating and sustaining
the circadian rhythms (Jagota 2012). Molecular mechanism is comprised of dedicated set of core
clock genes like Clock, Bmall, Perl, Per2, Cryl and Cry2 etc. and their products. They form
tightly regulated transcriptional and translational feedback loop (TTFLs) mechanisms that result
in the near 24 h rhythms in their expression that exerts overt rhythms in several physiologies
(Fig. 7). CLOCK and BMALL1 acts as limbs of positive feedback loop, while PER and CRY
shares the negative limb of the feedback loop (Takahashi 2017). CLOCK and BMAL1
heterodimerize to form the basic helix-loop-helix-PAS (PER-ARNT-SIM) transcription factor
(Huang et al. 2012). They bind with histone acetyltransferase (HAT) p300 and CREB binding
protein which now can bind to the chromatin (Lee et al. 2010). E-box elements are the binding
sites of the CLOCK:BMAL1 heterodimer (Kwon et al. 2006). Several clock controlled genes
(CCGs) including Periods and Cryptochromes have E-box elements at their promoter site. Once
CLOCK:BMAL1 heterodimer binds to the E-box elements it initiates the transcription of the
CCGs including periods and cryptochromes. But the stability of the PERIODS and
CRYPTOCHROMES decide the length of the period of circadian rhythms. PER undergoes
subsequent degradation by B-TrCP ubiquitination when PER gets phosphorylated at regulatory
sites (Buhr and Takahashi 2013). On the other hand CRY also undergoes degradation by SCF
(Skp1/Cullin/F-box protein) E3 ligase complex (SCF™B),
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Fig. 7: The circadian gene network in mammals. At the core, CLOCK and BMALL activate
the Perl, Per2, Cryl and Cry2 genes, whose protein products interact and repress their own
transcription. The stability of the PER and CRY proteins are regulated by parallel E3 ubiquitin
ligase pathways. CLOCK and BMALL1 also regulate the nuclear receptors, Rev-erba/p, which
rhythmically repress the transcription of Bmall and Nfil3 that is driven by the activators,
RORa/b. NFIL3 in turn represses the PAR-bZip factor, DBP, to regulate a rhythm in the ROR
nuclear receptors. These three interlocked transcriptional feedback loops represent the three
major transcriptional regulators of the majority of cycling genes. Different combinations of these
factors generate different phases of transcriptional rhythms as exemplified by the RNA profiles
of Dbp, Per2, Cryl and Bmall in the mouse liver (Takahashi 2017).

However, SCF™! rescues CRY from degradation by SCF™X? as it has least ubiquitination

activity than SCF™X (Yoo et al. 2013). Towards the evening when PER and CRY protein levels
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reach a critical level they bind with each other and also binds with Casein kinase 16 (CK16) and
also with CKle (Gallego and Virshup 2007). This PER complex relocates to the nucleus and
binds to the CLOCK:BMALL1 complex to repress its activity.

During the process of repression PER complex consists at least 25 proteins which also includes
SIN3-HDAC and Hply-Suv39h histone methyltransferase, where they initiate the deacetylation
of histones and repress the CLOCK:BMAL1 transcription activity (Takahashi 2017). This
repression on CLOCK:BMAL1 complex would repress the transcription of periods and
cryptochromes and other CCGs, thus PER and CRY fulfills the negative feedback loop. Towards
the late night, transcription of Periods and Cryptochromes decline and also as the half-life of
PER and CRY is very low they undergo subsequent degradation by ubiquitination by selective
E3 ligases. This would make PER complex to relieve the repression on the CLOCK:BMAL1
complex. Therefore, towards the beginning of the day, CLOCK:BMALL1 complex can initiate the
cycle of transcription anew. Apart from this transcriptional activation and repression, the
circadian rhythms are sustained by the help of an auxiliary feedback mechanism. Rev-erbo/p and
Roro/B are also among the CCGs that are transcriptionally activated by CLOCK:BMAL1
complex. Rev-erba/p can bind to the ROR response elements (RRE) in the promoter of Bmall
and inhibit its transcription, whereas Roro/p can competitively bind to the RRE in promoter

region to induce the transcription of Bmall (Partch et al. 2014).

Synchronization of the molecular clock

As an endogenous property, the time period to complete one cycle of transcriptional activation
and repression almost takes 24 hours which can be seen as free running period. Period gene plays
a significant role in determining the period length of an organism. Studies have shown that a
familial mutation for period gene can determine the length of the period in humans. Familial
advanced sleep phase disorder (FASPD) is one of the disorders associated with the mutations in
PER2 and CSNK1D, where the individuals show phase advance in their sleep-wake cycles by
several hours in comparison to normal individuals (Toh et al. 2001; Jones et al. 2013). PER
proteins not only decide the endogenous period length they also respond to the external cues like
photic signal and helps in sustaining the synchrony. For instance, PER1 and PER2 can be
induced even in CLOCK:BMAL1 independent manner in the presence of light (Fig. 8). CREB
responsive elements are present in the promoter region of Period genes, in the presence of the

light CREB gets activated and initiate the transcription of Period genes (Jagannath et al. 2013).
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However, this photic induced transcription of Period genes appears to be restricted to the light
hitting the retina in night time alone or during the constant darkness condition. This phenomenon
corresponds to the time period where animals show response in behavior with phase advance or

phase delay of the period. This adaptation is considered as the resetting.

1. Light Input

5. Induction of

o4 . Per1 and Sik1
2. Ca“" influx

6. CRTC

3. CREB phosphorylation

phosphorylation by SIK1 limits
CRE activation
7. Negative feedback by
4. CRE binding by SIK1 limits the rate of
CREB-P and CRTC re-entrainment to a new

time zone

8. Blocking SIK1 results in rapid
re-entrainment, eliminating jet-lag

Fig. 8: An entrainment stimulus causes CRTCL1 to coactivate CREB, inducing the expression of
Perl and Sik1. SIK1 then inhibits further shifts of the clock by phosphorylation and deactivation
of CRTCL1. Knockdown of Sik1 within the SCN results in increased behavioral phase shifts and
rapid re-entrainment following experimental jet lag. Thus SIK1 provides negative feedback,
acting to suppress the effects of light on the clock. This pathway provides a potential target for
the regulation of circadian rhythms (Jagannath et al. 2013).

Peripheral clocks

SCN synchronizes the rhythms of several physiologies in almost all the other organs to the given
environmental cue. In order to achieve the synchrony, almost all the cells in other organs possess
a similar circadian molecular machinery as seen in SCN (Fig. 9). With the help of
neurotransmitters and humoral signals SCN communicates with the peripheral clocks and brings
synchrony with environmental cues. Peripheral clocks have the ability to self-sustain the
circadian rhythms. It was first shown in the fibroblast cells that even after several propagations
they still possess an active circadian rhythms (Balsalobre et al. 1998). It was shown that cultures
of lung and liver could generate 20 or more cycles of Per2 expression (Yoo et al. 2004).
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Fig 9: The mammalian circadian clock consists of the central oscillator, located in the
suprachiasmatic nucleus (SCN) of the hypothalamus, and peripheral oscillators present in
virtually all cell types. Light activates a specific group of photoreceptors in the retina that are
connected to the central SCN clock, which synchronizes and entrains peripheral circadian clock
via neural and endocrine pathways. The molecular mechanisms of rhythm generation are cell
autonomous and highly conserved in the SCN (the central clock) and peripheral cells (the
peripheral clocks) (Nakao et al. 2015).

However, to maintain the synchrony between the peripheral clocks in vivo the role of SCN is
unreplaceable. In the SCN lesioned animals, the phases of the rhythmic cycles between the
peripheral clocks were completely different from each other (Guo et al. 2006). This explains the
reason why SCN is considered as master clock and other peripheral clocks as slave clocks.
Though there exists the clock machinery in peripheral tissues they show a 4h delay in the
expression of clock genes compared to master clock SCN. This delay is probably because of the
rapid input of electric signals perceived from photic signals to the SCN neurons but the delayed
input to peripheral clocks through humoral signals (Balsalobre 2002). Peripheral clocks regulate
several physiological functions in rhythmic pattern. For instance: the detoxification process

shown by kidney, liver and intestines (Gachon et al. 2006). Energy metabolism, carbohydrate and
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lipid metabolism, renal plasma flow, blood pressure, heart beat rate, immunity etc. are few

among the daily oscillations that are regulated by peripheral clocks (Fig. 10). In spite of their

self-ability to generate rhythms all these peripheral clocks are
cues (Dibner et al. 2010).
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Fig. 10: Integrative role for the circadian clock in the regulation of physiological function.
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Clock and immunity

With the pioneering work in 1960s and 1970s, it was observed that mice responds to numerous
pathogens and associated byproducts like endotoxins, exotoxins, and also pro-inflammatory
cytokines, in a diurnal manner. It was reported that hematopoietic cells migration to the tissues
occurs preferentially in the active phase of animal (Scheiermann et al. 2013). In correspondence
to that, it was reported that in bone marrow homing of hematopoietic stem cells (HSCs) and
neutrophils; monocyte recruitment to muscle cells occurs at the night time in mice (Scheiermann
et al. 2012). All these studies led to a reasoning how circadian rhythms are interlinked with
immunity. The studies on the macrophages and lymphocytes in recent years helped us to
understand the clock mechanism in relation to immunity. The presence of circadian clock was
first reported in spleen, lymph nodes, and macrophages in mice (Keller et al. 2009). It was shown
that the clocks in these cells can sustain autonomously in ex vivo. It was also observed that these
cells express the inflammatory genes like tumor necrosis factor oo (TNFa) and interleukin 6 (1L-6)
in a circadian manner in the presence of lipopolysaccharide (LPS) (Keller et al. 2009). Later,
Bollinger et al. 2011 has shown the robust clock genes expressions in CD4+ T and reported that
the temporal programming of interleukin 2 (IL-2), interleukin 4 (IL-4), interferon y (IFN-y) and
CD40L expression in CD4+ T cells are under the control of the clock genes. A direct link
between clock genes and immune response was first reported in Gibbs et al. 2012. They have
shown that REV-ERBua is a key molecule to link circadian clock and immunity in mice (Fig. 11).
Lam et al. 2013 has shown that REV-ERBa can reduce the expression of matrix
metalloproteinase 9 (Mmp9) and Cx3crl in macrophages. REV-ERBa also regulates the
important inflammatory roles in macrophages such as migration, adhesion, and integrin
activation through the chemokine ligand 2 (Ccl2) (Sato et al. 2014). Further, Narasimamurthy et
al. 2012 has proven that Cry in macrophages regulate the expression of TNFa and IL-6 protein
secretions. In Cryl” Cry2” mice, cCAMP levels increase which activates protein kinase A (PKA)
that in turn induces the phosphorylation of p65 leading to the activation of nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB). Eventually, there will be increased expression
of IL-6, TNFa and chemokine ligand 1 (CXCL1) (Narasimamurthy et al. 2012). In splenic
natural killer (NK) cells, PER1 was shown to play a significant role in regulating their
immunological functions where there was altered expression of IFNy, perforin and granzyme B
in Perl” mice (Logan et al. 2013). Earlier it was shown that the rhythmicity of these factors will

be suppressed by inducing the chronic jet lag (Logan et al. 2012). Leukocyte trafficking shows
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circadian variation and was shown to be under the regulation of BMALL and also similar results

were reported with chronic SCN arrhythmia (Scheiermann et al. 2012; Prendergast et al. 2013).

_L
Bmal1 Cry1,2
A Per1, 2, 3

CRY.

@

Rhythmic enzymes,
——P> receptors, cytokines,
transcription factors, etc

Clock-controlled genes

Fig. 11: Most cells in the organism have a circadian clock, whose mechanism relies on a set of
clock genes. The CLOCK/BMAL1 transcription factor complex positively regulates Per and Cry
genes. PER and CRY proteins accumulate and then form complexes, enter the nucleus, and
inhibit their own expression by repressing CLOCK/BMALL activity. In parallel,
CLOCK/BMAL1 activates the Rev-Erb and Ror genes. ROR factors positively regulate Bmall
gene expression, whereas REV-ERB factors repress it. Clock transcription factors, such as
CLOCK/BMALL and REV-ERBa, also regulate rhythmically the transcription of many other
genes termed clock-controlled genes, which encode various types of proteins and constitute the
output of the circadian clock (Nobis et al. 2016).

Circadian clock machinery is observed not just in innate immune cells but also in adaptive
immune cells like T and B cells (Scheiermann et al. 2018). Circadian clock is essential for the
development of immune cells, where BMALL1 was shown to be important for the development of
B cells (Sun et al. 2006). Number of T and B cells are present more in number in blood during
the night in humans and at day in mice that correspond to the activity of the organism
(Scheiermann et al. 2018). Also in the lymph nodes the number of lymphocytes are present more
in number in the early active phase of organism (Druzd et al. 2017). BMALL1 plays a significant
role in the trafficking of the T cells (Druzd et al. 2017). In T cells, lack of CLOCK protein shows
blunted rhythms of T cells responses after stimulating T cell receptor (TCR) (Fortier et al. 2011).
In macrophages, dendritic cells and B cells toll like receptor 9 (TLR9) shows the rhythmic
expression which is in turn under the regulation of Per2 (Silver et al. 2012). All this increasing
evidences suggest that clock and immunity are tightly interlinked. However, with the aging the

circadian clock and immunity shows disruption.
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Aging

Aging is a unidirectional and irreversible process that is characterized by the progressive
deterioration of physiological homeostasis which leads to impaired physiological functions
(Lopez-Otin et al. 2013). Aging has been attributed with nine hall-marks such as telomere
attrition, genomic instability, epigenetic alterations, deregulated nutrient sensing, loss of
proteostasis, stem cell exhaustion, cellular senescence, mitochondrial dysfunction, and altered
intercellular communication (Fig. 12). Aging invariably affects all the tissues and the circadian
rhythms of several physiological processes like sleep-wake cycles, behavior, metabolism,

immunity etc.

Genomic instability
Telomere attrition

Stem cell
exhaustion
~
Cellular *‘
senescence
Mitochondrial Loss of
dysfunction proteostasis

Epigenetic
alterations

Deregulated
nutrient-sensing

Fig. 12: Hallmarks of aging: The scheme enumerates the nine hallmarks described in this
Review: genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, de-
regulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion,
and altered intercellular communication (Lépez-Otin et al. 2013).

Aging and clock dysfunction

Sleep-wake cycle is the foremost overt circadian rhythm that gets affected with the aging. Elderly
subjects may suffer from advanced sleep phase syndrome (ASPS) with irregular sleep-wake
patterns (Jagota 2005) (Fig. 13) Aging severely dampens the circadian rhythms of locomotor
activities, temperature etc. however, transplantation of fetal SCN into the older animals rescued
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the circadian rhythms (Li and Satinoff 1998) suggesting the importance of functional central
clock in maintenance of homeostasis. Controversial results are shown on the size of the SCN,
where in few reports the volume and number of cells in SCN were shown to be reduced
(Tsukahara et al. 2005).
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Fig. 13: Schematic diagram showing various sleep disorders associated with disturbances of the
circadian system. The open bars represent intervals during which wakefulness typically occurs,
black bars correspond to usual sleep times in normal and pathological conditions and vertical
rectangle represents desired sleep time. Individuals with advanced sleep phase syndrome (ASPS),
sleep earlier that desired time, whereas individuals with irregular sleep-wake pattern such as
sleep disorder breathing (SDB); periodic leg movement in sleep (PLMS), and rapid eye
movement (REM); behavioral disorder (RBD) etc. may have disturbed sleep at other than desired
times also (Jagota 2005).
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The expression of AVP and VIP also reduces in older subjects over 80 years in SCN (Wu et al.
2007). Aging dampens the SCN activity, where there is alteration in synchrony in firing patterns
of SCN neurons (Nakamura et al. 2011). In older animals, most of the SCN neurons fires out of
phase when compared to young animals (Farajnia et al. 2012). Sensitivity toward the zeitgebers
also decrease with the aging decreasing the functional output of SCN (Hood and Amir 2017).

Molecular clock also gets affected with the aging. From our laboratory, we have reported the
altered clock genes rBmall, rPerl, rPer2, rCryl and rCry2 expression and phase of rhythm in

aged (24 month) SCN (Mattam and Jagota 2014). We have also reported the altered serotonin
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metabolism (Reddy and Jagota 2015), expressed protein profiles (Jagota and Mattam 2017) in
aged SCN. Further, we have reported the altered rhythms of NO (Vinod and Jagota 2016), Socsl
(Vinod and Jagota 2017), and anti-oxidant enzymes activity (Manikonda and Jagota 2012) in the
peripheral clocks. In correspondence to aging and altered circadian clock, several reports suggest
that disturbance in circadian clock can accelerate the aging phenotype. Bmall knockdown in
mice has shown accelerated aging phenotype and reduced the lifespan (Yang et al. 2016).
However, Per1,2”- mice did not show variations in the young age in comparison to wild type, but
at 12-14 months they exhibited premature aging with loss of fertility and soft tissue, and
kyphosis (Lee 2005). This further strengthens the relation between aging and circadian
dysfunction. Aging is also characterized by increased inflammatory status in several cell types
and tissues, this phenomenon is called as ‘inflammaging’. The altered inflammatory status in the
elderly may play substantial role in developing disease and progression (Park et al. 2014).
However, most of the studies in peripheral clocks were confined to the macrophages, but there
are no significant studies in microglia, the immune cells in central nervous system and other

peripheral clock like liver, kidney and spleen.

Aging and peripheral clocks dysfunction

I. Aging, Microglia and clock dysfunction
Microglia

Microglia are the resident macrophages of the central nervous system (CNS) and they are the
persistent immune cells which are highly susceptible to the changes in the microenvironment of
the brain (Davalos et al. 2005). They comprise nearly 12% of the total glial population in the
brain (Gomez-Nicola and Perry 2015). Microglia were first characterized by Pio del Rio-Hortega
and he termed the name °‘microglia’ (Kettenmann et al. 2011). They are derived from
haematopoietic lineage during embryo development and migrate into the CNS as monocytic
cells, where they get colonized (Eglitis and Mezey 1997; Priller et al. 2001). In mouse,
macrophages enter brain parenchyma around E9 and microglia also undergo different phases of
differentiation based on the signals from the developing nervous system. Proteins like colony
stimulating factor 1 (CSF1), transforming growth factor-p (TGF-p), IL-34 are known to signal
the development of microglial cells. Though microglia and macrophages are similar in many
characteristic features there are several variations in their core gene expression profiles. The total

number of microglia remains almost same throughout the lifespan (Kettenmann et al. 2011).
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Depending on the physiological status of an organism, microglia transforms into various forms in
CNS. Once the microglia reach the brain parenchyma they transform into ramified form and

remain to stay in that form until there is physiological disturbance.

Resting microglia

In the young age, microglia possess a steady state which is a resting phenotype that is
morphologically characterized by ramified processes. The steady state microglia performs the
continuous surveillance of the surroundings in the brain (Nimmerjahn et al. 2005). The
interactions between the neurons and microglia suppress the activation of microglia and helps to
maintain the steady state (Fig. 14). Neurons secrete CX3C-chemokine ligand 1 (CX3CL1) which
binds to the CX3C-chemokine receptor 1 (CX3CR1), a cell membrane receptor of microglia, and
restrains the microglia activity (Saijo and Glass 2011). In addition, cell to cell interactions
between neurons and microglia also restricts the activation of microglia. For instance: the
neuronal cell surface proteins like CD200, CD47 and CD22 binds to the microglial cell surface
proteins CD200R, CD172 and CD45 respectively and maintains the steady state (Ransohoff and
Cardona 2010). Steady state microglia helps in normal brain development with their synaptic
pruning activity (Paolicelli et al. 2011) (Fig. 15).

CX,CL1
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Fig. 14: (a) Under steady-state conditions, microglia exhibit an extensively ramified morphology
and a resting phenotype. This phenotype is maintained in part through neuron-derived signals,
including CX3C-chemokine ligand 1 (CX3CL1), CD47, CD200 and CD22, which act through
corresponding receptors expressed by microglia (Saijo and Glass 2011).

Microglia with its immune related proteins involves in the improvement of synapse formation in
the developing brain (Hong et al. 2016). Microglia makes a contact with the synapses and engulfs

the synapses that are not showing more neuronal activity in other words the experience
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(Tremblay et al. 2010; Schafer et al. 2012). Immune proteins like complement proteins and
fractalkine receptors plays a substantial role in the synaptic pruning, where their ablations caused
the abnormalities in the synapse formation in pre-natal and postnatal neuronal development
(Paolicelli et al. 2011; Squarzoni et al. 2014). Microglia continues to perform synapse pruning
even in the adult brain, where the abnormalities in the synapse pruning in the adult brain causes

the impairment in the learning and motor functions (Parkhurst et al. 2013).
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Fig. 15: Homeostatic functions of microglia. (A) At various time points of neurogenesis,
microglia display a critical role in regulating the number of neural progenitors through
phagocytosis (B) Microglia respond acutely to CNS damage by sensing ATP through P2RY12
signaling (C) Engulfment of synaptic material in development and disease is regulated by
complementmediated recognition (D) Homeostatic surveillance by microglial processes is
regulated by the potassium channel THIK-1 (Norris and Kipnis 2018).

Microglia activation

Microglia shows two kinds of activation such as classical activation (M1) and alternate activation
(M2) (Fig. 16). Microglia readily gets clasically activated (M1) in the presence of immunogen
such as lipopolysaccharide (LPS) and also pro-inflammatory molecules in the CNS. M1
microglia secretes pro-inflammatory molecules like tumour necrosis factor-a (TNF- a),
interleukin-1p (IL-1 B), IL-12, nitric oxide (NO), prostaglandins (PGs), reactive oxygen species
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(ROS), chemokines, etc. Microglia also recruits the other immune cells like macrophages to the

inflammatory site to further augment the immune responses (Carniglia et al. 2017).
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Fig. 16: Activation and polarization of microglia in resting conditions and during
neuroinflammation. The morphology and the phenotype associated with different functional
states of microglia are represented. In physiological conditions patrolling microglia regulate
central nervous system (CNS) homeostasis. In neuroinflammation microglia assume ameboid
morphology and acquire classical M1 or alternative M2 phenotype according to the nature of
local milieu (Salvi et al. 2017).

It is further essential that increased inflammatory status of microglia should be dampened once
the inflammatory stimuli is resolved. In the presence of the anti-inflammatory molecules
microglia will acquire the alternate activation (M2). During this state, microglia release the anti-
inflammatory molecules like transforming growth factor-f (TGF-p), IL-10, etc. These molecules
signal the other inflammatory and non-inflammatory cells to block the release of pro-
inflammatory molecules and to induce tissue repairing. If the activation of microglia is not
resolved it may cause a severe damage to the healthy cells in the vicinity and may lead to the

neurodegeneration as seen in several neuropathologies like PD and AD (Fig. 17).
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Fig. 17: Dying cells and/or the accumulation of debris or aggregated proteins activate resting
microglia in the CNS (1). Activated microglia phagocytose debris and aggregated proteins while
concurrently secreting toxic compounds, including pro-inflammatory cytokines (such as IL-1,
TNF and IL-6) and ROS. If the microglial response is uncontrolled or prolonged, these toxic
agents contribute to the development of a self-sustaining neurotoxic cycle that involves further
activation of naive microglia (2) and loss of surrounding neurons (3). At this stage (equilibrium
stage), assistance from the systemic immune system becomes essential to control local
inflammation. Blood-derived monocytes infiltrate the damaged parenchyma (4) and differentiate
locally into macrophages (5). These cells efficiently engulf debris, secrete growth factors and
anti-inflammatory cytokines, and suppress microglial activation (6). Under neurodegenerative
conditions, resident microglia are unable to provide these essential functions. T-helper
lymphocytes (mainly CD4" T cells) augment the recruitment of blood monocytes to the CNS (7)
and, hence, indirectly regulate the phenotype of microglia (6) (Schwartz and Shechter 2010).

Clock in microglia

Like all the other immune cells microglia also possess the circadian clock that shows robust

oscillations in the expression of clock genes (Fonken et al. 2015). It is the molecular clock within

the microglia that regulates the sleep-wake cycle dependent oscillations of synaptic strength of

neurons (Hayashi et al. 2013). Circadian clock regulates the rhythmic expression of lysosomal

cysteine protease Cathepsin S (CatS), which in turn modify the perineuronal environment and
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regulates the diurnal oscillations of the synaptic strength. Aberrations in the CatS was shown to
increase the locomotor functions and failed to decrease the synaptic strength in the sleep phase
(Hayashi et al. 2013). It is essential to reduce the synaptic strength during the sleep as to acquire
and consolidate new information with wakening. The loss of circadian regulation of CatS may
lead to the neuropsychiatric disorders like depression and impairment in cognition (Chi-
Castafieda and Ortega 2018). Clock also regulates the circadian expression of ATP receptors of
P2Y subtype (P2YR, a G protein-coupled receptor), P2Y12R (Hayashi et al. 2013) in microglia.
ATP from the glial cells plays significant role in synaptic transmission throughout the neuronal
activity. Extension of microglial processes are regulated by P2Y 2R, which in turn depends on
the ATP. Disruption in P2Y1R resulted in aberrant synaptic strength, whereas with the
upregualtion of P2Y 2R, the microglial processes extended in the dark phase which are retracted
partially in the light phase that lead to decreased synaptic strength (Hayashi et al. 2013b). It was
shown that ATP can induce the expression of core clock gene Perl via P2X7R in microglia
(Nakazato et al. 2011). Overexpression of Perl enhanced the memory formation (Sakai et al.
2004), suggesting that Perl has role in synaptic plasticity. ATP also enhances the expression of
signaling molecules like TNF-a, plasminogen, IL-1p (Chi-Castafieda and Ortega 2018) that are
important in the synaptic plasticity (Ikegaya et al. 2003; Becker et al. 2013; Liu et al. 2014).
Some of these immune molecules were shown to express rhythmically in microglial cells
(Fonken et al. 2015).

Effect of aging on microglia

The number of Ibal™ microglia in the aged rat hippocampus doesn’t vary in comparison to young
brain (VanGuilder et al. 2011), however, microglia number was significantly decreased in aged
nigrostriatal system and cortex (Sharaf et al. 2013). Cultured microglial cells from aged mice
expressed elevated basal levels of pro-inflammatory molecules like TNFa, IL6 and IL1f (Sierra
et al. 2007). Similar results were observed previously from the whole brain extract (Godbout et
al. 2005) and in microglia from old brains (Ye et al. 1999). With LPS administration, microglia
showed increased expression of pro-inflammatory molecules (Sierra et al. 2007). It was a general
observation that microglia upon aging shows increased activation, and with the inflammatory
stimuli, microglia shows enhanced response in aged animals (Lee et al. 2013). This phenomenon
is considered as priming of microglia (Fig. 18). In the older subjects microglia possess de-
ramified morphology which is very similar to the activated microglia. The de-ramified microglia

shows increased expression of MHC-I1 than the normal microglia (Norden and Godbout 2013).
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Fig. 18: Evidence of microglial priming in the aged brain: In normal aging there is increased
MRNA and protein expression of several inflammatory markers on microglia. In older rodents
and non-human primates these include proteins associated with antigen presentation, (MHC Il
and CD86), scavenger receptors (CD68), pattern associated recognition receptors (Toll-like
receptors), and integrins (CD11lb and CD11c). There are also detectable increases in
inflammatory cytokines and decreases in anti-inflammatory cytokines in the aged brain. In
several aging models the morphology of the microglia is more de-ramifed. Collectively these
findings are interpreted to indicate that microglia of the aged brain maintain a primed or activated
immune profile (Norden and Godbout 2013).

Microglia has been reported to involve in age associated pathologies like PD and AD. In young
brain microglia has several beneficial roles, however, with aging the primed microglia are
hypothesized to be detrimental in their functions (Fig. 19). In PD patients, increased
inflammation is observed with microglia activation and increased expression of pro-
inflammatory molecules (Hirsch and Hunot 2009). Reactive molecules from the dying neurons
activate the microglia through pattern recognition receptors (PRRs) and purinergic receptors that
may progress PD (Saijo and Glass 2011). In correspondence to this, administering LPS into
substantia nigra can induce damage to the dopaminergic neurons, also media conditioned with
TLR4-activated microglia can induce damage to the dopaminergic neurons (Dutta et al. 2008).
Microglia are seen surrounding senile plaques in AD brains (Dickson et al. 1992). Lack of
amyloid clearing function of microglia was also reported in AD (Flanary 2005). Altered
functional status of microglia was shown to be cytotoxic in AD (Sawada et al. 2007). It was
proposed that it is the dysfunctional microglia but not the activated microglia that leads to the
pathologies in AD (Bernhardi 2007).
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Fig. 19: Age-primed microglia hypothesis of Parkinson's disease. Microglia functions
differentially in the substantia nigra of the young (left) and aged (right) brain. Left: When facing
pathogenic stimuli (large black dots), the healthy microglia in the young brain respond by
releasing neurotrophic factors (small yellow dots) to support the endangered dopaminergic
neurons and limit neuronal damages. Right: In the aged brain the microglia are primed with
aging and function abnormally. When exposed to pathogenic stimuli, they are overactivated and
release excessive oxidative stress and inflammatory factors (small black dots), which damage the
vulnerable dopaminergic neurons and eventually lead to neurodegeneration (Luo et al. 2010).

I1. Aging, Liver and clock dysfunction

Clock in liver

Liver is the prime site of metabolism for carbohydrates, lipids, amino acids, bile acid, and also it
helps in detoxification process. Liver has an active circadian clock machinery and it has the
maximum number of genes exhibiting the circadian rhythms in their expression (Zhang et al.
2014). Transcriptome analysis of liver has revealed two peaks of gene transcripts that were
rhythmically expressed at the beginning of light and dark phases. They perhaps represent
different physiological activities like detoxification activity and energy demand during the rest
and activity phase. Interestingly, proteins of several of these genes showed similar pattern of
expression (Reinke and Asher 2016). Most of the crucial physiologies in liver are regulated by
circadian clock (Fig. 20). From our laboratory we have shown that nitric oxide (NO) exhibit daily
oscillations in liver (Vinod and Jagota 2016). Lipid peroxidation shows daily rhythms with
maximum at beginning of night phase where the activity of anti-oxidant enzymes was observed

to be minimum (Manikonda and Jagota 2012).

26| Page


https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=2852379_1750-1326-5-12-1.jpg
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=2852379_1750-1326-5-12-1.jpg

Chapter I Introduction and Review of Literature

Carbohydrate metabolism
(e.g., PEPCK, PKLR, KLF10)

Lipid metabolism
(e.g., PPAR, PGC1, LXR) i

Master clock
SCN Amino acid metabolism

== / (e.g., KLF15, 0DC)
5 « Rest activity cycles } =

& Detoxification
23 - Feeding fasting cycles

9 )
‘\,’/h‘l A Y SN (e.g., DBP, TEF, HLF)
P A Yz
3 g Ly,
\)/ﬁ » « Temperature cycles

A >

Synthesis of plasma proteins -
(e.g., TFPI)

Bile acid metabolism -
(e.g., INSIG, SREBP)

Fig. 20: Circadian regulation of liver physiology. The hypothalamic master clock synchronizes
peripheral oscillators, such as the liver clock, via rhythmic activity, feeding, and temperature
cues. The liver clock drives the cyclic expression of master regulators and rate-limiting enzymes
of key hepatic metabolic outputs (Reinke and Asher 2016).

The vital enzymes involved in the hexose sugar metabolism like glucose transporters, glucagon
receptor peaks at the early evening (Reinke and Asher 2016). Enzymes involved in lipid
metabolism like glycerol-3-phosphate acyltransferase [GPAT], 1-acyl-glycerol-3-phosphate
acyltransferase [AGPAT], etc. exhibit circadian oscillations (Adamovich et al 2014). Similarly,
proteins involved in the cholesterol metabolism like 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase express maximum at the day time. The rhythmic expression of active T3
from inactive T4 depends on the rhythmic expression of deiodinase 1 in liver. The thyroid
hormone receptor also express rhythmically that matches with the oscillating levels of T3 and T4
in serum. Circadian clock also regulates the rhythmic expression of immune genes in liver
(Panda et al 2002; Storch et al 2002; Akhtar et al 2002; Zhang et al 2014).

Clock aberrant mice are hyperphagic, hyperglycemic and obese (Turek et al. 2005). Insulin was
reported to regulate the expression of Clock gene through forkhead box O3 (FOXO3) in liver
(Chaves et al. 2014). N6-methyladenosine (m®A) mRNA methylation is essential for the lipid
metabolism. However, BMAL1 regulates the methylation of m®A RNA in liver (Zhong et al.
2018). Per2 shows oscillations as internal time keeping mechanism of liver and also responds to
the external cues as interlink for synchrony (Reddy and Maywood 2007). Rev-erba provides a
link between the clock and metabolism. Heme which is cofactor was known to be the ligand of
REV-ERBa (Raghuram et al. 2007). Heme binds to REV-ERBa and negatively regulates the
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expression of gluconeogenic gene (Yin et al. 2007). Absence of REV-ERBua increased the levels
of glucose and triglycerides (Cho et al. 2012). However, administration of REV-ERBa. ligands
showed weight loss, decreased lipogenic expression and enhanced the glucose and lipid
metabolism in obese animals (Solt et al. 2012). The accumulating data suggest that circadian
clock and the metabolism are tightly interlinked where circadian disruption that can be seen in

shift workers can result in metabolic syndromes (Ferrell and Chiang 2015) (Fig. 21).

Normal / Circadian
Physiology Disruption

Hepatocyte

Glucose/Insulin
Bile Acids/Cyp7at
Lipids
Drug Enzymes

Synchronized Desynchronized Rhythms
Homeostatic Control & Metabolic Syndrome

Fig. 21: The suprachiasmatic nucleus (SCN) generates endogenous biological rhythms, ensuring
that internal physiology is synchronized with the external environment. Under normal conditions,
rhythms in glucose and insulin, bile acids, lipids and drug enzymes contribute to homeostatic
control of liver physiology. Under conditions of circadian disruption, including shift work,
perturbations in these physiological rhythms result in desynchronized timing between SCN and
the periphery and are associated with diabetes, obesity, and other symptoms of metabolic
syndrome (Ferrell and Chiang 2015).

With aging, the amount of the blood in liver decreases by 20-40% (Zeeh and Platt 2002). There is
reduction in the liver cell mass (Wakabayashi et al. 2002). The fenestrations of sinusoidal
endothelial cells become thickened, reducing the molecular exchange from and to the liver
(McLean et al. 2003). There is decrease in the levels of bilirubin and albumin, while there is an
increase in alkaline phosphatase. Also, the activities like cholesterol metabolism reduces with
aging resulting in increase in blood cholesterol and fat (Tietz et al. 1992). Mitochondrial
functions decline in liver with aging which may be a reason for the delayed liver regeneration
(Poulose and Raju 2014). There is decline in the oxidative capacity in liver (Campanelli 2012).
At molecular level, there is accumulation of multiprotein C/EBPalpha-Brm-HDAC1 complex

which blocks the promoter sites for elongation factor 2 (E2F), which could be the reason for
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decreased regenerative capacity of liver cells (Wang et al. 2008). There is accumulation of
senescent hepatocytes, immune cells etc. in aged liver (Aravinthan and Alexander 2016) (Fig.
22). Also there is increased recruitment of inflammatory cells in the liver with aging
(Maeso-Diaz et al. 2018). With aging the circadian rhythms in liver are known to dampen (Hood
and Amir 2017). NO rhythms were altered with progression in age (Vinod and Jagota 2016).
Circadian rhythms of circulating lipid components were dampened and showed phase alterations
in the elderly subjects (Singh et al. 2016). Lipid peroxidation rhythm was reported to alter with
aging (Manikonda and Jagota 2012). 24-h glucose rhythms showed significant variations with the
aging (Wijsman et al. 2013). Plasma cortisol showed variations in phase and amplitude in the old
age (Cauter et al. 1996). These variations could be the result of altered or dampened circadian
expression of clock genes in the peripheral clocks (Yamazaki et al. 2002). These altered rhythms
could be causative for metabolic disorders like diabetes, hypertension, and dyslipidemia etc.
(Hood and Amir 2017).

Increased susceptibility to: Increased incidence of:
Alcohol Obesity
Drugs Aglng Insulin Resistance
Toxins Cellular Senescence

Lipid Accumulation

Mitochondrial Dysfunction l
Stellate Cell Activation Inflammasomes, Autophagy
} | o
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Chronic Hepatitis
Cirrhosis
Hepatocellular Carcinoma

Fig. 22: Aging and liver disease. With increasing age, the liver becomes more susceptible to
damage, while the prevalence of metabolic disease, obesity, and cellular senescence are known to
increase. These insults lead to the activation of signaling pathways driving liver pathology, such
as inflammation, steatosis, and fibrosis, which are often involved in positive feedback loops,
further exacerbating the symptoms of liver disease. (modified from Stahl et al. 2018).
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I11. Aging, Kidney and clock dysfunction

Clock in kidney

Kidney plays vital role in maintaining blood pressure by perpetually filtering blood, removing
waste materials, maintaining electrolytes and fluid homeostasis in circadian manner (Hara et al.
2017) (Fig. 23). Circadian oscillations in kidney can be seen in Glomerular Filtration Rate
(GFR), electrolyte excretion, urine production, and renal blood flow (Stow and Gumz 2011).
Recent investigations clearly suggest that BMAL1 plays critical role in circadian regulation of
blood pressure in mice (Douma et al. 2018). Cry1/Cry2 double knockout mice also exhibit loss of
circadian rhythms in blood pressure (Doi et al. 2010). NHE3 (sodium hydrogen antiporter 3), an
important protein involved in maintenance of sodium balance and blood pH, is known to be a
CCG with E-box elements in its promoter (Saifur et al. 2005). Likewise, PER1 regulates
expression of aENaC (alpha subunit of epithelial Na+ channel), an essential protein for

regulation of salt and water reabsorption (Gumz et al. 2009).
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Fig. 23: Intrinsic circadian clocks in the kidneys. Renal plasma flow (RPF), glomerular filtration
rate (GFR), podocytes and tubular cells are regulated by renal intrinsic clocks, resulting in a
circadian rhythm in urine output. Extrarenal circadian time cues (including those provided by
nutrients, hormones, body temperature and the activity of the nervous system) synchronize the
rhythms of the intrinsic renal clocks. CCD, cortical collecting duct; CNT, connecting tubule;
DCT, distal convoluted tubule; PCT, proximal convoluted tubule; PST, proximal straight tubule;
TAL , thick ascending limb (Firsov and Bonny 2018).

Similarly, various sodium transporters, water channels, vasopressin receptors that are critical for
kidney physiology are under the circadian regulation (Stow and Gumz 2011). Zuber et al. 20009,
profiled the circadian expression of genes in different regions of kidney using microarray
analysis. Ribosome profiling has revealed that at least 41% of transcripts which are expressed
circadian manner and 55% of translated proteins show circadian variations (Castelo-Szekely et

al. 2017). These genes involve in maintaining the homeostasis of kidney (Firsov and Bonny
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2018). Disruption in the circadian clock genes alters the physiology of the kidney that can be
reflected in the circadian rhythms of cardiac output, and BP (Duguay and Cermakian 2009). The
altered circadian rhythms of renal physiologies are known to cause chronic kidney disease,

kidney stones, and renal fibrosis, hypertension (Firsov and Bonny 2018).

Aging as a global process, invariably affects physiology of kidney, leading to several
comorbidities (Braun et al. 2016) (Fig. 24). With aging non-sclerosed glomeruli decrease in
number, there is loss of tubules, increase in tubular diverticuli frequency, vascular changes
(Denic et al. 2016). Anatomical changes include nephrosclerosis, nephron hypertrophy, and the
functional nephrons decrease in number. Circadian pattern of blood pressure was also known to
alter with age that may lead to adverse conditions (Hart and Charkoudian et al. 2014).
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Fig. 24: Macroscopic and microscopic changes in the aging kidney and risk factors (Bolignano et
al. 2014).

In addition, aging was associated with chronic inflammation, where increased lymphocytes,
macrophages and inflammatory proteins like IL1, IL2, TNFa are observed in kidney (Bolignano
31| Page



Chapter I Introduction and Review of Literature

et al. 2014; Xi et al. 2014). Increased inflammatory proteins cause cellular senescence. These
cells further release higher amounts of inflammatory proteins resulting in fibrosis and
parenchymal involution (Bolignano et al. 2014). Age associated increased activity of NF-xB had
been attributed to chronic kidney diseases (CKD) (Chen et al. 2016).

V. Aging, Spleen and clock dysfunction

Clock in spleen

Spleen primarily acts as blood filter and also plays important role as a part of immune system. It
is secondary lymphoid organ which initiates the immune responses against bloodborne antigens
(Cesta 2006). Spleen can be differentiated into two compartments i.e. white pulp and red pulp.
Red pulp is the site for the removal of old erythrocytes, platelets and apoptotic cells (Mebius and
Kraal 2005). White pulp is the site for resident macrophages, B cells and dendritic cells (Mebius
and Kraal 2005). Red and white pulp are demarcated by marginal zone composed of fibroblastic
reticular cells (Martin and Kearney 2002). Spleen is the site for mononuclear phagocyte system,
it provides the repository for the monocytes and they will be transferred to the site of injury in

various tissues (Swirski et al. 2009).
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Fig. 25: Temporal interactions among the neuroendocrine system, the autonomic nervous system
and the immune system as adaptive mechanisms to the environmental changes (Esquifino et al.
2007).
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Spleen shows circadian expression of inflammatory molecules which can be regulated by the
central clock SCN (Fig. 25). Spleen exhibits 24 hour rhythms in immune response (Esquifino et
al. 1992). Natural killer cells isolated from the spleen showed robust circadian TTFLs (Arjona
and Sarkar 2005). Also inflammatory molecules IFN-y, TNF-a showed rhythmic expression.
Similarly, macrophages isolated from spleen exhibit circadian expression core clock genes and

several inflammatory genes (Keller et al. 2009; Silver et al. 2012).

With aging, marginal zone that surrounds the B cell follicle in white pulp of spleen shows altered
distribution of macrophages and they don’t form the boundary along marginal zone (Aw et al.
2016; Turner and Mabbott 2017a). The functionality of the macrophages of marginal zone also
severely compromised to acquire dextran particles (Birjandi et al. 2011). Further, the localization
and the movement of B cells between B cell follicle and marginal zone is also reduced in spleen
(Turner and Mabbott 2017a). This impairment may not be the result of functional variation in B
cells but loss of function of splenic stromal cells (Turner and Mabbott 2017b). Also, T and B cell
compartmentalisation is compromised with reduced boundaries (Aw et al. 2016). In humans,
spleen showed increased atrophy with the aging (Turner and Mabbott 2017b). Immunologically,
aged spleen showed increased expression of IL-6 than the young age spleen in mice (Park et al.
2014). Further, the production of IL-6 in the presence of LPS was observed to be higher in aged
spleen (Park et al. 2014). There are no evidences as to what happens to the circadian clock in the
aged spleen.

Inflammaging and NF-kB pathway in clock dysfunction

NF-xB (nuclear factor kappa-light-chain-enhancer of activated B cells), a protein complex with
its transcription factor activity regulates the expression of several cytokines and helps in cell
survival (Fig. 26). It is essentially involved in immune responses in several immune and non-
immune cells. NF-xB also plays substantial role in synapse formation and memory consolidation
(Kaltschmidt and Kaltschmidt 2016). NF-kB belongs to class of “rapid-acting” transcription
factors, where they are present in an inactive form and becomes activated in the presence of
stimuli. Factors like LPS, reactive oxygen species (ROS), TNF-a, interleukins etc. can activate
NF-xB through receptors such as toll like receptor 4 (TLR4), TNFR etc. Further, it was well
established that NF-kB mediated transcription of cytokines like TNF-a, IL-6, IL-p are involved
in the chronic inflammation and inflammaging (Watroba and Szukiewicz 2016).
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Fig. 26: NF-xB target genes involved in inflammation development and progression. NF-«xB is
an inducible transcription factor. After its activation, it can activate transcription of various
genes and thereby regulate inflammation. NF-xB target inflammation not only directly by
increasing the production of inflammatory cytokines, chemokines and adhesion molecules, but
also regulating the cell proliferation, apoptosis, morphogenesis and differentiation (Liu et al.
2017).

With aging, soluble tumor necrosis factor receptors (STNF-RI and STNF-RII), TNFa, IL-6,
high-sensitive C reactive protein (hsCRP), and IL-18 were significantly increased in humans
(Morrisette-Thomas et al 2014). Cytokines like IL-6 play significant role in aging and
considered as marker for inflammaging (Franceschi et al 2017). A mutation in IL6 was known

to cause longevity in human (Bonafé et al 2001).

Aging and Serotonin mediated inflammation in clock dysfunction

As it was mentioned earlier, serotonin (5-hydroxytryptamine (5-HT)) plays an important role as
neurotransmitter in regulating circadian rhythms like sleep-wake cycles, mood, appetite etc.
Apart from this, serotonin in peripheral organs have immune-modulatory functions (Fig. 27).
Immune cells have serotonin receptors of various classes (5-HT1, 5-HT2, 5-HT3, 5-HT4, and 5-
HT7), serotonin transporter (SERT), and enzymes required for serotonin synthesis and
degradation (Herr et al. 2017). Through these receptors serotonin modulates the immune

responses. Serotonin was shown to modulate the secretion of several cytokines such as TNF-a,
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IL-1pB, IL-8/CXCLS, IL-6, and 1L-12p40 (Durk et al. 2005). It was shown that serotonin is
needed at lower concentration for the basal expression of IL-6 and TNF- o (Kubera et al. 2005).
Serotonin also helps in recruiting neutrophil cells and phagocytosis of bacteria. It also induce the
T cell stimulation, and superoxide release (Herr et al. 2017). With aging, we have previously
reported that serotonin levels decrease and phase of the rhythm alters in SCN (Jagota and
Kalyani 2010). We have also reported the altered serotonin metabolism in aged rat SCN (Reddy
and Jagota 2015). Interestingly, in rotenone induced Parkinson’s disease (RIPD) rat model,
serotonin metabolism altered and the serotonin levels were significantly decreased (Mattam and
Jagota 2015). Serotonin also decreases in the platelets with aging (Taborskaya et al. 2016).
Altered serotonin metabolism is a risk factor for several age-associated disorders like diabetes,
cardiovascular diseases, Alzheimer’s disease (AD), Parkinson’s disease (PD) etc. (Rehman and
Masson 2001; Mattson et al. 2004; Benninghoff et al. 2012). Inflammation can modulate the
serotonin metabolism (Capuron et al. 2003), therefore, increased inflammatory status or
inflammaging may contribute to the altered serotonin metabolism and vice versa.
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Fig. 27: Overview of the complexity of the function of platelets and serotonin in inflammation
and immunity (Herr et al. 2017).
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Curcumin as a therapeutic drug

Curcumin is hydrophobic polyphenol extracted from rhizome of Curcuma longa commonly
called as turmeric (Anand et al. 2007) (Fig. 28). In India, it has been used as food preservative
and herbal medicine for centuries. Curcumin is a pleiotropic molecule which has various
properties such as anti-oxidant, anti-inflammatory, anti-carcinogenic, anti-microbial, anti-aging
etc. (Fig. 29) (Hewlings and Kalman 2017).

Fig. 28: (a). Curcumin; (b). Chemical structure of curcumin - bis-¢,f-unsaturated S-diketone,
[(E, E)-1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5 dione] (Xu et al. 2018).
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Fig. 29: A summary of the bioactivity and health benefits of curcumin, including antioxidant,
anti-inflammatory,  immune-regulatory, anticancer,  neuroprotective,  hepatoprotective,
cardiovascular protective, and anti-diabetic effects (Xu et al. 2018).
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Curcumin exerts its beneficial properties by interacting with several molecular targets such as
transcription factors, growth factors and associated receptors, kinases, adhesion molecules,
inflammatory molecules, enzymes, apoptotic proteins, etc. (Zhou et al. 2011). Curcumin was
shown to reduce NF-kB and TNF-a mediated inflammatory diseases such as rheumatoid arthritis,
multiple sclerosis, Crohn’s disease, psoriasis, PD, AD (Zhou et al. 2011; Panahi et al 2016).
Further, curcumin also inhibits the production of interleukins like IL-6, IL-1 by blocking NF-«xB
and MAPK pathways (Cho et al. 2007). Curcuminoids have shown to increase the activity of
superoxide dismutase (SOD), catalase, and also enhanced the levels of lipid peroxidase and
glutathione peroxidase (Sahebkar et al. 2015). Curcumin also improved several metabolic
syndromes like obesity, hyperglycemia, hypertension, etc. (Hewlings and Kalman 2017). From
our laboratory, we have shown that curcumin has chronobiotic role. With the aging, the clock
genes showed altered expression pattern in SCN (Mattam and Jagota 2014), upon curcumin
administration, the clock genes were differentially restored in aged rat SCN (Kukkemane and
Jagota 2019). We have also reported the restoratory property of curcumin on 5-HT and 5-HIAA
levels in ethanol induced SCN and pineal (Jagota and Reddy 2007).
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Hypothesis

With this literature background we understood that aging results in alteration in the circadian
clock machinery in central clock which may lead to several pathologies. However the effect of
aging on the circadian machinery in peripheral clocks like microglia, liver, kidney and spleen are
not well elucidated. Aging is linked with inflammation in various tissues and cell types which
leads to the progression of pathologies like PD, AD, hepatic cancer, chronic kidney diseases,
splenomegaly etc. The reasons behind the ‘inflammaging’ is still unclear. Since circadian clock
regulates the immune responses, studying the daily variations of clock and immune genes would
help us addressing the cause for inflammaging. Therefore, to understand the chrono-immune
attritions with aging, we are interested to study the role of aging on the daily rhythms of clock
genes (rBmall, rPerl, rPer2, rCryl, rCry2, rRev-erba, and rRora) and immune genes (rNf-xb1,
rTnfa, rll6, rTlr4, and rTIr9), as well as neurotransmitter serotonin (5-HT) in peripheral clocks.
Further, we were interested to evaluate the chronobiotic role of curcumin on these genes with
aging. Finally, to understand the interlink between circadian clock and immune responses we
have administered lipopolysaccharide (LPS), an endotoxin present on the outer membrane of
gram negative bacteria that elicits inflammatory responses. Further, to understand the role of NF-
kB on the LPS induced changes in clock and immune genes expression in microglia, liver,
kidney and spleen, we have administered Pyrrolidine dithiocarbamate (PDTC) which is an active
NF-kB inhibitor.
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Objective I: The chronomics of various gene expression in microglial cells

A. To study age induced alterations of
» Clock genes — rBmall, rPerl, rPer2, rCryl, rCry2, rRev-erba, rRora
* Inflammatory genes - rNf-kb1, rTnfa, rlI6, rTir4, rTlr9
» Microglia resting genes - rCx3crl, rCd172, rCd45

B. To study the effect of curcumin administration on the age induced alterations of clock,
inflammatory and microglia resting genes expression
Objective I1: The chronomics of various gene expression and 5-HT in liver, kidney and spleen
A. To study age induced alterations of clock, inflammatory genes expression and 5-HT

B. To study the effect of curcumin administration on the age induced alterations of clock,
inflammatory genes expression and 5-HT

Objective 111: Effect of NF-xB inhibitor on Lipopolysaccharide (LPS) induced alterations of

clock genes expression in microglia, liver, kidney and spleen
A. To study the effect of LPS on the clock and immune genes expression

B. To evaluate the role of rNF-kB in LPS induced alterations of clock and immune genes

expression
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Animals: All the studies were conducted on male Wistar rats. The rats were maintained
individually in standard polypropylene cages with temperature maintained at 23 + 1 °C, with
relative humidity 55 = 6 %; under light-dark cycle (LD) 12:12 [lights were on at 06:00 AM
(Zeitgeber time (ZT)-0) and lights were off at 6:00 PM (ZT-12)] for 2 weeks prior to
experiments. Food and water was provided ad libitum. Cages were changed at random intervals.
Dim red light was used for handling the animals in the dark (Mattam and Jagota 2014).

For aging studies: Animals were divided into three age groups: Group A — 3 months (m), Group
B — 12 m and Group C — 24 m. Each group (n=48) was sub divided into three groups (I) Control
(C) (1) Vehicle treatment (VT) and (111) Curcumin treatment (CT) with n=16 in each sub group.

Control: Group A (1), B (1) and C (1) animals (n=48) did not receive any treatment.

Vehicle treatment: Group A (1), B (11) and C (I1) animals (n=48) were administered with 0.5 %
carboxy methyl cellulose (CMC) orally at ZT-11 for 15 days.

Curcumin treatment: 100 mg/ml w/v of curcumin (Sigma) was suspended in 0.5 % carboxy
methyl cellulose (CMC). Required amount of curcumin was mixed freshly with CMC and stirred
for at least 30 minutes. For 15 days, Group A (l1I), B (I1l) and C (I1l) animals (n=48) were
administered with curcumin (300 mg/kg body weight) orally at ZT-11, since it showed
differential restoratory properties in rat central clock SCN (Kukkemane and Jagota 2019).

For LPS studies: 3 m male Wistar rats were used for this study. Animals were divided into two
groups: Group D — Vehicle-treated group, Group E — lipopolysaccharide (LPS) treated group.
Group F — Pyrrolidine dithiocarbamate (PDTC) treated group, Group G — LPS+PDTC treated
group.

Vehicle treatment: Group D animals (n=16) were administered with 50 pL saline

intraperitonially at ZT-12.

LPS treatment: LPS, an immunogen present on the gram negative bacteria was used to elicit
inflammatory response (Okada et al. 2008) and to understand clock and immune interactions in
various peripheral clocks. LPS was dissolved in physiological saline and administered to group E
animals with a single dose of 1 mg/kg body weight intraperitoneally at ZT-12 (n=16) (Curtis et
al. 2014).

Pyrrolidine dithiocarbamate (PDTC) administration: PDTC is a potent inhibitor of NF-xB
(Yang et al. 2017) and was used to analyze the role of NF-«B in clock and immune interactions.
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PDTC was dissolved in physiological saline and administered with a single dose of 100 mg/kg

body weight intraperitoneally at ZT-11 to group F animals (n=16) (Satoh et al. 1999).

LPS and PDTC treatment: Group G animals were treated with PDTC at ZT-11 and with LPS at
ZT-12 (n=16).

Tissue collection for aging studies: Animals of group A (I, 11, 111), B (1, I1, 111) and C (1, 11, I11)
were sacrificed at various time points ZT-0, 6, 12 and 18 (n = 4 at each time point; n=16 for four

time points in each sub group) on 16" day.

Tissue collection for LPS studies: Animals of group D, E, F and G were sacrificed at various
time points ZT-6, 12, 18 and 0/24 beginning from ZT-6 (n = 4) i.e. 12 h after respective

treatments.

Tissue preparation: From the animals of all groups, liver, kidneys, and spleen were removed
carefully at each time point, and snap frozen in liquid N2. Tissues were stored at -80° C until
further use. Microglia isolation was performed immediately.

Microglia isolation: Rats were anesthetized with diethyl ether and perfused through the left
ventricle of heart with 1x PBS. Brains were removed carefully and cleared from the meninges.
Each brain was split into two halves and each half was homogenized separately in 5 mL of 1x
PBS with tissue dissociating enzyme papain (40 units/mL) (Sigma Aldrich) in it. Homogenates
were incubated at 37°C for 20 minutes (min). Homogenates were filtered through cell strainer
(corning) of 70 pore size to obtain single cell suspension. Cell suspensions were centrifuged at
500 x g for 10 min at 18°C. Cell pellets were resuspended in 1x PBS without papain in it. Cell
suspensions were centrifuged at 500 x g for 10 min at 18°C. Cell pellet from each half of the
brain was collected into 15 mL centrifuge tube and mixed with 4 mL of 37% percoll, it was
underlayed by 4 mL of 70% percoll and overlayed by 4 mL of 30% percoll, and on top of it 2 mL
of 1x HBSS (Invitrogen) was carefully overlayed. The tube was centrifuged (Kubota) at 200 x g
for 40 min at 18°C with least acceleration and deceleration. After the centrifugation, the debris
was carefully removed from the top layer. Microglial cells would appear as a ring at the
interphase of 70% and 37% percoll. We collected 2-3 mL of interphase mostly from the 37%
segment. The collected interphase was diluted thrice with 1x HBSS and mixed thoroughly. The
homogenate was centrifuged at 500 x g for 10 min at 18°C. The cell pellets were collected into
1.5 mL eppendorf tubes and washed twice with 500 puL of 1x HBSS and centrifuged at 500 X g
for 5 min at 4°C. Cell pellets from the two halves of the same brain were mixed and continued

for either flow cytometry or RNA isolation (Cardona et al. 2006).
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Percoll gradients: Percoll (GE) is a low viscous density gradient medium for separation of cells
and other subcellular components. To make a gradient with percoll, we mixed 9 parts of pure
percoll with 1 part of 10x HBSS which now can be considered as 100% percoll. To make 70%
percoll we mixed 7 parts of 100% percoll and 3 parts of 1x HBSS. To make 37% percoll, we
mixed 3.7 parts of 100% percoll with 6.3 parts of 1x HBSS. To make 30% percoll, we mixed 3
parts of 100% percoll with 7 parts of 1x HBSS. Percoll gradients were prepared freshly just

before the experiment.

Flow cytometry: To validate and enumerate the microglia in the isolated population of cells we
have performed flow cytometric analysis. The isolated cells from each brain were counted under
microscope using neubauer chamber. The cells were divided into various parts each with 10,000
cells in 100 pL FACS buffer. Each part was incubated either with fluorescein isothiocyanate
(FITC) conjugated CD45 antibody or phycoerythrin (PE) conjugated CD11b antibody. One part
was incubated with both CD45 and CD11b antibodies. Cells were incubated with antibodies for
30 min in dark. Then cells were centrifuged and resuspended in 100 uL FACS buffer. The cells

were analyzed with Flow cytometry (Cardona et al. 2006).

RNA isolation from microglia: microglia isolated from single brain were homogenized in 1 mL
of RNA Iso plus (Takara) and incubated at room temperature for 5 min. 200 pL of chloroform
was mixed with the homogenate and incubated for 5 min at room temperature. Then,
centrifugation was done at 12,000 x g for 15 min at 4°C. The aqueous layer was isolated and
mixed with equal volume of isopropanol and incubated for 10 min at room temperature. Then
centrifuged at 12,000 x g for 15 min at 4°C. Supernatant was discarded and 75% ethanol was
added to the pellet and centrifuged at 10,000 x g for 10 min at 4°C. Ethanol was discarded and
pellet was air dried and resuspended in 20 pL of diethyl pyrocarbonate (DEPC) treated water.
RNA was quantified using nano drop (Thermo scientific) (Mattam and Jagota 2014).

RNA isolation from liver, kidney and spleen: Tissues from each time point were grinded in
liquid nitrogen separately. 50 mg (dry weight) of tissue was taken for RNA isolation. 1 mL of
RNA Iso plus (Takara) was used for homogenizing the tissue and followed the similar steps as
mentioned above for RNA isolation. RNA pellet was dissolved in 50 uL of DEPC treated water.
RNA was quantified using nano drop (Thermo scientific) (Mattam and Jagota 2014).

cDNA synthesis: cDNA synthesis was performed using Bioline cDNA synthesis kit. 20 pL

reaction was performed using Thermo scientific PCR machine.
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Table 1: Components used for the cDNA synthesis.

S. No. Components Volume (nL)
1 5x buffer 4
2 Reverse transcriptase enzyme 1
3 RNA 1 (ug)
4 Nuclease free water required amount
Total 20 ul
Table 2: Reaction set up for cDNA synthesis
S. No. Temperature (°C) Time (min.) cycles
1 25 10 1
2 42 15 1
3 48 15 1
4 85 5 1
5 4 o0 1

Quantitative Real time PCR (gRT-PCR): cDNA synthesized was diluted 1:10 times with

nuclease free water. Sybr green (Invitrogen) detection method was used for the quantification of

the mRNA expression in the samples. 10 pL reaction was used for the PCR reaction.

Table 3: components for gRT-PCR

S. No. Components Volume (uL)
1 SYBR Green )
2 Forward primer 0.5
3 Reverse primer 0.5
4 cDNA 4
Total 10 uL
Table 4: Reaction set up for qRT-PCR
Steps Temperature (°C) Time cycles
1 95 10 min 1
2 95 15 seconds (sec) 40
60 60 sec
3 Melt curve - 1
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Primers:
We have designed the primers for the clock genes (rBmall, rPerl, rPer2, rCryl, rCry2, rRev-
erba, rRora), immune genes (rNf-xbi, rTnfo, rll6, rTlrd, rTIr9), microglia resting genes

(rCx3crl, rCd172, rCd45) using IDT primer quest tool (Kukkemane and Jagota 2019).

Table 5: Primers list

Gene Forward Primer (5’ - 3°) Reverse Primer (5° - 3?)

Reference gene

rCyclophilin A CGCGTCTGCTTCGAGCTGTTT GTCACCACCCTGGCACATGAAT
Clock genes
rBmall GGCTTCTTTGGTACCAACATG AATCCATCTGCTGCCCTGAGAAT

rPerl GGGCCAAGAAAGATACGTCGTCAG | ACACCACGCTCTCTGCCTTATTG

rPer2 AGCCACAGCCTGAACTAGAGACA TCCTTGGTGAGGCCTAGCTTCT
rCryl GGCGGAAACTGCTCTCAAGGA CCAACACTCTGTGCGTCCTCTT
rCry?2 CCATCGTCAACCACGCAGAGA GGGACAGATGCCAACAGACAGAG
rRev-erba GGTGACCTGCTCAATGCCATGTT CGAGCGGTCTGCAGAGACAAGTA
rRora TAGGATGTGCCGTGCCTTT CAGGAGCGATCTGCTGACAT

Immune genes
rNf-xb1 TACGATGGGACGACACCTCTACAC GGTCTGCTCCTGCTGCTTTGA

rTnfo GTCGTAGCAAACCACCAAGC CCTTGAAGAGAACCTGGGAGTAG
ril6 TCTCCGCAAGTAAGTGAAGGC GCGTGGAGGAAAGGGAAAGA

rTird GGCCTCCCTGGTGTTGGATTT TGGCTACCACAAGCACACTGAC

rTir9 CTGGGACGTCTGGTACTGTTTC CCGCACTCGAAGCTCGTTAT

Microglia resting genes

rcx3crl GCTTCGTCCTGCCCTTGCTTAT GCCTAATGGCTCTGGCCTTCTTC
rCdi72 TGCTGGCACCTACTACTGTGTGA CGGTGAAGAAGGTTTGGCGAGT
rCd45s CAAGTGGAGGCCCAGTACAT CACTGGGTGGATCTCTCTTCTTC

Dissociation curves for all the genes studied showed a single peak (Fig. 30) representing specific
amplified target gene. Threshold cycle (Ct) values were obtained from the exponential phase of
amplification plots. The relative quantitative expression of clock genes were obtained by
normalizing each target gene expression with Cyclophilin A (ACt = target gene Ct — Cyclophilin
A Ct) in each sample and used 2"t method for analysis (Mattam and Jagota 2014).
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Fig. 30: Dissociation curves for clock, immune and microglia resting genes showing single peak
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Serotonin estimation using Reverse phase High pressure liquid chromatography

Reverse phase HPLC (RP-HPLC) elctro-chemical detection method was used to estimate the
levels of serotonin (5-HT) at different time points such as ZT-0, 6, 12, and 18 in different age
groups and curcumin treated groups in liver, kidney and spleen. Data acquisition and processing
was done by using Empower 2 software (Waters). 10 mg tissue was homogenized in 100 pL of
0.1 N perchloric acid containing 1mM of sodium bisulfate. Homogenate was sonicated for 5
seconds with 45% amplitude. Then, homogenate was centrifuged at 12,800 x g for 10 min at 4°C.
Supernatant was collected and filtered through 0.22 pm syringe filter. To estimate 5-HT, 50 uL
of the filtered homogenate was injected along with eluent A [10 % methanol; 0.1M citric acid;
0.1M sodium acetate, 50 mg/L EDTA (pH 4.1)] (Reddy and Jagota 2015).

Estimation: The amount of compound present in the sample was estimated by comparing the
peak area measured in the sample to the standard peak area generated by analyzing the known

amounts of standard compound (Fig. 31).
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Fig. 31: Chromatogram showing the retention time for 5-HT.
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Data analysis

Statistical analysis: Graph Pad Prism software was used for all the data analysis. Multiple
comparisons among the four time points within the each age group were analyzed using one way
ANOVA and followed by Post hoc Tukey’s test. Student’s t test was performed to compare mean
24 hour (h) levels between control and treatment groups. Daily pulse i.e. the ratio of maximum
expression to minimum expression of a gene within each group was compared between control
and treated groups using student’s t test (Kukkemane and Jagota 2019). To understand how aging
and treatment affected the expression pattern of genes we used circadian parameter ‘phase shift’
i.e. shift of maximum expression of gene expression to either earlier time point (phase advance)

or later time point (phase delay).

Pearson correlation analysis: Using R-program (Kukkemane and Jagota 2019) Pearson
correlation analysis was done. Pair wise correlations were analyzed in light (ZT-0, 6, 12) and
dark (ZT-12, 18, 24/0) phase separately among rBmall, rPerl, rPer2, rCryl, rCry2, rRev-erba,
rRoro, rNf-xb1, rTnfo, rll6, rTlr4 and rTIr9 genes in 3, 12 and 24 m vehicle-treated (VT) and
curcumin treated (CT) liver, kidney and spleen samples. Similarly pairwise correlation was done
within and among the clock genes, immune genes and microglia resting genes in 3, 12 and 24 m
vehicle-treated (VT) and curcumin treated (CT) microglia (Kukkemane and Jagota 2019).

Gene to gene network analysis: We used weighted correlation network analysis (WGCNA)
data mining package in R program to understand the gene to gene network alterations with the
aging and curcumin treatment. Further, ‘Cytoscape’ software was used to develop the network

images.
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Flowcytometric analysis of microglia

The isolated cell pellet from density gradient centrifugation was analyzed for identification and
quantification of microglial cells. In the brain, microglia and infiltrated macrophages are the only
CD45 positive cells, but the expression of CD45 is higher in macrophages than in microglial
cells. However, both the cell types have CD11b expression on their cell membrane but the other
glial cells and neuronal cells lack its expression. Based on this differential expression of
microglia and macrophage-specific protein expression, we have identified and enumerated the
microglial cells in isolated cell pellet. We used PE-conjugated CD11b and FITC-conjugated
CD45 antibodies to enumerate the microglial cells. We observed that nearly 80% of cells are

microglial cells with less expression of CD45 than macrophages (Fig. 32).
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Fig. 32: Quadrant showing the microglia population. Q1 - cells with higher expression of CD11b
and lesser expression of CD45. Q2 - cells with higher expression of CD11b and CD45. Q3 - cells
with lesser expression of CD11b and CD45. Q4 - cells with higher expression of CD45 and lesser
expression of CD11b. We consider the microglia positive cell population to be in Q1 since it has
higher expression of CD11b and lesser expression of CD45. Nearly 80% of the total population
belong to Q1. Therefore, nearly 80% of the population isolated from a single brain are microglial
cells. (x-axis indicates the intensity of FITC fluorescence; y-axis indicates the intensity of PE

fluorescence).
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I. A. Age-induced alterations on mRNA expression of various clock, immune
and microglia resting genes

Effect of aging on the daily rhythms of clock genes

We have studied the clock genes expression in C and VT group animals and we did not observe
any change in both the groups. Core clock gene, rBmall showed maximum expression at ZT-0
and minimum at ZT-6 in 3 m animals. In 12 and 24 m animals, the expression did not change in
comparison to 3 m but the minimum expression was observed at ZT-12 and ZT-18 respectively.
rPerl showed maximum expression at ZT-6 in 3, 12 and 24 m animals, but the minimum
expression at ZT-0, ZT-12, and ZT-18 respectively. rPer2 showed maximum expression was at
ZT-12 in 3 m but in 12 and 24 m animals, 6 h phase advance was observed with maximum
expression at ZT-0. rCryl, rCry2, and rRoro showed maximum expression at ZT-0 in all age
groups, but the minimum expression was observed at ZT-12 in 3 and 12 m; and at ZT-18 in 24 m
animals. rRev-erba showed maximum expression at ZT-6 in all age groups, but the minimum
expression was at ZT-18 in 3 and 24 m; at ZT-12 in 12 m animals (Fig. 33) (Table 6).

Effect of aging on the daily rhythms of immune genes

rNf-xb1 showed maximum expression at ZT-6 and minimum expression at ZT-12 in 3 m
animals. In 12 and 24 m animals, 6 h phase advance was observed with maximum expression at
ZT-0. rTnfa and rTIr4 showed maximum expression at ZT-6 and minimum expression at ZT-0 in
3m, in 12 and 24 m animals 6 h phase advance was observed with maximum expression at ZT-0.
rTlr9 also showed maximum expression at ZT-6 and minimum expression at ZT-0 in 3 m
animals, in 12 m animals maximum expression time point remained unchanged but in 24 m 6 h
phase advance was observed. rll6 did not show rhythmic expression in 3 m animals, but in 12

and 24 m, rhythmic expression was observed with maximum expression at ZT-0 (Fig. 34).
Effect of aging on daily rhythms of microglia resting genes

rCx3crl showed maximum expression at ZT-6 in all age groups but the minimum expression
was observed at ZT-0 in 3 m animals, at ZT-12 in 12 and 24 m animals. rCd45 showed
maximum expression at ZT-6 in all age groups but the minimum expression was observed at ZT-
18 in 3 and 12 m, at ZT-12 in 24 m animals. rCd172 showed maximum expression at ZT-6 and
minimum expression at ZT-12 in 3 m, but in 12 and 24 m animals 6 h phase advance was

observed with maximum expression at ZT-0 (Fig. 35) (Table 7).

52| Page



Chapter II Results

Effect of aging on mean 24 h levels and daily pulse of clock genes

rBmall, rCryl, rRev-erba, and rRoro did not show significant variation in mean 24 h levels in all
age groups. rPerl, rPer2, and rCry2 showed increased levels in 24 m in comparison to 3 m
animals (Fig. 36). rBmall, rPerl, rCry2, and rRev-erbo. showed increased daily pulse in 12 m in
comparison to 3 m animals. rPer2, rCryl, and rRora showed no significant variation in daily
pulse with aging (Fig. 37) (Table 6).

Effect of aging on mean 24 h levels and daily pulse of immune genes

rTIr9 showed significantly increased expression in 12 m in comparison to 3 m animals. All the
other immune genes did not vary with the aging (Fig. 36). rNf-xb1, rl16 showed increased daily
pulse in 12 m in comparison to 3 m animals. »Tnfo. showed increased daily pulse whereas, rTIr9
showed decreased daily pulse in 12 and 24 m in comparison to 3 m animals. rTlr4 did not vary in

daily pulse with aging (Fig. 37) (Table 7).
Effect of aging on the mean 24 h levels and daily pulse of microglia resting genes

rCx3crl showed increased expression in 12 and 24 m in comparison to 3 m animals. rCd45
showed increased expression in 12 m animals in comparison to 3 m animals. rCd172 did not vary
in expression levels with aging (Fig. 36). rCx3crl showed decreased daily pulse in 24 m, rCd172
showed increased daily pulse in 12 m in comparison to 3 m animals. rCd45 did not alter in daily
pulse with aging (Fig. 37) (Table 7).

Effect of aging on correlations among clock genes

In 3 m LP, rBmall and rPerl; rPerl and rCryl; rPer2 and rCry2; rPer2 and rRev-erba; rPer2
and rRoro. showed negative correlation. rBmall and rCryl; rBmall and rCry2; rBmall and
rRora; rPerl and rRev-erbo; rCryl and rCry2; rCryl and rRora; rCry2 and rRora showed
positive correlation. In 3 m DP, rPerl and rPer2 showed a negative correlation with all the other
clock genes. Whereas, rBmall, rCryl, rCry2, rRev-erba, and rRoro. showed a positive
correlation with each other. In 12 m LP and DP, all the clock genes showed a positive correlation
with each other. In 24 m LP, rPer2 and rRev-erba; rCryl and rRev-erba showed negative
correlation. rBmall and rRev-erba; rPerl and rCryl; rCry2 and rRev-erba did not show
correlation. All the other genes showed a positive correlation with each other and with rPer2,
rCryl, and rRev-erba. In 24 m DP, all the clock genes showed a positive correlation with each

other (Fig. 38).
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Effect of aging on correlations among immune genes

In 3 m LP, all the immune genes except rll6 showed a positive correlation with each other. rll6
showed a negative correlation with all the other immune genes. In 3 m DP, rNf-xb7 and rTIr9;
rTnfo. and rTIrd; rTnfo and rTIr9; rTlr4 and rTIr9 showed positive correlation. rll6 showed a
negative correlation with other immune genes except rNf-xbZ. In 12 m LP and DP, all the
immune genes showed a positive correlation with each other. Similarly, in 24 m LP and DP, all

the immune genes showed a positive correlation (Fig. 38).
Effect of aging on correlations among microglia resting genes

In 3 m LP, rCx3crl, rCd172 and rCd45 showed positive correlation with each other. In 3 m DP,
they showed a negative correlation with each other. In 12 m LP, these genes showed a positive
correlation with each other. In 12 m DP, rCx3crl and Cd45 showed a significant positive
correlation. In 24 m LP, rCx3crl and Cd45 showed a significant positive correlation. In 24 m
DP, rCx3crl and Cd172 showed a significant positive correlation (Fig. 38).

Effect of aging on correlations among clock, immune and microglia resting genes

In 3 m LP, rBmall and rCryl showed negative correlation with rNf-xb1, rTnfa, rTlrd and rTIr9.
rPerl and rRev-erba showed positive correlation with rNf-xb1, rTnfo, rTird and rTIr9. rll6
showed a positive correlation with rBmall, rCryl, and rCry2, but showed a negative correlation
with rPerl. rCx3crl, rCd172 and rCd45 showed negative correlation with rBmall, rPer2 and
rCryl, but showed positive correlation with rPerl and rRev-erba. In 3 m DP, rBmall, rCryl,
rCry2, rRev-erba and rRoro. showed negative correlation with »Tnfo, rTlrd and rTIr9, but
showed positive correlation with rll6. rBmall and rNf-xb1; rCryl and rNf-xb1 showed negative
correlation. rPerl and r7nfa; rPerl and rTlr4 showed a positive correlation. rPer2 showed a
positive correlation with rNf-«xb1, rTir4, and rTIr9, but showed a negative correlation with rll6.
rCx3crl showed negative correlation with rBmall, rCryl, rCry2, rRev-erba and rRora, but
showed positive correlation with rPerl and rPer2. rCd45 showed a negative correlation with
rPerl and positive correlation with rRev-erba. In 12 m LP and DP, clock genes showed a
significant and insignificant positive correlation with immune and microglia resting genes.
Similarly, in 24 m LP and DP, all clock genes except rRev-erbo showed a positive correlation
with immune genes. rPerl and rRev-erba showed a significant positive correlation with rCx3crl.

rBmall, rPer2, rCryl and rCry2 showed significant positive correlation with rCd172. In 24 m
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DP, clock genes showed a significant and insignificant positive correlation with immune and

microglia resting genes except rCd45 (Fig. 38).
WGCNA analysis among clock, immune and microglia resting genes with aging

In 3 m, rPerl and rRev-erbo showed strong interactions with immune and microglia resting
genes. In 12 m, interactions among clock, immune and microglia resting genes increased. In 24
m, clock and immune genes showed strong interactions, whereas, rCd172 showed interaction
with clock and immune genes but other microglia resting genes lost interactions with clock genes
(Fig. 39).

I. B. Chronobiotic role of curcumin on the age-induced alterations of clock,
immune and microglia resting genes mMRNA expression

Effect of curcumin on clock genes daily rhythms

Curcumin administration resulted in 6 h phase advance of rBmall with maximum expression at
ZT-18 in 3 m animals. However, in 12 and 24 m CT animals, the maximum expression did not
vary in comparison to age-matched VT group. rPerl showed 6 h phase delay in 3 m CT and
showed 12 h phase delay in 12 and 24 m CT animals in comparison to age-matched VT groups.
rPer2 showed 6 h phase delay in 3 m CT, 12 h phase delay in 12 m CT, 6 h phase advance in 24
m CT animals. rCryl showed 6 h phase advance in all age groups with curcumin treatment in
comparison to VT animals. rCry2 showed 12 h phase delay in 3 and 12 m CT animals, 6 h phase
advance in 24 m CT animals. rRev-erba showed 12 h phase delay in 3 m CT, 6 h phase advance
in 24 m CT, but the phase was not altered in 12 m CT in comparison to VT groups. rRora
showed 6 h phase advance in 3, 24 m CT, 12 h phase delay in 12 m animals in comparison to

age-matched vehicle groups (Fig. 33) (Table 6).
Effect of curcumin on daily rhythms of immune genes

Curcumin administration resulted in 12 h phase delay of rNf-xA7 in 3 m animals but did not alter
in 24 m animals in comparison to age-matched VT animals. Interestingly, curcumin restored the
phase of rNf-xb7 in 12 m in comparison to 3 m VT animals. »Tnfo. showed 12 h phase delay in 3
and 24 m CT animals in comparison to age-matched VT animals. Interestingly, curcumin
restored rTnfa phase in 12 m in comparison to 3 m VT animals. rll6 showed rhythmicity in 3 m
animals with maximum expression at ZT-0. In 12 m animals, curcumin abolished the rhythmicity

which is similar to 3 m VT animals. In 24 m animals, curcumin showed 12 h phase delay in
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comparison to age-matched VT animals. rTlr4 showed 12 h phase delay in 3 m CT, 6 h phase
advance in 24 m CT, but did not alter in 12 m CT animals in comparison to age-matched VT
animals. rTIr9 showed 12 h phase delay in 3 and 24 m CT, 6 h phase advance in 12 m CT in
comparison to age-matched VT animals (Fig. 34) (Table 7).

Effect of curcumin on daily rhythms of microglia resting genes

Curcumin treatment resulted in 12 h phase delay of rCx3crl and rCd45 in 3 and 24 m animals, 6
h phase advance in 12 m animals. rCd172 showed 12 h phase delay in 3 m CT and did not vary
in 24 m CT in comparison to age-matched VT animals. Interestingly, curcumin restored the

phase of rCd172 in 12 m animals in comparison to 3 m VT animals (Fig. 35) (Table 7).
Effect of curcumin on mean 24 h levels and daily pulse of clock genes

With curcumin administration, rBmall showed significantly increased expression in 3 and 24 m
CT but did not vary in 12 m CT in comparison to age-matched VT animals. rPerl showed no
alteration in 3 m CT, but significantly decreased in 12 and 24 m CT animals. rPer2 showed
significantly increased expression, but rCryl, rCry2, and rRev-erbo. showed decreased
expression in all age groups in comparison to age-matched VT animals. »Rora showed decreased
expression in 3 and 24 m CT but did not alter in 12 m CT animals in comparison to VT groups
(Fig. 36). Daily pulse of rBmall showed the restoration in 12 m animals in comparison to 3 m
VT animals but did not alter in 3 and 24 m with curcumin administration in comparison to age-
matched VT animals. rPerl showed increased daily pulse in 3 and 24 m CT, but in 12 m,
curcumin restored daily pulse in comparison to 3 m VT animals. rPer2 and rCryl did not show
alterations in daily pulse in all age groups with curcumin administration in comparison to age-
matched VT animals. Daily pulse of rCry2 showed no variation in 3 m CT, decreased in 12 m
CT, increased in 24 m CT in comparison to age-matched VT animals. Daily pulse of rRev-erba
did not alter in 3 and 24 m CT in comparison to age-matched VT animals, but curcumin restored
daily pulse of rRev-erba in 12 m animals. Daily pulse of »Rora showed no variation in 3 and 12
m CT but significantly increased in 24 m CT animals in comparison to VT animals (Fig. 37)
(Table 6).

56 |Page



Chapter II Results

a0y M sop 12N sop  24m Fig. 33: Effect of

rBmall I curcumin  administration

" cr b.c.d af,c on daily rhythms of

154 e e 1.5-bc 1.5-b’£}\ g various clock  genes

B o ag = \acd a2 R mMRNA expression in 3,

ol YT aMc 00] ad T5TR 12 and 24 months (m) old

T s 1 . : o 1 0 e 12 1% rat microglia. Each value

- . is mean =+ SEM (n=4), p

291 rperl . ' < 0.05 and expressed as

2.01 ¥ 20 2 relative mMRNA

151 e expression. pa < 0.05; po

1.0 1.01  abe <0.05, pc <0.05 and pg <

0.5 0.5{ Bl . 0.05 (where ‘a’, ‘b’, ‘¢’
acd~ pq abc

00 ool = M and ‘d’ refers to

e comparison with ZT-0,

4.57 ZT-6, ZT-12, and ZT-18

»
o

respectively within the
group).

w
2

=
Q

o
2

o
n

o
w
)

o
[
)

°
=)

=
o
)

=
N
h

o
©
r

o
e}
)

©
w
)

°
=}

poon
o w
1 ]

[
3
)
o
2]
[=%

b,c,

[iN
o
1
[
o

o
w
1
| ey

o°
o

NN
o w
—
py)
o
=
IS
N
o
T
QD
=2
[=1

2.0

1.54 154 c,d
a,b,c
1.04 a,c 1.04 i
a.c b,c a
\/ 05{ E b.c a
"ab,d

=
o
r

I
?

o
3
i

Relative mRNA expression Relative mRNA expression  Relative mRNA expression Relative mRNA expression  Relative mRNA expression Relative mRNA expression Relative mRNA expression
o
N

©
=}

0.0

Zeitgeber time (ZT)
57| Page



Chapter II

Effect of curcumin on mean 24 h levels and daily pulse of immune genes

Curcumin administration significantly decreased the expression of rNf-xb/ in 12 and 24 m
animals in comparison to age-matched VT animals. Curcumin significantly reduced the levels of
rTnfa, rll6 and rTlr4 in all age groups in comparison to age-matched VT animals. Interestingly,

in 12 m curcumin showed restoration of rTlr9 levels in comparison to 3 m VT animals (Fig. 36).

3m

j: er'Kbl - T

= CT

1.24
0.9
0.6

0.3

0.87

0.6

0.44

0.2

0.0

o
)

Relative mRNA expression Relative mRNA expression Relative mRNA expression Relative mRNA expression Relative mRNA expression

3.5

2.8

2.1

1.44

0 6 12 18
1.2
rTnfo
0.91
a.c,d 0.6
a,b,c 0.34
acd _ w a,b
0.oled” = ra.b.d 0.0
0 6 12 18
0.81
ril6
0.6
0.4
{\ 0.2
b,c,d a
H 2 a 0.0
0o 6 12 18
rTird 51
4_
a,c b ab 31
bed a,b,c 21
{78 ad ad 14
v 0
0 6 12 18
rTir9 357

2.8

2.14

1.44

0.74

0.0

3.5
2.8
2149 cd
1.44 c b.d

5 i
0.7{b.d a

"
0.0 °° apT ac
12 18

Fig. 34: Effect of curcumin administration on daily rhythms

within the group).
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0.05 and expressed as relative mRNA expression. pa < 0.05; pp < 0.05, pc < 0.05 and pg < 0.05
(where ‘a’, ‘b’, ‘¢’ and ‘d’ refers to comparison with ZT-0, ZT-6, ZT-12, and ZT-18 respectively



Chapter II Results

Daily pulse of rNf-«xb1 did not alter in 3 and 24 m CT in comparison to age-matched VT animals.
Curcumin restored the daily pulse of in 12 m animals. Curcumin increased the daily pulse of
rTnfo. in 3 m animals but restored in 12 and 24 m animals in comparison to 3 m VT animals.
Curcumin restored the daily pulse of rll6 in 12 m animals. Daily pulse of rTlr4 did not alter in 3
and 24 m CT animals but increased in 12 m CT in comparison to age-matched VT animals.
Curcumin reduced the daily pulse of rTIr9 in all age groups in comparison to age-matched VT
animals (Fig. 37) (Table 7).
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(where ‘a’, ‘b’, ‘¢’ and ‘d’ refers to comparison with ZT-0, ZT-6, ZT-12, and ZT-18 respectively
within the group).

Effect of curcumin on mean 24 h levels and daily pulse of microglia resting genes

Curcumin administration did not alter the levels of rCx3crl in 3 m animals, but significantly
reduced the levels and restored in 12 and 24 m in comparison to 3 m VT animals. rCd172
showed reduced levels in all age groups with curcumin administration. rCd45 showed decreased

levels in 12 m CT but did not alter in 3 and 24 m CT animals in comparison to age-matched VT
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animals (Fig. 36). Daily pulse of rCx3crl was increased in 3 m CT but decreased in 12 and 24 m
CT in comparison to age-matched VT animals. Curcumin resulted in an increased daily pulse of
rCd172 and rCd45 in 3 m, decreased in 12 m, but did not alter in 24 m animals (Fig. 37).
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Fig. 36: Effect of curcumin administration on mean 24 hour (h) levels of clock, immune and
microglia resting genes expression in 3, 12 and 24 months (m) old rat microglia. Each value is
mean £ SEM (n = 4), p < 0.05 and expressed as mean relative gene expression. pp < 0.05 (where
‘p’ refers to comparison with the age-matched vehicle-treated group). pq < 0.05 (where ‘q’ refers
to comparison with 3 m vehicle-treated group).

Effect of curcumin on correlations among clock genes

In 3 m LP of CT animals, rPerl, rPer2, rCryl, and rCry2 showed a positive correlation with
each other but showed a negative correlation with rBmall. rRora showed negative correlation
with rPerl, rPer2, rCryl, rCry2 and rRev-erba, but showed positive correlation with rBmall. In
3 m DP of CT animals, rPerl, rPer2, rCryl, rCry2 and rRev-erbo. showed positive correlation
with each other. rBmall and rPerl; rBmall and rPer2; rBmall and rCry2; rPerl and rRora

showed negative correlation. In 12 m LP of CT animals, curcumin showed restoration of
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negative correlation between rBmall and rPerl; rBmall and rPer2; rPerl and rCryl; rCryl and
rRev-erbo. in comparison to 3 m LP of VT group. In 12 m DP of CT animals, curcumin restored
the negative correlation between rBmall and rPerl; rBmall and rPer2; rPer2 and rCryl in
comparison to 3 m DP of VT group. In 24 m LP of CT animals, curcumin restored the positive
correlation between rCry2 and rRev-erba in comparison to 3 m LP of VT group. In 24 m DP of
CT animals, curcumin restored the negative correlation between rPerl and rRev-erba; rPer2 and
rRev-erbo. (Fig. 38).
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Fig. 37: Effect of curcumin administration on daily pulse of clock, immune and microglia resting
genes expression in 3, 12 and 24 months (m) old rat microglia. Each value is mean = SEM (n =
4), p < 0.05 and expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to
comparison with the age-matched vehicle-treated group). pq < 0.05 (where ‘q’ refers to
comparison with 3 m vehicle-treated group).

Effect of curcumin on correlations among immune genes

In 3 m LP of CT animals, rNf-kb/ showed an insignificant positive correlation with other
immune genes. Whereas the other immune genes showed a significant positive correlation with
each other. In 3 m DP of CT animals, rNf-xb7 showed a negative correlation with rll6. »Tnfa and
rTlrd; rTnfa and rTIr9; rll6 and rTIr9; rTIrd and rTIr9 showed negative correlation. In 12 m LP
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of CT animals, curcumin showed partial restoration of negative correlation between rNf-x67 and
rll6; r116 and rTIr4. Curcumin restored the negative correlation between rll6 and rTIr9. In 24 m
DP of CT animals, curcumin resulted in a positive correlation between rNf-xb/ and rTIr4; rNf-
kbl and rTIr9; rTnfa and rll6; rTlrd and rTIr9. In 24 m LP of CT animals, curcumin showed a
positive correlation between rNf-xb7 and rTIr9; rTnfa and rll6; »Tnfo. and rTlr4, rTnfo and rTIr9;
ril6 and rTIr4; rll6 and rTIr9. In 24 m DP of CT animals, curcumin showed restoration of

negative correlation between rNf-xb7 and rTnfa; rNf-kb1 and rll6 (Fig. 38)
Effect of curcumin on the correlations among microglia resting genes

In 3 m LP of CT animals, curcumin showed a positive correlation between rCx3crl and rCd172
but showed a negative correlation between rCd172 and rCd45. In 3 m DP of CT animals,
curcumin altered the negative correlation among these genes into positive correlation. In 12 m LP
of CT animals, curcumin showed a positive correlation between rCx3crl and rCd45. In 12 m DP
of CT animals, curcumin showed alteration of negative correlation among these genes into
positive correlation. In 24 m LP of CT animals, curcumin showed positive correlation between
rCx3crl and rCd172, but negative correlation between rCx3crl and rCd45; rCd172 and rCd45.
In 24 m DP of CT animals, curcumin showed a positive correlation between rCx3crl and rCd172

but showed partial restoration of negative correlation between rCx3crl and rCd45 (Fig. 38)
Effect of curcumin on the correlations among clock, immune and microglia resting genes

In 3 m LP of CT animals, rPerl, rPer2, rCryl and rCry2 showed positive correlation with rNf-
kb1 but showed negative correlation with rll6 and rTIr9. rBmall showed positive correlation
with »Tnfa, rll6, rTlrd and rTIr9. rRev-erbo showed positive correlation with rNf-«xb 1, rTnfo. and
rTird. rRora showed negative correlation with rNf-x6/. In 3 m DP of CT animals, rBmall and
rRora showed positive correlation with »7Tnfo, rTlrd and rTIr9. rPer2, rCryl, rCry2 and rRev-
erbo. showed positive correlation with rNf-xb7. rPerl showed negative correlation with rTnfa,
ril6, rTird and rTIr9. rPer2, rCryl, rCry2 and rRev-erba showed positive correlation with rll6.
rPer2 and rCry2 showed negative correlation with rTIr9. In 12 m LP of CT animals, curcumin
restored the negative correlation between rBmall and rNf-«xb1; rBmall and rTnfo; rPer2 and rNf-
kb1; rCryl and rNf-xb1; rCryl and rTnfa; rCry2 and rTIr4. In 12 m DP of CT animals, curcumin
restored the negative correlation between rBmall and r7nfa; rPerl and rNf-xb1; rCryl and rNf-
kbl; rCryl and rTlr4; rCryl and rTIr9; rCry2 and rNf-xb1; rCry2 and rTlr4; rCry2 and rTIr9
(Fig. 38).
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Fig. 38: Effect of curcumin administration on Pair wise correlations among clock, immune and
microglia resting genes in light (ZT-0, 6, 12) and dark (ZT-12, 18, 24/0) phase of 3, 12 and 24
months (m) old rat microglia. (LP - light phase; DP - dark phase; VT - vehicle-treated; CT -
curcumin treated). Intensity of color and size of circle represents correlation coefficient values
between the genes. Where, positive correlations are indicated by shades of blue, negative
correlations by shades of red, and white indicates no correlation. “*’, “**’  “***’ indjcates
statistically significant correlations (p < 0.05), (p < 0.01). (p < 0.001) respectively. (B1- rBmall;
P1 - rPerl; P2 - rPer2; C1 - rCryl; C2 - rCry2; Re - rRev-erba; Ro — rRora; N1 - rNfxb1; Tnf —
rTnfo; 116 - rll6; T4 - rTlrd; T9 - rTIr9; Cx3 — rCx3crl; Cdl — rCd172; Cd4 — rCd45).
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Fig. 39: WGCNA analysis between clock, immune and microglia gene clusters: Effect of aging
on gene to gene network in 3, 12 and 24 m old rat microglia (left panel) and effect of curcumin
administration (right panel). Color of the node indicates no. of interactions (highest—purple;
intermediate—cyan and least—yellow). Color of an edge indicates the strength of interaction
(strongest—purple; cyan—intermediate and weakest—yellow). Green, red and blue dots indicate
clock, immune and microglia resting genes respectively.
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Table 6: Effect of curcumin on age-induced alterations of clock genes expression
Gene 710 | zT6 | zTa2 | zras | Mean2ih | Max/min
levels ratio
3m\T 0.81+0.12 0.32 = 0.02 0.32 = 0.01 0.48 = 0.03 0.48 = 0.08 2.59 « 0.45
3mCT 1.07+0.07 0.33 = 0.07 0.44 + 0.05 11801 0.76 + 0.1 x 424 +133
Bmall 12 m\VT .57 = 0.08 0.54 =001 0.09 + 0.0 0.33 + 0.03 0.62 = 014 6.9 =143 y
12mCT 0.93 = 0.04 0.5 +0.06 0.48 =0.07 0.52 =0.01 0.6l £0.05 2.1+ 0.34 x
24 m\T 138+ 017 0.69+0.02 0.35 +0.03 0.33 +0.02 069 +012 437 +0.76
24mCT 2.27 = 0.25 0.53 = 0.03 0.76 + 0.03 156 £ 014 128 £ 0.19 x,y 44307
Im\T 0.38 + 0.03 0.94+0.07 0.47+0.02 0.72 + 0.06 0.63 + 0.08 246 £ 015
dmCT 0.24 = 0.01 0.09+0.02 192 +0.09 0.77 = 0.04 0.75+0.19 28.79 435 x
rPerl 12m\VT 0.98 = 0.04 118 = 0.04 0.28 = 0.03 0.68 +0.02 0.78 +0.09 429024y
12mCT 0.2+ 0.01 0.26 = 0.03 0.25 =0.01 0.29 « 0.04 0.23 £0.02 xy 241 023 x
24 m\T 1.04+0.09 1.05 = 0.08 0.9 +0.03 0.54 +0.05 088=+0.06y 203
24m CT 0.49 +0.03 012 0 0.49 +0.03 0.68 = 0.08 0.44+0.05 xy 0.82 £ 0.68 x,y
3m\VT 008=+0 0.29«0.01 0.07 +0.01 0.07 = 0.0 0.13 £0.02 433 £0.37
3mCT 0.2 +0.05 0.18 = 0.04 1.0 =02 0.87 =015 0.57 0. x 8.95+5.05
rPer2 12m\T 0.29 = 0.04 0.24 +0.07 0040 0.09 = 0.0 0.6 =0.03 789 +2.02
12mCT 0.28 « 0.04 0.38 = 0.04 3.34+0.36 0.48 = 0.06 112 = 0.34 x,y 1289263y
24 m\T 0.43 +0.09 0.21+0.03 0.24 +0.02 0.09 =00 024004y 546 +159
24mCT 194+ [.16 0.28 = 0.02 0.5+ 0.04 161+ 0.23 099017 xy 565+ 0.04
3m\VT 0.24 +0.02 0.21+0.01 0.2 +0.02 0.8 «0.01 019 «0.01 196 £ 0.14
3mCT 0.07 = 0.0 0.07 = 0.0 014 +0.02 0.22 +0.03 012 £ 0.02 x 3.19 + 0.62
crvl 12m\T 0.32 =0.02 0.17 = 0.02 0.1 0.0 0.23 £0.02 0.21+0.02 315 +0.58
rery mCl | 0.06=00 003 =0 007=000 | 009000 | O06=000xy 33:039,
24 m\T 0.29 +0.05 0.7 =0.01 0.23 £ 0.02 0.7 = 0.01 0.21+0.02 176 = 0.27
24m LT 0.8 «0.01 0.05 = 0.01 0.17=0.0 0.2 +0.02 0.15+0.0Z x 49+13
3m\VT 083015 0.57+0.03 0.23«0.01 0.34 £0.02 0.49 £0.07 3.57+ .64
dmCT 0.4 = 0.01 0.17 = 0.06 0.31«0.03 0.27 = 0.03 0.22 £ 0.02 x 225+ 0.24
(Cry2 12m\T 115 0.08 0.9+0.0 0.4 = 0.01 0.38 +0.01 064 =0 847100y
[2mCT 0.5+ 002 0.19 + 0.05 0.21+0.01 0.9 +0.02 0.8+ 0.00xy 142 £02 x,y
24 m\T 120+ 014 0.74 + 0.04 0.56 + 0.03 0.4+ 0.02 0.73+0.08y 3.03 + 053
24mCT | D047=000 0.1+ 0.0 0.3+0.02 0.52 «0.03 0.35+0.04 x 471029 x
Im\T 0.98 + 0.06 .35+ 0.04 0.7+ 0.09 0.63 + 0.04 0.92 + 0.08 2170l
dmCT 0.24 +0.01 0.4 = 0.01 0.26 £ 0.01 0.27+0.05 0.23+0.02 x 1.95 = 0.42
Rev-erba 12m\T 09=+005 1.08 = 0.04 0.21+0.03 05300 0.68+0.09 0.03 £0.67 y
12mCT 0.2 + 0.0 0.29 £0.02 0.23 £0.03 0.1+0.02 018 £0.02 x,y 316 £ 0.58 x
24 m\T 0.91= 0.4 .71+ 0.09 0.86 + 0.03 0.49 = 0.03 099012 35603y
24mCT | 0.46+0.04 0150 0.39 + 0.02 0.28 + 0.04 0.32 = 0.03 xy 295+ 03 x
Im\T .4+ 0.08 115+ 0.08 0.43 « 0.04 0.66 + 0.04 0910 R4+ 043
3mCLT 046« 0.03 0.48 «0.07 0.32 + 0.04 0.73 + 0.06 0.49 = 0.05 x 2.38+03
Rora 12 mVT [54+0) 0.89 + 0.07 0.36 + 0.02 068 +D 0.87 = 0. 436+ 0.48
12mCT 0.4 = 0.08 0.27 + 0.06 176 £ 0 0.47+0.02 0.73 £ 016 762 +1.79
24 m\T 129« 021 113015 0.67 = 0.06 0.66 + 0.04 0.93 +0.09 2.00 = 0.4
24mCT 0.6 +0.05 0.43 «0.01 016 £0.02 =0l 0.58+0.09 x,y 6.86+0.38 xy

MRNA expression of clock genes at ZT-0,6, 12 and 18. px < 0.05, py < 0.05 where ‘x’ refers to
significant difference with the respective age-matched vehicle group. ‘y’ refers to significant

difference with 3 m vehicle-treated group.
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Results

Table 7: Effect of curcumin on age-induced alterations of immune and microglia resting genes

Gene ZT-0 ZT-6 ZT-12 zT18 | Mean2ah | Max/min
levels ratio
mVT | 074003 | 277=045 | 081=005 | 0G4=008 | 126075 485+ 12
mCT | 086:008 | 02:003 | L7003 | (52=0i 094013 7.08 + 058
Nfpg | _ZmVT | 433+085 | 733008 | 027:000 | 088+004 19+ 044 15.93 265
Im0T | 059008 | (04008 | 0532003 | 05007 | 0B6=008xy | 20506
ZmVT | 37:047 | 203+004 | 1@0] | 095008 | 184075 349+ 165
ZmOT | 185:0/3 | 035001 | 088+005 | 16«0/ 174006 537 = .54
3mVT | 06001 | 055:000 | 08000 | 024=007 | (023:004 348+ 077
mCT | 0652000 | 004=000 | 00000 | 0272007 | OMh=002x 791 087 x
S L Y P Y 04201 272202y
mCT | 008=001 | 07007 | 04002 | 006=001 | Ofi=00lxy | 2932037«
ZmVT | 059007 | 087005 | 0090 | (0J=00 0.29 + 0.0 B25=075y
Zm0l | 06007 | 008001 | 022006 | 0/B=007 | 0B=007xy | 308+096x
mV | 0B=004 | 04=000 | 04=003 | 00500 05 = 00 158+ 053
mCT | 003:003 | 00:0 | 00300 | 005:000 | 00800l 13.22 + 4.3
g |ZmVT [ UE008 | 06D 0020 | 008=00f | 021006 3105268y
OmCl | 007:0 | 003=000 | 00400 | 00i=0 002+ 0xy 286 =11
ZmVT | 04=007 | 06:002 | 003=000 | 009:000 |  007=004 36.98 = 278
Zm0T | 007=001 | 005:0 | OW=000 | 004=0 | 008=00lxy | 3832043y
3mV | 182=003 | 365078 | 243007 | 2480l 253+ 08 201+ 0B
3mCT | 098:005 | 069007 | 082:005 | (37007 | 086007« 2+ 004
T4 |_ZmVT | 4B3:0B | 875.008 | 24308 | 701006 | 308:07] 231+ 04
mCT | 203:008 | 047¢004 | 156=006 | (3/=008 | [360fBxy | G5B2045xy
ZmVT | 351038 | 212=007 | (7600l | 208008 | 233:009 203 + 128
Zm0l | 08005 | 086=007 | 151=008 | I[S6<0l] I8 = 0 xy 196+ 0.3
mVI | 00600 | 154008 | 028003 | 005007 0508 1245+ 455
mCT | 081=006 | 025005 | 038=005 | [=008 063+ 0.0 479+ 134 x
Tirg  _ZnVT | 23:05 | 237005 | 0M:00 | 081-007 | 13502, 7= 108y
mCT | 085:006 | 024007 | 055:004 | 079:00 | 048007« | 548245y
ZmVT | 1B+026 | 107=007 | 078:008 | 04802 | (086=0l5 523143y
ZmlT | 105+008 | 043=007 | 107=003 | 05/=004 | 078008 255+ 0 xy
3mVT | 083025 | 548207 | 27=085 | 2784=063 | 30714l 507+ 0
3mCT | I008=052 | (4=178 | [@8«047 | 68513 781614 587047
Cxaory |_ZmVT | 6821284 | I0BE5+30 | 7008+147 | 7477+0%5 | 5568+83, | 546:0%
[ImOT | #34=239 | VG500 | 132801 | MB4=056 | 70032324x | 3812005y
Z4mVT | 4791385 | 567367 | 7881177 | 85752047 | 4207-289, | (85003,
ZmOT | 3681«125 | 7207+04 | 78552087 | 32682206 | 7983<ldlx | 162003y
3mV | 573008 | (0«22 | 503002 | 56204 8.37+134 341+ .28
mCT | 1432007 | 333:07 | 36306 | 9842037 | 446=07x BSB =017
cdi7 |_mVT | 186+083 | 786.07 | 245:07 | 583008 | 639-08 496054y
ImCT | 2703 | 805:008 | (81004 | 236008 | 248=005xy | 168=0.09xy
ZmVT | 851205 | 606=030 | 557:026 | 5070 | 879132 327=103
Zm0T | 573+024 | I156+004 | 335:020 | G508+04 | 380043y | 368013
mV | 24492175 | 5088123 | 7453:l5 | 1052205 | 795348 325 + 158
3mCT | 22212076 | B/9=057 | @705 | 5734288 | 75832421 549+ 057 x
cgas  |_mVT | STE=T8Y | BlGs M | 2127216 | sl | 41:658y 39717
T | 3728+3l | (244095 | 1306089 | (28809 | [B93+283xy | 802+024x
ZmVT | 7852255 | 4248=087 | 12042085 | 3669<L08 |  3271=208 184+ 0.8
im0l | 7693085 | 40«02 | 3422+245 | 4888277 | 37552277 182007

MRNA expression of immune and microglia resting genes at ZT-0,6, 12, and 18. px < 0.05, py < 0.05

where ‘x’ refers to significant difference with the respective age-matched vehicle group. ‘y’ refers to
significant difference with 3 m vehicle-treated group.
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In 24 m LP of CT animals, curcumin restored the negative correlation between rBmall and
rTlr4; rPer2 and rTir4. In 24 m DP of CT animals, curcumin restored the negative correlation
between rBmall and rTnfa; rBmall and rTIr4; rPerl and rll6; rPer2 and rll6; rCryl and rTnfa;
rCry2 and rTnfa; rCryl and rTIr9; rCry2 and rTIr9; rRev-erba and rTIr4d; rRora and rTnfa;
rRora and rTIr9 (Fig. 38).

In 3 m LP of CT animals, rCx3crl and rCd172 showed positive correlation with rPerl, rPer2,
rCryl and rCry2. rCx3crl and rCd172 showed negative correlation with rBmall and rRora.
rCd45 showed positive correlation with rBmall and rRev-erba. In 3 m DP of CT animals,
rCx3crl and rCd172 showed positive correlation with rCryl, rRev-erba and rRora. rCd45
sowed positive correlation with rCryl and rRora. In 12 m LP of CT animals, curcumin restored
negative correlation of rCx3crl, rCd172 and rCd45 with rPer2. Also curcumin restored negative
correlation between rCd172 and rCryl; rCx3cxrl and rCry2. In 12 m DP of CT animals,
curcumin restored negative correlation between rPerl and rCd45; rPer2 and rCd172; rCryl and
rCx3crl; rCry2 and rCx3crl; rRev-erba and rCx3crl; rRora and rCx3crl. In 24 m LP of CT
animals, rCx3crl and rCd172 showed positive correlation and rCd45 showed negative
correlation with all clock genes. In 24 m DP of CT animals, curcumin partially restored positive
correlation between rCry2 and rCd45; rRora and rCd45 (Fig. 38).

WGCNA analysis among clock, immune and microglia resting genes with curcumin treatment

In 3 m CT, rNf-xb! showed weak interaction with rRev-erba, but rBmall showed interactions
with other immune genes. rCryl showed weak interactions with microglia resting genes. In 12 m
CT, rTnfo. showed interaction with rRev-erba; rBmall showed interaction with rTIr9. rCx3crl
and rCd45 showed interactions with rBmall, rPerl and rCry2. In 24 m CT, only rNf-xb1 showed

interactions with clock genes and microglia resting genes (Fig. 39).
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Il. A (i). Age-induced alterations of clock and immune genes MRNA
expression in liver

Effect of aging on the daily rhythms of clock genes in liver

There was no change in the expression of all the genes between C and VT animal groups. In the
liver of 3 m animals, rBmall showed maximum expression at ZT-0 and minimum expression at
ZT-12. rPerl and rRev-erbo. showed maximum expression at ZT-6 and minimum expression at
ZT-18. rPer2 showed maximum expression at ZT-12 and minimum expression at ZT-6. rCryl,
rCry2, and rRora showed maximum expression at ZT-18 and minimum expression at ZT-6. With
aging, rBmall, rPer2, rCryl, rRev-erbo. did not show variation in the maximum expression.
However, rPerl showed 6 h phase delay in 12 and 24 m animals. rCry2 and rRora showed 6 h

phase advance and 6 h phase delay in 12 and 24 m respectively (Fig. 40) (Table 8).
Effect of aging on the daily rhythms of immune genes expression in liver

In the liver of 3 m animals, rNf-xkb/ and rTlr4 showed maximum expression at ZT-6 and
minimum expression at ZT-12. rTnfa, rll6, and rTIr9 showed maximum expression at ZT-12 and
minimum expression at ZT-6. With aging, rNf-xb/ showed 6 h phase advance in 12 and 24 m in
comparison to 3 m. rTnfa rhythmicity was abolished in 12 m but showed 6 h phase advance in 24
m in comparison to 3 m. rll6 showed 6 h phase delay in 12 m in comparison to 3 m. rTIr4 and
rTlr9 showed 6 h phase delay in 12 m and 6 h phase advance in 24 m in comparison to 3 m (Fig.
41) (Table 9).

Effect of aging on mean 24 h levels and daily pulse of clock genes in liver

Mean 24 h levels of rBmall, rCryl, rRev-erba, and rRora did not vary significantly with aging.
rPerl showed increased expression in 12 m and decreased expression in 24 m in comparison to 3
m animals. rPer2 and rCry2 showed decreased mean levels in 24 m animals in comparison to 3
m animals (Fig. 42). Daily pulse of rBmall was decreased in 12 m but did not alter in 24 m.
rPerl and rPer2 showed increased daily pulse in 12 m but did not alter in 24 m. rCryl and rRora
showed decreased daily pulse, whereas rCry2 showed increased daily pulse in 12 and 24 m.
rRev-erbo. showed did not alter in 12 m but increased in 24 m (Fig. 43) (Table 8).

68| Page



Chapter II Results

Effect of aging on mean 24 h levels and daily pulse of immune genes expression

With aging, rNf-xb7 and rll6 showed increased expression in 12 m but did not alter in 24 m in
comparison to 3 m. »Tnfo. and rTlr9 showed increased mean levels in 12 and 24 m in comparison
to 3 m. rTIr4 showed decreased in 12 m but did not alter in 24 m in comparison to 3 m (Fig. 42).
Daily pulse of rNf-kb1 showed an increase and rTlr4 showed a decrease in 12 and 24 m in
comparison to 3 m. rll6 and rTIr9 showed an increase in 12 and 24 m respectively in comparison

to 3 m. rTnfo. showed a decrease in 12 m and an increase in 24 m in comparison to 3 m (Fig. 43).
Effect of aging on correlation among clock genes expression

In 3 m LP, rBmall and rRev-erba; rBmall and rPerl; rPerl and rPer2; rPerl and rCryl; rPerl
and rCry2; rPerl and rRora; rPer2 and rRev-erba; rCryl and rRev-erba; rCry2 and rRev-erba;
rRev-erbo. and rRora showed negative correlation. rBmall and rCryl; rBmall and rCry2;
rBmall and rRora; rPerl and rRev-erba; rCryl and rCry2; rCryl and rRora; rCry2 and rRora
showed positive correlation. In 3 m DP, rBmall and rPerl; rBmall and rPer2; rBmall and rRev-
erba; rPerl and rCryl; rPerl and rCry2; rPerl and rRora; rCryl and rRev-erba; rCry2 and
rRev-erba; rRev-erba and rRoroa showed negative correlation. rBmall and rCryl; rBmall and
rCry2; rBmall and rRora; rPerl and rPer2; rPerl and rRev-erba; rPer2 and rRev-erba; rCryl
and rCry2; rCryl and rRora; rCry2 and rRora showed positive correlation (Fig. 44).

In 12 m LP, negative correlation was persisted between rBmall and rPerl; rBmall and rRev-
erba; rCryl and rRev-erba; rRev-erbo and rRora. Positive correlation was persisted between
rCryl and rRoro. But rBmall turned to negative correlation with rPer2 and rCry2. Similarly,
rPerl and rPer2; rPerl and rCryl; rPerl and rCry2; rPer2 and rCryl; rPer2 and rCry2; rCry2
and rRev-erba; rPer2 and rRora; rCryl and rRoro turned to positive correlation. In 12 m DP,
negative correlation persisted between rBmall and rPerl; rBmall and rPer2. Similarly, positive
correlation between rPerl and rPer2; rPerl and rRev-erba; rPer2 and rRev-erba; rCry2 and
rRora. However, rBmall and rCryl; rCryl and rCry2; rCryl and rRora turned to negative
correlation. rPerl and rCry2; rPerl and rRora; rPer2 and rCry2; rPer2 and rRora; rCry2 and
rRev-erba; rRev-erbo and rRora turned to positive correlation (Fig. 44).

In 24 m LP, negative correlation persisted between rBmall and rPerl; rBmall and rRev-erba;
rPerl and rCry2; rCry2 and rRev-erba; rRev-erba and rRora; rPerl and rRora. Similarly,
positive correlation was persisted between rBmall and rCry2; rBmall and rRora; rPerl and

rRev-erba; rCry2 and rRoro. But rPer2 and rCryl turned to positive correlation. In 24 m DP,
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negative correlation persisted between rBmall and rPerl; rBmall and rPer2; rBmall and rRev-
erba; rPerl and rRora; rRev-erbo. and rRora. Similarly, positive correlation persisted between
rBmall and rCry2; rBmall and rRora; rPerl and rPer2; rPerl and rRev-erba; rPer2 and rRev-
erba; rCry2 and rRora. However, rBmall and rCryl; rPer2 and rRora; rCryl and rCry2; rCryl
and rRora turned to negative correlation (Fig. 44).

Effect of aging on the correlation among immune genes expression in liver

In 3 m LP, rTnfa, rll6, and rTIr9 showed a positive correlation with each other but showed a
negative correlation with rNf-xb/ and rTlr4 where these genes showed a positive correlation
between each other. In 3 m DP, rTnfa, rll6 and rTIr9 showed a positive correlation with each
other but showed a negative correlation with rNf-xb /. rTnfo. showed a positive correlation with
rTlr4. Correlation of rTIr4 with rll6 and rTlr9 was abolished (Fig. 44).

In 12 m LP, a negative correlation between rTnfo. and rTlr4 was persisted. Positive correlation
between rll6 and rTIr9 was persisted. However, rTnfa and rll6; rTnfo. and rTIr9 turned to
negative correlation. rNf-xb1 and »Tnfa; r116 and rTir4; rTlr4 and rTIr9 to positive correlation. In
12 m DP, negative correlation between rNf-xb1 and rll6; rNf-xb1 and rTIr9 persisted. Positive
correlation between rll6 and rTIr9 persisted. But, »Tnfa and rll6; »Tnfa and rTIr9 turned to

negative correlation. rNf-xb1 and rTrfo turned to a positive correlation (Fig. 44).

In 24 m LP, negative correlation persisted between rNf-xb7 and rll6; rll6 and rTIr6. Positive
correlation persisted between rNf-xb1 and rTIr4; rTnfa and rTIr9. However, rTnfa and rll6; rll6
and rTIr9 turned to negative correlation. rNf-kb1 and rTnfa; rNf-kb1 and rTIr9; rTnfa and rTir4;
rTird and rTIr9 turned to positive correlation. In 24 m DP, the correlation among the

inflammatory genes remained similar to 24 m LP (Fig. 44).
Effect of aging on the correlation between clock and immune genes in liver

In 3 m LP, rNf-kb1 and rPer2; rPerl and rll6 showed a negative correlation. rNf-xb/ and rPer1;
rPer2 and rTnfo; rPer2 and rll6 showed positive correlation. rPer2, rCryl, rCry2 and rRora
showed negative correlation with rTlr4 and positive correlation with rTlr9. rPerl and rRev-erba
showed a negative correlation with rTlr9 and positive correlation with rTir4. In 3 m DP, rBmall,
rCryl, rCry2, and rRoro. showed a positive correlation with rNf-xkb/ but showed a negative
correlation with »7nfa, rll6 and rTIr9. rPerl and rRev-erba showed a negative correlation with

rNf-xb1 but showed a positive correlation with »Tnfa, rll6 and rTIr9. rPer2 and rNf-xb1; rPerl
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and rTIr4; rPer2 and rTlr4; rRev-erba and rTlrd showed negative correlation. rPer2 and r7nfa;

rBmall and rTIr4 showed a positive correlation (Fig. 44).

In 12 m LP, rBmall showed positive correlation with »Tnfa, but showed negative correlation
with rll6, rTIrd and rTIr9. rPerl, rPer2 and rCry2 showed negative correlation with »Tnfo, but
showed positive correlation with rll6, rTlr4 and rTIr9. rBmall and rNf-«xb7; rCryl and rNf-xb 1,
rCryl and rll6; rRora and rNf-xb1; rRora and rll6 showed positive correlation. rCry2 and rNf-
kbl; rRev-erba and rNf-xbl; rRev-erba and rTnfo. showed negative correlation. In 12 m DP,
rBmall and rll6; rBmall and rTIr9; rCryl and rNf-xbi; rCryl and rTnfa showed negative
correlation. rPerl and rTlr4; rPer2 and rTlr4; rCryl and rll6; rCryl and rTIr9; rCry2 and rNf-
kbl; rCry2 and rTnfa; rCry2 and rTlr4; rRev-erbo and rTnfo; rRev-erba and rTir4; rRora and

rNf-«xb1; rRora and rTnfa; rRore and rTlr4 showed positive correlation (Fig. 44).

In 24 m LP, rBmall, rCry2 and rRora showed positive correlation, but rPerl showed negative
correlation with rNf-xb1, rTnfo, rTIrd and rTIr9. rBmall and rll6; rPer2 and rTnfa; rCryl and
rTnfa; rCry2 and rll6; rRev-erba and rNf-xb 1; rRoro and rll6 showed negative correlation. rPerl
and rll6; rPer2 and rll6; rCryl and rll6 showed positive correlation. In 24 m DP, rTnfo, rTIrd
and rTIr9 showed positive correlation with rBmall, rCry2 and rRora but showed negative
correlation with rPerl, rPer2, rCryl and rRev-erba. rNf-kb1 and rBmall; rNf-xkb1 and rCry2;
rNf-xbl and rRora; rll6 and rPerl; rll6 and rPer2; rll6 and rRev-erba showed positive
correlation. rNf-xb7 and rPerl; rNf-xb1 and rCryl; rll6 and rBmall; rll6 and rRora showed

negative correlation (Fig. 44).
WGCNA analysis between clock and immune genes with aging

In 3 m, only clock genes showed interaction with each other but not with immune genes. In 12 m,
interactions between clock genes were reduced but rTIr9 showed interaction with rll6. In 24 m,

rTnfo and rTlr4 showed interaction, whereas rCry2 showed interaction with rNf-xb1 (Fig. 45).
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Il. A (ii). Age-induced alterations of clock and immune genes mRNA
expression in kidney

Effect of aging on the daily rhythms of clock genes in kidney

In all the age groups studied, rBmall showed significant daily rhythms with a peak at ZT-0 and
trough at ZT-12. rPerl did not alter its expression pattern in all the age groups with maximum
expression at ZT-12 and minimum expression at ZT-0. rPer2 also expressed maximum at ZT-12
in all age groups but minimum at ZT-6 in 3 m and ZT-0 in both 12 and 24 m rat kidney. In 3 and
12 m animals, rCryl showed maximum expression at ZT-18 and minimum at ZT-6. But in 24
m, maximum expression was at ZT-12 with phase advance of 6 hours (h), minimum expression
was at ZT-6. rCry2 showed maximum expression at ZT-12 in all age groups but minimum at ZT-
6 in 3 mand at ZT-0 in 12 and 24 m animals. rRev-erba expressed maximum at ZT-6 and
minimum at ZT-18 in all the age groups. rRoroa showed maximum expression at ZT-18,
minimum at ZT-6 in 3 m. Interestingly, in 12 m rhythmicity was abolished. In 24 m, maximum

expression was observed at ZT-12 and minimum at ZT-0 (Fig. 46) (Table 10).
Effect of aging on the daily rhythms of immune genes in kidney

rNf-xb1 showed maximum expression at ZT-12 and minimum expression at ZT-6 in 3 m
animals. In 12 m, maximum expression was at ZT-6 and minimum at ZT-18 with 6 h phase
advance in comparison to 3 m animals. In 24 m, maximum expression was at ZT-12 and
minimum expression at ZT-18. rTnfo. showed maximum expression at ZT-12 and minimum
expression ZT-6 in 3 m animals. In 12 and 24 m, maximum expression was at ZT-6 i.e. 6 h phase
advance with respect to 3 m, but the minimum expression was at ZT-12 and ZT-0 respectively.
ril6 expressed maximum at ZT-12 and minimum at ZT-0 in 3 m animals. In 12 m, maximum
expression was observed at ZT-6 with phase advance of 6 h and minimum at ZT-18. In 24 m,
maximum and minimum expressions were at ZT-12 and ZT-0 respectively. rTIr4 showed
rhythmic expression with maximum at ZT-12 and minimum at ZT-6 in 3 m animals. In 12 m,
maximum expression showed a phase advance of 6 h and minimum expression was observed at
ZT-12. In 24 m, maximum expression was at ZT-12 and minimum expression at ZT-18. rTIr9
showed maximum expression at ZT-12 and minimum at ZT-6 in 3 m animals. In 12 m,
maximum expression was at ZT-6 with phase advance of 6 h and minimum at ZT-18. In 24 m,

maximum expression was at ZT-12 and minimum at ZT-0 (Fig. 47) (Table 11).
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Effect of aging on the mean 24 h levels and daily pulse of clock genes in kidney

Mean 24 h levels of all clock genes did not show significant change among age groups studied
(Fig. 48). Daily pulse of rBmall and rPerl did not show a significant change in 12 m but showed
a significant decrease (p<0.05) and significant increase respectively in 24 m in comparison to 3
m rat kidney. Daily pulse of rPer2, rCry2 and rRev-erba was significantly increased (p<0.05),
but rCryl showed a decrease in 12 and 24 m in comparison to 3 m animals. Daily pulse of »Rora
showed a significant decrease (p<0.05) in 12 m but significantly increased (p<0.05) in 24 m with
respect to 3 m animals (Fig. 49) (Table 10).

Effect of aging on the mean 24 h levels and daily pulse of immune genes in kidney

Mean 24 h levels of all immune genes except rll6 showed a significant increase in 12 and 24 m
with respect to 3 m animals (Fig. 48). Daily pulse of rNf-xb! was significantly decreased
(p<0.05) in 12 m but increased in 24 m in comparison to 3 m animals. Daily pulse of »Tnfa and
rTlrd showed a significant increase (p<0.05), but rll6 showed a decrease in 12 and 24 m in
comparison to 3 m. Daily pulse of rTIr9 did not show significant change among age groups
studied (Fig. 49) (Table 11).

Effect of aging on the correlation among clock genes expression

In the light phase of 3 m, a significant negative correlation between rBmall and rRev-erba
(p<0.001) was observed. Also, a negative correlation was observed between rBmall and rPerl
(p<0.01). Within the rPer1,2 genes and within the rCry1,2 genes there was a significant positive
correlation (p<0.001). However, rPerl,2 showed significant positive correlation with rCry2
(p<0.001). rRev-erba showed negative correlation (p<0.05) with rRora. We also observed that
rRora showed a positive correlation (p<0.001) with rCry1,2. In the dark phase of 3 m, negative
correlation persisted between rBmall and rRev-erba and the negative correlation between
rBmall and rPerl,2 genes became more significant (p<0.001). Positive correlation (p<0.001)
persisted between rPerl,2 genes but positive correlation between rCryl,2 was abolished.
Positive correlation between rPerl,2 and rCry2 genes persisted. The negative correlation
between rRora and rRev-erba was abolished. But positive correlation between rRoro and
rCryl,2 genes persisted. Moreover, there was a positive correlation between rRev-erba
and rPer1,2 genes (p<0.001) (Fig. 50).
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In the light phase of 12 m, the correlation between rBmall and rRev-erba was abolished.
However, the negative correlation between rBmall and rPerl genes persisted (p<0.001). Also, a
positive correlation between rPerl,2 genes persisted (p<0.001), whereas the correlation between
rCryl,2 genes was abolished. Interestingly, a significant positive correlation appeared between
rPerl,2 and rCryl and positive correlation with rCry2 (p<0.001) persisted. Negative correlation
between rRora and rRev-erba was abolished but positive correlation between rRora and rCry2
persisted (p<0.001). In dark phase of 12 m, there was no correlation between rBmall and rRev-
erbo, but negative correlation between rBmall and rPerl genes persisted (p<0.001). Positive
correlation between rPerl,2 genes persisted (p<0.001) but between rCryl,2 genes correlation
was abolished. Positive correlation persisted between rPerl1,2 and rCry2 (p<0.001). A positive
correlation appeared between rRora and rRev-erba (p<0.01). rRora also showed a positive
correlation with rCry2 (p<0.001) (Fig. 50).

In the light phase of 24 m, the negative correlation between rBmall and rRev-erba persisted
(p<0.001). Significant negative correlation persisted between rBmall and rPerl genes (p<0.001).
Significant positive correlation persisted within and in between rPerl,2 and rCryl,2 genes
(p<0.001). rRora did not show correlation with rRev-erba, but showed positive correlation with
rCryl,2 (p<0.001). In the dark phase of 24 m, correlations between clock genes were
significantly affected where rBmall showed a significant negative correlation (p<0.001) with all
the other clock genes. A significant positive correlation (p<0.001) appeared among all the clock

genes (Fig. 50).
Effect of aging on the correlation among immune genes expression

Pairwise correlations among immune genes in light phase (LP) and dark phase (DP) were
analyzed in 3, 12 and 24 m animals (Fig. 5). In the light phase of 3 m, rNf-xb/ showed a
significant positive correlation (p<0.001; p<0.01) with all other immune genes except rll6. In the
dark phase of 3 m, rNf-xb/ showed a positive correlation (p<0.001) with all the immune genes
except rTlrd4. In the light phase of 12 m, rNf-xbl showed significant positive correlation
(p<0.001) with all other immune genes. In dark phase of 12 m, rNf-xb! showed negative
correlation with »7Tnfo and rTlrd (p<0.001; p<0.01) but significant positive correlation with rTIr9
(p<0.001) persisted and correlation with rll6 was abolished. In the light phase of 24 m, a positive
correlation of rNf-xb1 with all the immune genes (p<0.001; p<0.05) persisted. In the dark phase

of 24 m, rNf-xb1 showed a significant positive correlation (p<0.001) with all the immune genes.
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Effect of aging on correlation between clock and immune genes expression

Pairwise correlation between clock and immune genes in light phase (LP) and dark phase (DP)
were analyzed in 3, 12 and 24 m animals (Fig. 5). In light phase of 3 m, rNf-kb/ and rTnfo
showed significant positive correlation with »Rora and rCryl,2 (p<0.001; p<0.01) and negative
correlation with rRev-erba (p<0.05). r1l6 showed significant positive correlation (p<0.001) with
rPerl,2 genes. rTlr4 and rTIr9 showed significant positive correlation with rRora and rCryl,2
genes (p<0.001; p<0.01; p<0.05). rTIr9 also showed positive correlation with rPerl1,2 genes. In
dark phase of 3 m, rNf-xb1, rTnfo, rll6, rTIrd and rTIr9 showed significant positive correlation
with rRev-erbo. and rPer1,2 genes (p<0.001; p<0.01; p<0.05) (Fig. 50).

In light phase of 12 m, rNf-xb1 and rTnfo. changed to negative correlation (p<0.001) with rCryl,
but significant positive correlation (p<0.001) with rRev-erba was appeared. rll6, rTlr4, rTIr9
changed to negative correlation with rCryl and rPer1,2 genes (p<0.001; p<0.01; p<0.05). In dark
phase of 12 m, »Tnfa showed positive correlation with rCryl (p<0.01). rll6 and rTIr4 showed
negative correlation with rPerl,2 genes (p<0.01; p<0.05). rTIr4 changed to negative correlation
(p<0.001) with rRev-erba, but positive correlation between rRev-erbo and rTIr9 persisted
(p<0.05) (Fig. 50).

In the light phase of 24 m, a positive correlation between rNf-xb/ and rCryl,2 genes persisted
(p<0.001). Positive correlation of rll6, rTlr4 and rTIr9 with rPerl1,2 and rCryl,2 genes persisted
(p<0.001; p<0.05). In dark phase of 24 m, all immune genes showed significantly altered
correlations with all the clock genes where significant positive correlation appeared with all
clock genes but showed a negative correlation with rBmall (p<0.001) (Fig. 50).

WGCNA analysis between the clock and immune genes with aging

In 3 m, rCry2 and rRora showed interactions with rTlr4; rPerl showed interaction with r1l6 and
rTlr9. In 12 m, rRev-erba showed interactions with all immune genes except rTlr4. In 24 m, the
interaction between rRev-erba and rTnfa persisted; rPerl,2 showed interaction with all immune

genes except »Tnfo, whereas, rBmall showed interaction with rNf-xb1 and rll6 (Fig. 51).
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I1. A (iii). Age-induced alterations of clock and immune genes mRNA
expression in spleen

Effect of aging on the daily rhythms of clock genes in spleen

In 3 m spleen, rBmall showed maximum expression at ZT-0 and minimum at ZT-12. rPer1,
rPer2, and rCry2 showed maximum expression at ZT-12 and minimum expression at ZT-6.
rCryl showed maximum expression at ZT-0 and minimum expression at ZT-6. rRev-erba
showed maximum expression at ZT-6 and minimum expression at ZT-18. rRora did not show
any significant rhythm. With aging rBmall showed 6 h phase delay in 12 m, but did not alter in
24 m in comparison to 3 m. rPerl showed 6 h phase advance in 12 and 24 m in comparison to 3
m. The rPer2 maximum expression did not alter in 12 m but showed 6 h phase delay in 24 m.
rCryl showed 12 h phase delay and 6 h phase advance in 12 and 24 m respectively in
comparison to 3 m. rCryl showed 6 h phase delay and 6 h phase advance in 12 and 24 m
respectively in comparison to 3 m. rRev-erba did not alter in 12 and 24 m in comparison to 3 m.
rRora showed rhythmic expression in 12 m with maximum expression at ZT-6 and minimum
expression at ZT-12. In 24 m, rRora showed maximum expression at ZT-0 and minimum
expression at ZT-12 (Fig. 52) (Table 12).

Effect of aging on daily rhythms of immune genes in spleen

In 3 m spleen, rNf-xb1 and rTIr9 showed maximum expression at ZT-0 and minimum at ZT-6.
rTnfo. and rll6 showed maximum expression at ZT-12 and minimum at ZT-6. rTlr4 showed
maximum expression at ZT-0 and minimum at ZT-18. With aging, rNf-kb1 showed 6 h phase
advance and 6 h phase delay in 12 and 24 m respectively in comparison to 3 m. »7Tnfa showed 12
h phase advance and 6 h phase delay in comparison to 3 m. rll6 showed 6 h phase advance in 12
and 24 m in comparison to 3 m. rTlr4 showed 6 h phase delay in 12 m but did not alter in 24 m in
comparison to 3 m. rTlr9 rhythmicity was abolished in 12 m but showed 6 h phase delay in 24 m

in comparison to 3 m (Fig. 53) (Table 13).
Effect of aging on mean 24 h levels of clock genes in spleen

With aging rBmall and rCryl showed increased expression in 12 m but did not alter in 24 m in
comparison to 3 m. rPerl, rPer2, rCry2 showed increased expression in 12 and 24 m in
comparison to 3 m. rRev-erba showed no alteration in mean levels with aging. »Roro. expression

showed no variation in 12 m but showed increased expression in 24 m in comparison to 3 m (Fig.

76 |Page



Chapter II Results

54). The daily pulse of rBmall decreased in 12 m and increased in 24 m in comparison to 3 m.
Daily pulse of rPerl, rPer2 and rRev-erba showed a decrease in 12 and 24 m. Daily pulse of
rCryl showed an increase in 12 m but decreased in 24 m. Daily pulse of rCry2 and rRora

showed an increase in 12 and 24 m in comparison to 3 m (Fig. 55) (Table 12).
Effect of aging on mean 24 h levels and daily pulse in spleen

rNf-xb1, rll6, and rTlr4 showed increased expression in 12 and 24 m in comparison to 3 m. rTnfo
did not alter in 12 m but showed increased expression in 24 m in comparison to 3 m. rTIr9
showed increased expression in 12 m but did not alter in 24 m in comparison to 3 m (Fig. 54).
Daily pulse of rNf-xb1 decreased in 12 m but did not alter in 24 m in comparison to 3 m. Daily
pulse of »Tnfo and rll6 did not alter in 12 m but showed an increase in 24 m in comparison to 3
m. Daily pulse of rTIr4 showed an increase in 12 and 24 m in comparison to 3 m. Daily pulse of
rTIr9 decreased in 12 m but increased ion 24 m in comparison to 3 m (Fig. 55) (Table 13).

Effect of aging on the correlation among clock genes in spleen

In 3 m LP, rBmall and rPer2; rBmall and rRev-erba; rPerl and rRora; rPer2 and rRora; rCryl
and rRora; rCry2 and rRora; rCryl and rRev-erbo showed negative correlation. rPerl and
rPer2; rPerl and rCryl; rPerl and rCry2; rPer2 and rCry2; rRev-erbo and rRora showed
positive correlation. In 3 m DP, rBmall and rRora showed negative correlation with rPerl,
rPer2, rCry2, rRev-erba. Similarly, rCryl showed negative correlation with rPerl, rPer2 and
rCry2. rBmall showed positive correlation with rCryl and rRora. rPerl, rPer2, rCry2 and rRev-

erbo. showed positive correlation with each other (Fig. 56).

In 12 m LP, rBmall and rPer2; rBmall and rCryl; rBmall and rCry2 showed negative
correlation. rPerl and rRev-erba; rPerl and rRora; rPer2 and rCryl; rPer2 and rCry2; rCryl
and rCry2; rRev-erbo. and rRoro showed positive correlation. In 12 m DP, rBmall and rPerl;
rPerl and rCry2; rPer2 and rCryl; rPer2 and rCry2; rCryl and rCry2; rPer2 and rRev-erba;
rBmall and rRev-erba; rPerl and rRora; rCry2 and rRora showed positive correlation. rBmall
and rRev-erba; rPerl and rRev-erba; rRev-erba and rRora showed negative correlation (Fig.
56).

In 24 m LP, rBmall and rPer2; rPer2 and rCryl; rBmall and rRev-erbo showed negative
correlation. rBmall and rCryl; rBmall and rCry2; rBmall and rRora; rPerl and rPer2; rPerl
and rRev-erba; rCryl and rCry2; rCryl and rRora; rCry2 and rRora showed positive
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correlation. In 24 m DP, rBmall and rPer2; rPerl and rPer2; rPerl and rCry1; rPer2 and rRora;
rCryl and rRev-erba; rCry2 and rRev-erba showed negative correlation. rBmall and rPerl;
rBmall and rCry2; rBmall and rRora; rPerl and rRora; rPer2 and rCryl; rCryl and rCry2;
rCry2 and rRoro. showed positive correlation (Fig. 56).

Effect of aging on the correlation among immune genes in spleen

In 3 m LP, rNf-kb1 showed a positive correlation with rTlr4 and rTIr9. rTnfa and rll6; rTlrd and
rTir9 showed a positive correlation. rTnfa and rTIr4; rll6 and rTlr4 showed a negative
correlation. rNf-xb1 showed a negative correlation with »7nfo and rll6, positive correlation with
rTird and rTIr9. rTnfo. and rll6; rTird and rTIr9 showed a positive correlation. »7nfa and rll6

showed a negative correlation with rTlr4 and rTIr9 (Fig. 56).

In 12 m LP, rNf-kbl and rTnfo; rNf-xbl and rTIrd; rTnfo and rTIlr4 showed a positive
correlation. rNf-xb 1 and rTnfo. showed a negative correlation with r116 and rTIr9. rTlr4 showed a
negative correlation with rTIr9. In 12 m DP, rNf-kb1 and rTnfa; rNf-kb1 and rTIr9; rTnfa and
rTird; rTnfa and rTIr9 showed positive correlation. rNf-xb1 and rll6; »Trfo and rll6; rll6 and

rTlr9 showed a negative correlation (Fig. 56).

In 24 m LP, rNf-xbI and rll6; rNf-kb1 and rTIr4; rNf-xb! and rTIr9; rTnfo. and rll6; rll6 and
rTlr9 showed positive correlation. In 24 m DP, rNf-xb1 and rll6; rNf-xb1 and rTlr4; rNf-xb1 and
rTIr9; rTnfo. and rTIr9; rll6 and rTlr4; r1l6 and rTIr9 showed positive correlation (Fig. 56).

Effect of aging on the correlation between clock and immune genes in spleen

In 3 m LP, rTnfa and rll6 showed negative correlation with rBmall and rRora, but showed
positive correlation with rPerl, rPer2 and rCry2. rRev-erba and rNf-xb1; rPer2 and rTlr4; rCry2
and rTIr4; rRev-erbo and rTIr9 showed negative correlation. rBmall and rNf-xb7; rCryl and
rNf-xb1; rBmall and rTIr4; rBmall and rTIr9; rCryl and rTIr9 showed positive correlation. In 3
m DP, rTnfa and rll6 showed negative correlation with rBmall and rRora, but showed positive
correlation with rPerl, rPer2, rCry2 and rRev-erbo. rNf-xbl, rTlr4d and rTIr9 showed positive
correlation with rBmall and rCryl, but showed negative correlation with rPerl, rPer2 and

rCry2. rCryl and rll6; rRev-erba and rTIr9 showed negative correlation (Fig. 56).

In 12 m LP, rPer2, rCryl, and rCry2 showed a negative correlation with rNf-xb1, rTnfa and
rTlrd, but showed a positive correlation with rTIr9. rBmall showed a positive correlation with

rNf-xb1, rTnfo, and rTlrd, but showed a negative correlation with rTIr9. rPerl and rRoro. showed
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a positive correlation with rll6 and rTlr4. rRev-erba showed a positive correlation with rll6. In
12 m DP, rNf-kbI and rTnfo. showed a positive correlation with rBmall, rPer, and rRora, but
showed a negative correlation with rRev-erba. rll6 showed a negative correlation with rBmall,
rPerl and rRora, but showed a positive correlation with rRev-erba. rTIr4 showed negative
correlation with rPerl, rCryl and rRev-erba. rTIr9 showed positive correlation with rBmall,

rPerl, rCry2 and rRora. rBmall showed a positive correlation with rTlr4 (Fig. 56).

In 24 m LP, rBmall and rTlr4; rPerl and rTnfa; rPer2 and rTnfo; rCryl and rTlr4; rCry2 and
rNf-xb1; rCry2 and rll6; rCry2 and rTlr4; rCry2 and rTIr9; rRev-erba and rTnfo; rRora and rNf-
kbl; rRoro and rTlrd; rRora and rTIr9 showed positive correlation. rPer2 and rTlr4 showed
negative correlation. In 24 m DP, rBmall and rNf-xb/; rBmall and rll6; rBmall and rTir4;
rPerl and rNf-xb1; rPerl and rTlr4; rPer2 and rTnfa; rCryl and rTnfa; rCryl and rTIr9; rCry2
and rNf-xb1; rCry2 and rll6; rCry2 and rTIr9; rRora and rNf-xb1; rRoro and rll6; rRora and
rTlr4 showed positive correlation. rPerl and rTnfa; rPer2 and rTIr4; rRev-erba and rTnfa; rRev-
erbo. and rll6; rRev-erbo and rTlr9 showed negative correlation (Fig. 56).

WGCNA analysis between clock and immune genes with aging

In 3 m, clock and immune genes showed interaction with each other in two separate modules. In
12 m, the interactions between clock and immune genes were decreased, where only rBmall
showed interaction with rNf-xb/ and rTnfa. However, in 24 m, rCry2 and rRora showed
interaction with rNf-xb1, rll6, and rTIr9 (Fig. 57).
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Il. A (iv). Age-induced alterations of 5-HT in liver, kidney, and spleen

Effect of aging on daily rhythms, mean 24 h levels, and daily pulse of 5-HT in liver

In 3 m liver, 5-HT showed rhythmicity with maximum levels at ZT-0 and minimum at ZT-12. In
12 m, the maximum levels did not vary but the minimum levels were observed at ZT-6. In 24 m,
6 h phase advance was observed with maximum levels at ZT-18 and minimum at ZT-0 (Fig. 58).
Mean 24 h levels of 5-HT showed a significant reduction in 12 m but did not alter in 24 m in
comparison to 3 m animals (Fig. 59a). Daily pulse of 5-HT showed a significant increase in 12 m
but did not alter in 24 m animals (Fig. 59b) (Table 14).

Effect of aging on daily rhythms, mean 24 h levels, and daily pulse of 5-HT in kidney

In 3 m kidney, 5-HT showed significant daily rhythm with maximum levels at ZT-18 and
minimum at ZT-0. In 12 m, 6 h phase delay was observed with maximum levels at ZT-0 and
minimum at ZT-12. In 24 m, the maximum level was persisted at ZT-18 and minimum at ZT-0
(Fig. 58). Mean 24 h levels showed a significant increase in 12 and 24 m in comparison to 3 m
(Fig. 59a). Daily pulse showed a significant increase in 12 m but did not vary in 24 m in
comparison to 3 m (Fig. 59b) (Table 14).

Effect of aging on daily rhythms, mean 24 h levels, and daily pulse of 5-HT in spleen

In 3 m spleen, 5-HT showed rhythmicity with maximum levels at ZT-18 and minimum at ZT-12.
In 12 m, 6 h phase delay was observed with maximum levels at ZT-0 and minimum at ZT-18. In
24 m, 6 h phase advance was observed with maximum levels at ZT-12 and minimum at ZT-0
(Fig. 58). Mean 24 h levels showed a significant decrease in 12 and 24 m in comparison to 3 m
(Fig. 59a). Daily pulse of 5-HT did not alter with the aging (Fig. 59b) (Table 14).
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I1. B (i). Effect of curcumin on the age-induced alterations of clock and
Immune genes MRNA expression in liver

Effect of curcumin on daily rhythms of clock genes in liver

With curcumin administration, rBaml1, rPerl, rPer2, and rRev-erbo. expression pattern did not
vary in all the age groups studied in comparison to age-matched vehicle group. In 3 m, curcumin
phase advanced rCryl by 6 h with maximum expression being at ZT-0 and minimum expression
at ZT-6. In 12 and 24 m, curcumin did not alter the phase of rCryl with respect to age-matched
vehicle group. With curcumin administration, rCry2 showed 12 h and 6 h phase advance in 3 and
12 m respectively but showed 12 h phase delay in 24 m in comparison to age-matched vehicle
group. rRora showed no variation in 3 m CT but showed 12 h phase advance in 12 m CT in
comparison to age-matched vehicle group. In 24 m curcumin restored the phase of rRora in
comparison to 3 m VT (Fig. 40) (Table 8).

Effect of curcumin on daily rhythms of immune genes in liver

Curcumin administration did not alter the phase of rNf-x47 in 3 m, however, in 12 m curcumin
restored the phase of rNf-xb1 with maximum expression at ZT-6 in comparison to 3 m VT. In 24
m, rNf-xb1 showed 12 h phase delay with curcumin administration. Curcumin phase advanced
rTnfa by 6 h in 3 m, but restored the rhythmicity in 12 m with maximum expression at ZT-0 in
12 m. In 24 m, curcumin restored the phase of r7nfo with maximum expression at ZT-12 in
comparison to 3 m VT. Curcumin resulted in 6 h phase advance of rll6 in 3 m but did not alter in
12 and 24 m in comparison to age-matched vehicle group. Curcumin did not alter the phase of
rTlr4 in 3 m but restored the phase in 12 m with maximum expression at ZT-6 in comparison to 3
m VT. In 24 m, rTlr4 showed 12 h phase delay with curcumin treatment in comparison to 3 m
V/T. Curcumin resulted in 6 h phase delay of rTIr9 in 3 m but did not alter in 12 m in comparison
to age-matched vehicle group. However, curcumin restored the phase of rTIr9 in 24 m with

maximum expression at ZT-12 in comparison to 3 m VT (Fig. 41) (Table 9).
Effect of curcumin on mean levels and daily pulse of clock genes in liver

Curcumin administration did not alter the mean levels of rBmall, rPerl, rPer2, rCryl and rRev-
erbo, in comparison to age-matched vehicle group. Curcumin decreased the levels of rCry2 in 3
and 24 m in comparison to respective age-matched vehicle group. Curcumin reduced the levels
of »Rora in comparison to age-matched vehicle group (Fig. 42) (Table 8).
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Fig. 41: Effect of curcumin administration on daily rhythms of immune genes mMRNA expression
in 3, 12 and 24 months (m) old rat liver. Each value is mean + SEM (n = 4), p < 0.05 and
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‘b’, ‘¢’ and ‘d’ refers to comparison with ZT-0, ZT-6, ZT-12, and ZT-18 respectively within the

group).

With curcumin treatment, daily pulse of rBmall showed a decrease in 3 m, did not alter in 12 m

and decreased in 24 m in comparison to age-matched vehicle group. Curcumin decreased the

daily pulse of rPerl in 3 and 12 m but increased in 24 m in comparison to age-matched vehicle

group. Curcumin reduced the daily pulse in 3 m, but restored in 12 m in comparison to 3 m VT,

in 24 m curcumin increased the daily pulse in comparison to 24 m VT. Curcumin decreased the

daily pulse in 3 m, did not alter in 12 m, but increased in 24 m in comparison to age-matched

vehicle group. Curcumin did not alter the daily pulse of rRev-erba in 3 m but decreased in 12 and
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24 m in comparison to age-matched vehicle group. Curcumin decreased the daily pulse of rRora

in 3 m but did not alter in 12 and 24 m in comparison to age-matched vehicle group (Fig. 43).
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Fig. 42: Effect of curcumin administration on Mean 24 hour (h) levels of clock and immune
genes expression in 3, 12 and 24 months (m) old rat liver. Each value is mean + SEM (n=4), p<
0.05 and expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to comparison
with the age-matched vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with 3 m
vehicle-treated group).

Effect of curcumin on the mean 24 h levels and daily pulse of immune genes in liver

Curcumin administration resulted in the reduction of mean 24 h levels of rNf-xb/ in all age
groups, where curcumin has restored the levels in 12 m in comparison to 3 m VVT. Curcumin did
not alter the levels of r7xnfa in 3 and 12 m but significantly reduced in 24 m in comparison to
age-matched vehicle group. The levels of rll6 and rTIr9 were not altered with curcumin
administration in all age groups in comparison to age-matched vehicle group. Curcumin reduced
the levels of rTlr4 in 3 and 24 m in comparison to the age-matched vehicle group but restored the
levels in 12 m in comparison to 3 m VT (Fig. 42). Curcumin did not alter the daily pulse of rNf-
kb1 in 3 m but restored in 12 m in comparison to 3 m VT group. In 24 m, curcumin decreased the
daily pulse of rNf-xb7 in comparison to 24 m VT group. Curcumin reduced the daily pulse of

rTnfa in 3 and 24 m in comparison to age-matched vehicle group. However, in 12 m, curcumin

84 |Page



Chapter I Results

restored the daily pulse in comparison to 3 m VT group. Curcumin did not alter the daily pulse of
ril6 in 3 and 24 m but decreased in 12 m in comparison to age-matched vehicle group. rTlrd
showed decreased daily pulse in 3 and 24 m but did not alter in 12 m with curcumin treatment in
comparison to age-matched vehicle group. Curcumin did not alter rTlr9 daily pulse in 3 m but
decreased in 12 and 24 m in comparison to age-matched vehicle group (Fig. 43) (Table 9).
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Fig. 43: Effect of curcumin administration on daily pulse of clock and immune genes expression
in 3, 12 and 24 months (m) old rat liver. Each value is mean £ SEM (n = 4), p < 0.05 and
expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to comparison with the
age-matched vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with 3 m vehicle-
treated group).

Effect of curcumin on correlations among clock genes in liver

In LP and DP of 3 m CT, rBmall and rPerl; rBmall and rPer2; rBmall and rCry2; rBmall and
rRev-erba; rPerl and rCryl; rPerl and rRora; rPer2 and rCryl; rPer2 and rRora; rCryl and
rCry2; rCryl and rRev-erba; rCry2 and rRora; rRev-erba and rRoro showed negative
correlation. rBmall and rCryl; rBmall and rRora; rPerl and rPer2; rPerl and rCry2; rPerl and
rRev-erba; rPer2 and rCry2; rPer2 and rRev-erba; rCryl and rRora; rCry2 and rRev-erbo

showed positive correlation (Fig. 44).
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Fig. 44: Effect of curcumin administration on Pair wise correlations between clock and immune
genes expression in light (ZT-0, 6, 12) and dark (ZT-12, 18, 24/0) phase of 3, 12 and 24 months
(m) old rat liver (LP - light phase; DP - dark phase; VT - vehicle-treated; CT - curcumin treated).
Intensity of color and size of circle represents correlation coefficient values between the genes.
Where, positive correlations are indicated by shades of blue, negative correlations by shades of

red and white indicates no correlation.
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“k*%° indicates statistically significant

correlations (p < 0.05), (p <0.01). (p <0.001) respectively. (B1- rBmall; P1 - rPerl; P2 - rPer2;
C1 - rCryl; C2 - rCry2; Re - rRev-erba; RO — rRora; N1 - rNfkbl1; Tnf — rTnfa; 116 - rll6; T4 -

rTlrd; T9 - rTIr9).

In LP of 12 m CT, curcumin restored the positive correlation between rBmall and rCryl; rBmall

and rRora; rPerl and rRev-erbo. in comparison to 3 m VT group. Curcumin also restored the

negative correlation between rPerl and rCryl; rPerl and rRora in comparison to 3 m VT group.

rBmall and rPerl; rBmall and rPer2; rBmall and rCry2; rBmall and rRev-erbo; rPer2 and

rRora; rCryl and rCry2; rCryl and rRev-erba; rCry2 and rRora; rRev-erba and rRora showed

negative correlation with curcumin treatment. rPerl and rPer2; rPerl and rCry2; rPerl and

rRev-erba; rPer2 and rCry2; rPer2 and rRev-erba; rCryl and rRora; rCry2 and rRev-erbo

showed positive correlation with curcumin treatment. In DP of 3 m CT, curcumin restored the
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negative correlation between rBmall and rRev-erba; rPerl and rCryl in comparison to 3 m VT
group. Curcumin restored positive correlation between rBmall and r»Rora in comparison to 3 m
VT group. rBmall and rPerl; rBmall and rPer2; rBmall and rCry2; rPer2 and rRora; rCryl
and rRora; rCry2 and rRora showed negative correlation with curcumin treatment. rPerl and
rPer2, rPerl and rCry2; rPerl and rRev-erba; rPer2 and rCry2; rPer2 and rRev-erba; rCry2 and
rRev-erbo. showed positive correlation with curcumin treatment. In LP and DP of 24 m CT,
curcumin resulted in negative correlation between rBmall and rPerl; rBmall and rPer2; rBmall
and rCry2; rBmall and rRev-erba. Curcumin showed positive correlation between rPerl and
rPer2; rPerl and rCry2; rPerl and rRev-erba; rPer2 and rCry2; rPer2 and rRev-erba; rCryl
and rRora; rCry2 and rRev-erba (Fig. 44).

Effect of curcumin on correlations among immune genes in liver

In LP of 3 m CT, all the immune genes showed a positive correlation with each other. In DP of 3
m CT, rNf-xb1 showed a negative correlation with all the other immune genes. »Tnfa, rll6, and
rTlr4 showed a positive correlation with each other. In LP of 12 m CT, curcumin restored the
negative correlation between rNf-xb! and rTnfa; rNf-xkbl and rTIr9; rTIrd and rTIr9 in
comparison to 3 m VT group. Curcumin also restored the positive correlation between rNf-«xb1
and rTIr4; rTnfa and rTIr9 in comparison to 3 m VT group. Curcumin showed a positive
correlation between rNf-xb7 and rll6; rll6 and rTIr4, but negative correlation between rTrnfa and
ril6; rTnfo. and rTlr4; rll6 and rTIr9. In DP of 12 m CT, curcumin restored the negative
correlation between rTnfa and rTlr4. Curcumin resulted in a positive correlation between rNf-xb/
and rTnfa; rll6 and rTlr9, and negative correlation between rNf-xb1 and rll6; rNf-xb1 and rTIr9;
rTnfo. and rll6; rTnfa and rTIr9. In LP of 24 m CT, curcumin resulted in positive correlation
between rNf-xkb1 and rTnfo; rNf-kb1 and rTlr4; rNf-kb1 and rTIr9; rTnfa and rTIr4; rTnfo and
rTIr9; rTlr and rTIr9. In DP of 24 m CT, curcumin restored the positive correlation between
rTnfo. and rll6 in comparison to 3 m VT group. Curcumin showed positive correlation between
rNf-xb1 and rTnfo;, rNf-kb1 and rTIr4; rNf-xb1 and rTIr9; rTnfa and rTlr4; rTnfo and rTIr9; rll6
and rTlr4; rTIrd and rTIr9 (Fig. 44).

Effect of curcumin on correlations between clock and immune genes in liver

In LP of 3 m CT, rTnfa, rll6, rTIrd and rTIr9 showed negative correlation with rBmall, rCryl
and rRora, but showed positive correlation with rPerl, rPer2, rCry2 and rRev-erba. rNf-xb1 and
rCryl; rNf-xkb1 and rRora showed a negative correlation. rNf-xb7 and rPerl; rNf-xb7 and rCry2;
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rNf-xb1 and rRev-erba showed positive correlation. In DP of 3 m CT, rTnfa, rll6 and rTlr4d
showed negative correlation with rBmall, rCryl and »Rora, but showed positive correlation with
rPerl, rPer2, rCry2 and rRev-erba. rNf-kb1 and rPer2 showed a negative correlation. rNf-xb1

and rBmall showed a positive correlation (Fig. 44).

3mVT 3mCT

rPerl

rRev.erb.

12 m VT
) rTir9 rPer2 PY FTIro Tnf P
® il il rCryl rRor
24 mVT 24mCT
[ )
rRor
® (Tnf rNfkbl ®
rCryl
rBmal1 Y
® rTird rCry2

Fig. 45: WGCNA analysis between clock and immune gene clusters: effect aging on gene to
gene network in 3, 12 and 24 m old rat liver (left panel) and effect of curcumin administration
(right panel). Color of the node indicates no. of interactions (highest—purple; intermediate—cyan
and least—yellow). Color of an edge indicates the strength of interaction (strongest—purple;
cyan—intermediate and weakest—yellow). Green and red dots indicate clock, immune and
microglia resting genes respectively.

In LP of 12 m CT, curcumin restored the negative correlation between rCryl and rTlr4; rRora
and rNf-xbI; rRora and rTlr4, positive correlation between rCryl and rTIr9; rRev-erba and
rTird. rNf-xb1, rll6 and rTlr4 showed negative correlation with rRoro and rCryl, but showed

positive correlation with rCry2 and rRev-erba. rTnfo. showed negative correlation with rCry2 and
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rRev-erba, but showed positive correlation with rCryl and rRora. Curcumin resulted in negative
correlation between rBmall and rNf-xb7; rBmall and rll6; rBmall and rTir4; rPerl and r7nfo,
but positive correlation between rBmall and »Tnfa; rPerl and rll6; rPerl and rTlr4; rCryl and
rTlr9. In DP of 12 m CT, curcumin restored the negative correlation between rCry2 and r7nfa;
rRora and rll6; rRora and rTIr9. Curcumin resulted in positive correlation between rNf-x6/ and
rRora; rTnfa and rRora; rTnfo. and rBmall; rCryl and rll6; rTlr4 and rPerl; rTIr4 and rPer2;
rTlrd and rCry2; rTlr4 and rRev-erba; rCryl and rTIr9. Curcumin resulted in negative
correlation between rNf-xb/ and rCryl; rTnfa and rPer2; rTnfo. and rCryl; rTir4 and rRora;
rTlr4 and rBmall. In LP of 24 m CT, curcumin restored the positive correlation between rPerl
and rNf-xb1; rPerl and rTIr4; rPer2 and rTnfo; rPer2 and rTIr9; rRev-erba and rNf-xbl.
Curcumin resulted in positive correlation between rBmall and all immune genes except rll6.
Also, curcumin resulted in negative correlation between rCry2 with all immune genes except
ril6. Curcumin showed positive correlation between rPerl and »7nfa; rPerl and rTIr9; rPer2
and rNf-xb1; rPer2 and rTIr4; rCryl and rll6; rRev-erba and rTlr4; rRev-erba and rTIr9; rRora
and rTnfa; rRora and rll6. In DP of 24 m CT, curcumin restored the negative correlation
between rBmall and rTnfa; rBmall and rTlr9; rCryl and rll6, and positive correlation between
rPerl and rTnfo; rPerl and rTIr9; rPer2 and rTnfa; rRev-erba and rTnfa; rRev-erba and rTIr9.
Curcumin resulted in negative correlation between rBmall and rNf-xb7; rBmall and rTir4;
rRora and rll6, and positive correlation between rPerl and rNf-xb1; rPerl and rTlr4; rPer2 and
rNf-xb1; rPer2 and rTlr4; rPer2 and rTIr9; rCry2 and rNf-xb1; rCry2 and rTnfa; rCry2 and
rTlrd; rCry2 and rTIr9; rRev-erba and rNf-xb1; rRev-erbo. and rll6; rRev-erba and rTlrd (Fig.
44).

WGCNA analysis between clock and immune genes with curcumin treatment in liver

With curcumin administration, clock and immune genes showed strong interactions with each
other in 3 m CT. However, in 12 m CT, these interactions were reduced with curcumin
administration where rCryl and rRora showed interactions with rTlr9 and »Tnfa respectively. in

24 m CT, the interactions were increased between clock and immune genes (Fig. 45).
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Table 8: Effect of curcumin on age-induced alterations of clock genes
Gene ZT-0 ZT-6 ZT-12 zT18 | Mean2ah | Max/min
levels ratio
3mVT | 142:0.04 0.24+0 0.02+0 0.96 = 0.05 086 =014 B9.49 + 54
3mCT 113+ 0.03 032 +0.01 0.02+0 0.43+0.03 048 +0 458 +152 x
rBmall 12mVT 172002 022007 0090 0.58 £0.02 063017 1948+ 082y
12mCT 1.33 + 0.04 025 +0.00 006001 046 +0.05 053 0.3 243338y
24mVT | 298004 | [022:00 0.04=0 0.8/ 0.08 10/£0.3 73.7:6.22
24mCT 1.08 = 0.04 0.32 + 0.01 0.04+0 0.66 = 0.0 0.aZ2 =0l 2901 £ 047 x,y
3m\T 050 0.42 = 0.01 0230 0.6 = 0.0 0.24+0.03 2.82 + 0.04
3mCT 0150 0.31=0.02 0.26 = 0.01 0140 0.22+0.02 223+ 012«
rPerl 12mVT 016 + 0.01 0.34+0.02 094+ 0.04 03000 0.44=0.08 y 031007y
12 mCT 0.37+0.01 0.55 = 0.01 0.68 «0.03 032 +0.02 048 +0.04y 210+ 0.04 x,y
24 m\T 0.04+0 010 012+10 0.06 0.0 0.08=0.01y 2.73 = 0.04
24m T 0.01«0 0.3 + 0.0 0.9+ 0.0f 0.05+0 0.03=0.02y 294+ 457 xy
3m\T 0230 0080 055001 | 053004 0.350.05 B.67+0.33
3mCT 0.6 + 0.01 0.34 +0.01 0.38 = 0.01 028 +0.07 0.29+0.02 24 £ 013 x
rPer2 12mVT 0.14+0.02 0.17=0.01 1.3+0.02 0.29 = 0.01 048 012 976118y
12mCT INEY! 0.34 +0.01 0.63+0.02 0.42 + 0.02 0.37 = 01.05 966+ 01x
24 m\T 0120 0.04=0 020 0.1 = 0.0 02000y 5.33 £ 065
24m LT 0:0 0.04=0 0.21= 001 014+ 0.01 01+002y 4708 + B85 xy
dm VT 1.9+0.09 0.26 + 0.01 0.66 + 0.03 2.33 0.1 129+ 022 89402
3mCT 1.43 + 0.03 0.34 + 0.01 11+ 0.03 1.45 + 0.01 11012 435+ 0.09 x
rCryl 12mVT 0.62 = 0.01 0.24 = 0.01 1.01  0.05 .74 + 0.06 091 =014 126 =013y
12mCT 0.77 + 0.01 0.25 + 0.05 0.66 « 0.0 l.a+0.08 08012 7.08 +197
24 m\T |66 = 0.05 0.66 = 0.02 216 +0.02 274 +0.02 181+ 0.2 415014y
24mCT | 17«0.03 0400 219007 32001 .87+ 0.28 B4+ 026 x,y
3mVT | [0.34=000 0.27+0.01 029000 | 038002 0.32 + 0.0 .42 +0.03
3mCT 0200 0,32 0.01 0.26 = 0.01 0210 0.25+0.00x 15+ 0.05x
(Cry2 2mVT | 028+002 | D043«0.02 0440 0190 0,33+ 0.03 238005y
2mCT | 02000 0.48 = 0.0 0.38 +0.01 0290 0.34=0.03 224 0.07 x
24mVT | 0.27«001 0140 080 0.03:0 07002y 3.07+007
24m LT 0.04=0 0.1 = 0.0 0.8 + 0.0 0130 0= 0.00xy 9.05 £ 07 xy
3m\VT 0.04+0 2.94 = 0.05 125+ 0.02 006=+0 1.07 = 0.3 B6.00 = 287
3mCT 0.02+0 .4 + 0.0 075+ 0.02 0.03:0 0.57+015 712+ 072
rRev-erba 12mVT 0.2+ 0.0 0.3+ 0.23 1.31 + 0.0 0.08«0 172 £ 0.5 69.43 = 1.al
2mCT | 0/9+002 324012 276 + .08 01+ 0.0l 157+ 0.37 32.54 + 328 x,y
24 m\T 0210 28007 1.3+ 0.03 000 1.08 + 0.29 222821y
24m LT 0060 122007 LIl + 0.0R 0.02+0 06015 B0.47 =159 xy
3m\T 31802 129« 0.05 21+ 003 477012 2.84 = 0.34 37302
3mCT 2040 156 £ 012 168 + 0.08 213008 .85+ 0.08 x .39+ 0.09 x
Rora 2mVT | 332003 | 2/6«003 419013 246+ 021 303021 194005y
2mCT | 3360 179+ 0.07 242+ 0.07 197022 2.39+0.17x 188+ 0.04y
24mVT | 398007 | 245:005 | 2B6«003 | 2R7:0.002 284+ 08 163+ 0.0y
24mCT | 205003 187 = 0.1 242 + .04 29:0I6 233+ 01 156014y

MRNA expression of clock genes at ZT-0,6, 12 and 18. px < 0.05, py < 0.05 where, ‘x’ refers to

significant difference with respective age-matched vehicle group. ‘y’ refers to significant
difference with 3 m vehicle-treated group.
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Table 9: Effect of curcumin on age-induced alterations of immune genes
Gene ZT-0 ZT-6 ZT-12 718 | Mean2dh Max/min
levels ratio
3m\VT 031+ 0.01 0.38 « 0.04 0272+10 029002 03002 [ T=017
3mCT 022007 0.27+007 02«0 07«0 021+ 0.00x 159+ 0.07
NF-xb] 12mVT 0.5 +0.00 0.36«0.01 049 +0.02 01900 039003y 270009y
12mCT 0.34+0.02 0490 03300 0.27=0.01 0.36£0.02 1.8 = 0.04 x
24 m\T 061 +0.02 031+ 0.01 032 +0.01 0160 0.35 + 0.04 379006y
24mCT 0la«0 023 +0.01 0.36+0.07 02410 0.25 = 0.02 x,y 2.34 0172 xy
3m\VT 0.6+ 0.02 0.64+0.03 1.4=0.08 0.81 + 0.08 0.86 + 0.09 228+ 0.08
3mCT 0.6=+0.05 07302 0.72 « 0.08 0.69 0.0 0.68 = 0.0 117+ 0.22 x
rTnfa 12mVT 131+ 015 13023 13+ 013 09013 12009y 143012y
12mCT 15+ 0.09 0.79 0.8 126 = 0.05 .05 = 0.08 LB0ly 25+ 038 x
24 m\T 92902 487 +0.09 189019 202 047 dax04ly 285013y
24mCT 20011 2.01 + 0.04 344+ 018 169 = 0.07 231 £ 018 xy 2.04 = .05 x,y
3mVT | 0.03=00 0.02+0 0.04=0 0.02+0 0.03+0 2.39+ 045
3mCT 0.02+0 0.05 =00 0.04+0 0.03 0.0 0.04+0 258023
(16 12mVT 0.03+0.0 0.04 = 0.01 0.08=0.02 0.3 = 0.01 007000y 564078y
12mCT 0.03+0.0 0.=0.01 0.050.00 0.14+0.03 0.08 =001y 4072 + 045y
24 m\T 0.02+0 0.02+0 0.04 = 0.01 0.02+0 0.02+0 2.36+0.57
24m LT 0.03+0 000 0.03+0 0.02+0 0.02+0 2.34 + 0 44
3m\T 0.03:0 0.56 = 0.03 0.05=0 0.05:0 0.9+ 0.0 1062 0.3
3mCT 0.03+0 006=+0 0.06=0.01 0050 0.05 «0x 1.92 + 0.07 x
Tird 12mVT 0.04 = 0.01 0.07+0 0.09=0.0 0.04 0 0.06 =001y 2210+02y
[2mCT | 0.06=0.0 0.1 = 0.0 0080 0.07+0 0.08 £ 0.01x 18801y
24 m\T 0.32 = 0.01 028 001 0190 01900 0.250.02 170002y
24mCT 07«0 022+10 0.24 = 0.01 0150 0.2+ 0.00x .08 £ 0.03 x,y
dmVT 0.29+0.06 0.4 = 0.01 0.33+0.02 0.23 + 0.04 0.25+0.03 2.32+0.07
3mCT | 0/3:003 | 023«003 | 0/3=002 | 025003 0.22 + 0.0 1.5l 0.39
FTIr PmVT | D024+004 | 039«005 | D51«008 | 058004 0.43+0.04y 266+ 0.37
2mCT | 0.46=0.04 0440 0.49 = 0.0l 069 =013 0.52+0.04y 187017y
24 m\T 073 < 0.01 0.57 = 0.03 0.8+ 0.04 0.4+ 0.03 0a006y 49108y
24mCT 0.410.03 06+0.04 0.8+0.08 0.5+005 058004y 193 £ 0.07 x,y

MRNA expression of immune genes at ZT-0,6, 12 and 18. px < 0.05, py < 0.05 where ‘x’ refers to
significant difference with the respective age-matched vehicle group. ‘y’ refers to significant

difference with 3 m vehicle-treated group.
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I1. B (ii). Effect of curcumin on the age-induced alterations of clock and
Immune genes MRNA expression in kidney

Effect of curcumin on daily rhythms of clock genes in kidney

With curcumin treatment, rBmall showed maximum expression at ZT-18 i.e. 6 h phase advance
in 3 m animals with respect to 3 m vehicle group and minimum expression was at ZT-6. In 12
and 24 m, maximum expression persisted at ZT-0 and minimum at ZT-12 with curcumin
treatment in comparison to age-matched vehicle groups. rPerl showed maximum expression at
ZT-6 in 3 m CT group with phase advance of 6 h in comparison to 3 m vehicle group, minimum
expression was at ZT-0. In both 12 and 24 m, curcumin treatment showed similar expression as
in age-matched vehicle groups. In 3 m, curcumin treatment did not alter rPer2 maximum
expression but the minimum expression was shifted from ZT-6 to ZT-0. In 12 and 24 m,
curcumin administration did not change the expression pattern of rPer2 with respect to age-
matched vehicle groups. In 3 m, maximum expression of rCryl persisted at ZT-18 but the
minimum expression was observed at ZT-0 with curcumin treatment. In 12 m, curcumin did not
alter daily rhythm in comparison to the vehicle group. In 24 m, curcumin restored maximum
expression at ZT-18 in comparison to 3 m vehicle group. rCry2 showed maximum expression
at ZT-6 and minimum expression at ZT-0 in 3 m CT group. However, in 12 and 24 m, expression
patterns were similar to the age-matched vehicle groups. In the case of rRev-erba, curcumin
treatment did not change daily rhythm pattern in all the age groups with respect to age-matched
vehicle groups. ¥Rora showed maximum expression at ZT-6 and minimum expression at ZT-0 in
3 m CT group. In 12 m, curcumin restored rhythmicity with maximum expression at ZT-12 and
minimum expression at ZT-6. In 24 m, maximum expression persisted at ZT-12 but the

minimum expression was at ZT-18 with curcumin administration (Fig. 46) (Table 10).
Effect of curcumin on daily rhythms of immune genes in kidney

Curcumin administration resulted in significant decrease in the expression of inflammatory genes
in kidney. Curcumin administration phase delayed rNf-xb/ about 6 h with maximum expression
at ZT-18 and minimum expression at ZT-0 in 3 m. In 12 m, rNf-xb/ showed the restoration in
comparison with 3 m vehicle group with maximum expression at ZT-12 and minimum
expression at ZT-6. In 24 m, rNf-kb1 was phase advanced by 6 h with maximum expression at

ZT-6 and minimum expression at ZT-18 with respect to 24 m vehicle group (Fig. 47).
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Fig. 47: Effect of curcumin administration on daily rhythms of »Nfkb1, rTnfa, rll6, rTird and
rTIr9 mRNA expression in 3, 12 and 24 months (m) old rat kidney. Each value is mean + SEM
(n=4), p <0.05 and expressed as relative mRNA expression. pa < 0.05; pp < 0.05, pc < 0.05 and
pd < 0.05 (where ‘a’, ‘b’, ‘¢’ and ‘d’ refers to comparison with ZT-0, ZT-6, ZT-12, and ZT-18
respectively within the group).

rTnfa showed phase delay of 6 h with maximum expression at ZT-18, minimum expression at
ZT-6 in 3 m CT. In 12 m, maximum expression was observed at ZT-0 which is 6 h phase
advance with respect to 12 m vehicle group and minimum expression was at ZT-6. In 24 m, the
expression pattern was not changed with respect to 24 m vehicle group. rll6 showed 6 h phase

advance with maximum expression at ZT-6 and minimum expression at ZT-12 in 3 m CT group.
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In 12 m, curcumin treatment did not change expression pattern with respect to 12 m vehicle
group. But in 24 m, maximum expression was observed at ZT-0 which is 12 h phase advance in
comparison to 24 m vehicle group and minimum expression at ZT-18. In 3 m curcumin-treated
group, rTlrd showed maximum expression at ZT-18 with a phase delay of 6 h in comparison to 3
m vehicle group, and minimum expression was observed at ZT-0. In 12 m, maximum expression
was observed at ZT-0 with the phase advance of 6 h and the minimum was observed at ZT-6. In
24 m, maximum expression was observed at ZT-6 with phase advance of 6 h and minimum
expression was observed at ZT-18. With curcumin treatment, rTIr9 showed rhythmic expression
with a maximum at ZT-18 i.e. 6 hours phase delay with respect to 3 m vehicle group and
minimum at ZT-6. In 12 m, maximum expression was observed at ZT-18 with a phase delay of
12 h and minimum expression at ZT-6. In 24 m, maximum expression was observed at ZT-6 with

phase advance of 6 h and minimum expression was observed at ZT-18 (Fig. 47) (Table 11).
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Fig. 48: Effect of curcumin administration on Mean 24 hour (h) levels of clock and immune
genes expression in 3, 12 and 24 months (m) old rat kidney. Each value is mean + SEM (n =4), p
< 0.05 and expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to comparison
with the age-matched vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with 3 m
vehicle-treated group).
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Fig. 49: Effect of curcumin administration on Daily pulse of clock and immune genes expression
in 3, 12 and 24 months (m) old rat kidney. Each value is mean + SEM (n = 4), p < 0.05 and
expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to comparison with the
age-matched vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with 3 m vehicle-
treated group).

Effect of curcumin on mean 24 h levels and daily pulse of clock genes in kidney

Curcumin administration reduced rBmall and rPerl mean 24 h levels significantly (p<0.05) in 3
and 12 m in comparison to age-matched vehicle groups, but did not show any change in 24 m.
There was no significant change in mean 24 h levels of rPer2 in 3, 12 and 24 m in comparison to
age-matched vehicle groups. With curcumin administration mean 24 h levels of rCry1, rCry2 and
rRora were significantly decreased (p<0.05) in all age groups with respect to age-matched VT.
Mean 24 h levels showed a significant decrease in 3 m but did not show a significant change in
12 and 24 m group in comparison to age-matched vehicle groups (Fig. 48). Daily pulse of
rBmall showed a significant decrease in 3 m, did not vary in 12 m, but restored in 24 m animals
with a significant increase (p<0.05) in comparison to age-matched vehicle group. Daily pulse of
rPerl showed a significant increase (p<0.05) in 3 and 12 m with curcumin treatment in
comparison to age-matched vehicle groups. In 24 m CT animals, a significant decrease (p<0.05)
was observed in comparison to 24 m vehicle group. Daily pulse of rPer2 was significantly
increased in 3 m but decreased in 12 and 24 m CT (p<0.05) with respect to age-matched vehicle
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groups. Daily pulse of rCryl reduced significantly (p<0.05) in all age groups. Daily pulse of
rCry2 increased in 3 m, unaltered in 12 m and decreased in 24 m (p<0.05) upon curcumin
treatment. Curcumin treatment significantly decreased (p<0.05) daily pulse of rRev-erba in 3 and
12 m with respect to age-matched vehicle groups. However, curcumin restored daily pulse in 12
m in comparison to 3 m vehicle group. But in 24 m, daily pulse increased (p<0.05) in comparison
to 24 m vehicle group. Curcumin decreased daily pulse of rRora in 3 and 24 m
(p<0.05), however, increased (p<0.05) in 12 with respect to age-matched vehicle groups (Fig. 49)
(Table 10).

Effect of curcumin on mean 24 h levels and daily pulse of immune genes in kidney

Being anti-oxidant curcumin significantly reduced the mean 24 h levels of rNf-xb1 and rTnfa in
all age groups (p<0.05). But in 24 m, curcumin restored mean 24 h levels of »Tnfo in comparison
with 3 m vehicle group. Curcumin administration did not alter mean 24 h levels of rll6 in all age
groups. Curcumin administration did not change mean 24 h levels of rTir4 in 3 m, but
significantly reduced in 12 and 24 m (p<0.05) with respect to age-matched vehicle groups.
Interestingly, in 24 m, curcumin restored the mean levels in comparison to 3 m vehicle group.
With curcumin treatment, mean 24 h levels of rTIr9 were significantly increased in 3 m
(p<0.05), remained unaltered in 12 m and significantly decreased in 24 m (p<0.05) with respect
to their age-matched vehicle groups (Fig. 48). Daily pulse of rNf-xb1 did not show a significant
change in 3 and 12 m with respect to their age-matched vehicle groups. However, in 24 m,
curcumin decreased (p<0.05) and restored daily pulse with respect to 3 m vehicle group. In 3 and
12 m, daily pulse of rTnfa was reduced significantly (p<0.05) in comparison to age-matched
vehicle group. In 24 m, daily pulse remained unaltered with respect to 24 m vehicle group. Daily
pulse of rll6 remained unaltered in 3 m, significantly increased in 12 m (p<0.05), and
significantly decreased in 24 m (p<0.05) with curcumin administration. Daily pulse of rTIr4 did
not alter in 3 m and 24 m but significantly reduced in 12 m (p<0.05) with respect to age-matched
vehicle groups. Daily pulse of rTIr9 was unaltered in 3 and 24 m, significantly reduced in 12 m
(p<0.05) with curcumin treatment (Fig. 49) (Table 11).

Effect of curcumin on the correlations among clock genes in kidney

In light phase of 3 m CT group, negative correlation of rBmall with rPerl genes and rRev-erba
(p<0.001) persisted. Within and between rPer1,2 and rCry1,2 genes positive correlation persisted
(p<0.001; p<0.01). rRora changed to positive correlation with rRev-erba (p<0.001) but positive
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correlation with rCry2 (p<0.001) persisted. In dark phase of 3 m CT group, negative correlation

of rBmall with rRev-erbo (p<0.001) persisted. Positive correlation persisted between rPerl,2

and rCryl,2 genes (p<0.001). rRora showed insignificant negative correlation with rRev-

erbo. but significant positive correlation (p<0.001) with Cry1,2 genes persisted (Fig. 50).
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Fig. 50: Effect of curcumin administration on pairwise correlations between clock and immune
genes in light (ZT-0, 6, 12) and dark (ZT-12, 18, 24/0) phase of 3, 12 and 24 months (m) old rat
kidney (LP - light phase; DP - dark phase; VT - vehicle-treated; CT - curcumin treated). The
intensity of color and size of the circle represents correlation coefficient values between the
genes. Where, positive correlations are indicated by shades of blue, negative correlations by
shades of red and white indicates no correlation. “*’, “**°  <**** indjcates statistically significant
correlations (p < 0.05), (p <0.01). (p <0.001) respectively. (B1- rBmall; P1 - rPerl; P2 - rPer2;
C1 - rCryl; C2 - rCry2; Re - rRev-erba; RO — rRora; N1 - rNfkbl1; Tnf — rTnfa; 116 - rll6; T4 -

rTlrd; T9 - rTIr9).

In light phase of 12 m CT group, negative correlation of rBmall with rRev-erba was restored and

negative correlation with rPerl gene (p<0.001; p<0.01) persisted. Positive correlation between

rPerl,2 genes persisted (p<0.001). Curcumin administration abolished correlation between

rCryl,2 genes. rRora showed significant positive correlation with rCry2 (p<0.05) but not with
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rRev-erbo. and rCryl. In dark phase of 12 m CT group, negative correlation of rBmall with rRev-
erbo. was restored and negative correlation with rPerl gene (p<0.001) persisted. Positive
correlation between rPerl,2 genes (p<0.001) persisted. Interestingly, rCryl showed negative
correlation with rCry2 (p<0.05). rRora showed positive correlation with rCry2, rRev-erba
(p<0.001) and negative correlation with rCryl (p<0.01) (Fig. 50).

In light phase of 24 m CT group, negative correlation of rBmall with rPerl genes and rRev-erbo
(p<0.001) persisted. Positive correlation within the rPerl,2 and rCryl,2 genes persisted
(p<0.001; p<0.05). In dark phase of 24 m CT group, negative correlation of rBmall with rPerl
and rRev-erba (p<0.001) persisted. Positive correlation within and between rPer1,2 and rCryl,2
genes persisted (p<0.001; p<0.01) (Fig. 50).

Effect of curcumin on the correlations among immune genes in kidney

In the light phase of 3 m CT group, curcumin administration abolished correlation between rNf-
kbl and rTnfa but showed a significant negative correlation between r7Tnfa and 116 (p<0.001).
The positive correlation of rNf-xb1 with TIr9 and Tlr4 (p<0.001) persisted. In the dark phase of 3
m CT group, a positive correlation of rNf-xkb! with rTnfa, rTIr9 and rTlr4 (p<0.001; p<0.05)
persisted. But rNf-xb 1 changed to negative correlation with rll6 (p<0.001) (Fig. 50).

In the light phase of 12 m CT group, a positive correlation of rNf-xb7 with rTnfa, rTlr4 and rTIr9
(p<0.001) persisted. A significant negative correlation was observed between rTnfo and rll6
(p<0.001). A significant negative correlation was observed between rll6 and rTIr4,9 (p<0.001).
In the dark phase of 12 m CT group, curcumin treatment resulted in the abolition of correlation
of rNf-xb1 with rTnfo. and rTIrd. However, a positive correlation was restored between rNf-xb 1
and rll6 (p<0.05); rTnfa and rll6 (p<0.001). Interestingly, negative correlation appeared between
rNf-xb! and rTlr9 (p<0.05). A positive correlation between r7Tnfa and rll6 (p<0.001) was

restored, and the positive correlation between rTIr4 and rTIr9 (p<0.001) was restored (Fig. 50).

In the light phase of 24 m CT group, a positive correlation of rNf-xb7 with rTnfa and rTIr4,9
(p<0.001; p<0.01) persisted. Curcumin administration resulted in the abolition of the correlation
between rNf-xb1 and rll6 and resulted in restoration in comparison to LP of 3 m vehicle group.
Correlation between rll6 and rTIr4,9 abolished. In the dark phase of 24 m CT group significant
correlation of rNf-xb1 with rTnfa abolished, but positive correlation with rTIr4,9 (p<0.001;
p<0.01) persisted. Positive correlation of rll6 with rTIr4,9 (p<0.01; p<0.05) persisted (Fig. 50).
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Fig. 51: WGCNA analysis between clock and immune gene clusters: effect aging on gene to
gene network in 3, 12 and 24 m old rat kidney (left panel) and effect of curcumin administration
(right panel). Color of the node indicates no. of interactions (highest—purple; intermediate—cyan
and least—yellow). Color of an edge indicates the strength of interaction (strongest—purple;
cyan—intermediate and weakest—yellow). Green and red dots indicate clock and immune genes
respectively.

Effect of curcumin on the correlations between clock and immune genes in kidney

In the light phase of 3 m CT group, positive correlation of rCryl1,2 genes with rNf-xb1 (p<0.001;
p<0.05) persisted but abolished with »Tnfa. The positive correlation of rTlr4 and rTIr9 with Cryl
(p<0.001) persisted. Curcumin resulted in the abolition of the correlation between rll6 and
rPerl,2 genes. In the dark phase of 3 m CT group, a significant positive correlation of rPer1,2
genes with rNf-xkb1l (p<0.001) persisted. Positive correlation of rPerl,2 with TIr4 and TIr9
persisted (p<0.001; p<0.01) (Fig. 50).
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In the light phase of 12 m CT group, rNf-xb1, rTnfo. and rTlr4,9 changed to a positive correlation
with rCryl and rRev-erba. The positive correlation of rTIr4 and rTIr9 with rPerl,2 genes
abolished. In the dark phase of 12 m CT group, rTIr9 showed a significant negative correlation
with rPerl,2 genes (p<0.001). Correlation of rCryl with rTnfa, rll6 and rTlr4 abolished.
Correlation between rRev-erba and »Tnfa abolished (Fig. 50).

In the light phase of 24 m CT group, the correlation between rTIr4,9 and rPerl,2 genes
abolished. rll16 showed negative correlation with rPerl,2 genes (p<0.001). Correlation between
rNf-xb1 and rCryl abolished. rl1l6 and rTlr4,9 changed to negative correlation with rCryl. In the
dark phase of 24 m CT group, there was the abolition of the correlation between rTIr4.9
and rPerl,2 genes. rTnfa, rll6 changed to negative correlation with rCryl. Correlation between

rCryl and rNf-xb1 abolished with curcumin treatment (Fig. 50).
WGCNA analysis between clock and immune genes with curcumin treatment in kidney

In 3 m CT, rCryl showed interactions with rNf-xb1, rTlr4,9. In 12 m CT, interactions of rRev-
erbo. with rll6 and rTIr9 persisted and rBmall lost the interactions with other clock genes. In 24
m CT, the interactions between clock and immune genes showed similarity with the interactions
observed in 12 m VT, where rRev-erbo. showed interactions with all immune genes except rll6;

rBmall, rPerl,2, rCry2 showed interactions with each other (Fig. 51).
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Table 10: Effect of curcumin on age-induced alterations of clock genes expression
Gene ZT-0 ZT-6 ZT-12 zT18 | Mean2ah | Max/min
levels ratio
dm VT 16+016 0.17=0.01 0.07 = 0.01 1.05 + 0.04 0.72«017 2189 < 116
3mCT 0.5+ 0.06 0.05 =00 006001 0.64+0.09 0.31+0.07x 1401171 x
rBmall 1ZmVT 1.38 + 0.04 068 «0.07 0.07=0.01 0.73+0.02 072012 191178
12mCT 091 = 0.04 0.08 0.0 0050 0.5+0.05 0.39 £ 0.08 x,y 6.8 +0.03y
24 m\T 119+ 0.02 0.27=0.01 0.6+ 0.01 0.65+0.02 04710l 143033y
24mCT 1.08 = 0.04 028 «0.01 0.04+0 0.53 + 0.06 048 «0l 2677+ 216 x
3mVI | [0.75«0.06 [+0.01 193 + 0.03 111+ 0.0? 120 261019
3mCT 0.8+ 0.02 091007 0.83=0.07 091+0.09 0.7 = 0.08 x 513+ 0.4 x
rPerl 12 mVT 0.86 « 0.07 131+ 0.03 202+ 0.07 112 = 0.01 133 0. 2.36 + 0.04
12 mCT 0420 0.69+0.03 1.52 + 0.05 0.6« 0.03 0.82 £ 0l xy 3.63 = 016 xy
24 m\T 0.43 «0.01 192 + 0.03 403 «0.05 0.84 = 0.01 1.81 = (.36 93201y
24mCT 030 1.43 + 0.01 191+ 0.07 0.54 + 0.06 1.04 017 6.47 + 022 xy
dm VT 0.33 + 0.03 030 1.06 = 0.01 0.68 = 0.02 0.59 + 0.08 3.58 +0.02
3mCT | 007«001 | 048«003 | 0B7«005 | D46«0.04 0.42 + 0.08 9.8+ 0.57
Per2 12m\T 050 0.47 =001 098004 | 043000 0,57+ 0.08 Ba9=0ly
12 mCT 020 0.7+ 0.03 101+ 0.02 06002 06007 489 +0.09xy
24 m\T 023 +0.01 0.55 = 0.01 3 0.02 0.59 = 0.01 1.09+029 1288027y
24mCT | 0.25«001 0570 .06 + D 0.56 = 0.08 061 =0.08 417+0.09 xy
3m\T I+ 0.05 0.20=0 115 0.03 2.37+0.03 11802 1134+ 0.07
3mCT 0.2 +0.02 0.36 = 0.02 0.59 +0.05 (.68 = 0.05 0.46 + 0.05x 3.38 £ 021
rCryl 12mVT 068 0.0 0.3+0.00 117« 0.0B 2.33 = 0.06 11202 172023y
12mCT 0.53 = 0.02 0.22 = 0.01 0.49 + 0.01 0.74 = 0.03 0.00.05xy 3.31 £ 0.06 x,y
24 m\T 06+0.02 0.34 + 0.01 .54+ 0.02 117+0.02 081+ 0.12 459007y
24m T 0.4=0.01 0.21 = 0.01 0.71=0.02 0.75 = 0.09 052+ 0.06 xy 3B +0a7y
3mVI | 055004 | 043+0.0 0.8+ 0.0l 0,79+ 0.0| 0,64 = 0.04 .86 + 0.01
3mCT 01 = 0.0 035003 | 032:007 | 0.38=003 0.29+ 0.03 x 361+ 0.I8x
(Cry2 2mVT | 034002 | 0B6=002 | 07500 0.53 =001 0.57 + 0.04 225012y
2mCT | 027«0.00 043000 | 0B3+007 | 0837«00 0.43 + 0.03 xy 23001y
24mVT | 03«00 0,69+ 0.02 174+ 0.07 0.47 +0.01 0.8+014 553+ 006y
24mCT | 0.28«001 0.5 0.0 064+002 | D0.39=0.04 0.46 = 0.04 x,y 2.3+ 0.08 xy
3m\VT 0.5+0.04 3.20+0.03 247 = 0.04 023 +0.01 .09+ 0.33 13.79 + 0.38
3mCT 0.38 « 0.04 162 + 012 0.91+0.05 01800 0.77 015 x 91407«
rRev-erba 12mVT 1.0 + 0.01 44501 119+ 0.05 02110 172 £ 0.42 225017y
12mCT 043 +0.00 224008 161+ 0.02 0.17=0.01 111022 1289+ 0.09x
24 m\T 07«00 6.33 £ 0.17 3.70 = 0.0B 0.36«0.01 2.79 = 0.63 1708028y
24m T 066+ 0.01 3.25+ .06 176 = 0.07 0.14 = 0.01 145 0.3 2481 2 88 x,y
3mVI | 387=034 22801 445005 | 487007 382076 2.06 = 0.07
3mCLT 133 £ 013 22015 163+ 0 23017 1.86 + 012 x .07« 0.2 x
Rora [2mVT | 3Bl+0.58 438 0L 451008 | 373008 A 120002y
2mCT | 196+0.08 170l 273 0.02 1.78 + 0.05 204+ 011y 182 = 0l xy
24mVT | 257+007 417+0.08 8.34 + 0.48 3130l 455+ 059 32401y
24mLT | 266=0.04 28:015 2.98 < 0.1 2.08 = .24 266+ 0.l xy 147 + 05 xy

MRNA expression of clock genes at ZT-0,6, 12 and 18. px < 0.05, py < 0.05 where, ‘x’ refers to
significant difference with respective age-matched vehicle group. ‘y’ refers to significant
difference with 3 m vehicle-treated group.
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Table 11: Effect of curcumin on age-induced alterations of immune genes expression
Gene ZT-0 ZT-6 ZT-12 ZT-18 Mean 24 h Max/min
levels ratio
dm VT 0.93 +0.08 0.6 = 0.01 101+ 0.00 0.84 = 0.01 0.85 + 0.04 166+
3mCT 0.33 + 0.04 0.4=003 0.5 + 0.04 0.57=0.05 0.46 + 0.03x 174 =014
(Nf-xch] 12mVT 095002 1.06 = 0.01 0.95+0.03 0.93 0.0 087=0.02y 130y
12mCT 0.71=0.01 0.55+0.03 07«00 0.63 = 0.04 063 «0.02 x,y 129007y
24 m\T 0.77+0 1.06 = 0.03 2.33+0.03 0.73 = 0.01 122 =017y 303002y
24mCT 0.62 = 0.01 0.93 0.0 0.78 = 0.02 0.55 = 0.04 0.72 = 0.04 x,y 172 £ 013 x
3m VT 0.07=0 0050 0080 0.07<«0 0.07<«0 1.82 « 0.01
3mCT 0.05+0.01 0050 0050 0.07=0.01 0.05+0x 1.38 = 014 x
rTnfa 12mVT 0.09«0 02«0 0.08 =00 01«0 012001y 237013y
12mCT 010 0.08+0 0.09=0 0.09=0 0.09=0xy 148 + 0.0 xy
24 m\T 0090 0.22 = 0.01 02110 0.09=«0 015002y 2.38 =005y
24mCT 0.08+0 011000 0.07+0 0.05 =00 0.08 = 0.01 x 2.32+0.33
3m\VT 0030 0050 0.13+0.02 0.04 + 0.01 0.06 = 0.01 484079
3mCT 0030 0.07=«0 0.02=0 0.08=0 0.04 +0.01 3.08 + 0.4l
16 12mVT 0.09 =002 0.240.02 0050 0050 0.1+0.02 455 +0.23
r 12mCT 0.08+0.0 0.24+0.03 0.04 = 0.01 0.02+0 0.08=0.07 13.19 £ 0.4 xy
24 m\T 0.03+0 0.07 = 0.01 0.=0.01 0.03+0 0.06+00 361+018y
24mCT 0050 0.050.00 0040 0.02=+0 0040 242 026 x,y
3m\VT 0.250.02 0180 028 = 0.01 0.27=0.01 025+ 0.01 .08+ 0.03
3mCT 0.8 +0.02 09007 0.23 + 0.01 0.27=0.02 022 +0.01 1.97 £ 0.
Tird 12mVT 0.45=0.01 069+0 0.26 + 0.01 0590 0.a+004y 264007y
12 mCT 0340 0.26 + 0.01 0.32 + 0.01 0.33 +0.02 031+ 0.00xy 129 + .03 xy
24 m\T 0330 0.46 + 0.01 0.76 = 0.01 029+0 046005y 257001y
24mCT 0250 0.47=0.01 0.25+0.01 0.8+ 0.02 0.29 + 0.03 x 28/ =038y
3m\VT 0.04=0 0.08+0 0.07=0.01 0.04=0 0.04=0 287017
3mCT 0.04+0 0.04+0 0.08 0.0 0.08 = 0.01 0.06 = 0.01 209023
TIr9 1ZmVT 0«0 06«0 0.08 0.01 0060 01000y 26+0.07
1ZmCT 010 0.07+0 0«0 0.2+ 0.01 010y 166 + 0.03 x,y
24 m\T 0.09 «0.01 0.13 = 0.01 0.220.02 01«0 03«00y 2.03 +0.09
24mCT 0.08=0 06«0 0080 0.08 +0.01 01000y 2260725

MRNA expression of immune genes at ZT-0,6, 12 and 18. px < 0.05, py < 0.05 where ‘x’ refers to
significant difference with the respective age-matched vehicle group. ‘y’ refers to significant
difference with 3 m vehicle-treated group.
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I1. B (iii). Effect of curcumin on the age-induced alterations of clock and

Immune genes MRNA expression in spleen

Effect of curcumin on daily rhythms of clock genes in spleen

With curcumin administration, rBmall did not show variation in the phase of rhythmicity in all
age groups in comparison to age-matched vehicle group. rPerl showed 6 h phase delay in 3 m,
did not alter in 12 m in comparison to the age-matched vehicle group, but phase was restored in
24 m with maximum expression at ZT-12 in comparison to 3 m VT group. Curcumin did not
alter the phase of rPer2 in 3 and 24 m, but phase delayed by 6 h in 12 m in comparison to age-
matched vehicle group. Curcumin resulted in 12 h and 6 h phase delay of rCryl in 3 and 12 m
respectively but did not alter in 24 m in comparison to age-matched vehicle group. Curcumin
resulted in 6 h phase delay of rCry2 in 3 m but restored the phase in 12 m with maximum
expression at ZT-12 in comparison to 3 m VT group. Curcumin did not alter the phase of rCry2
in 24 m in comparison to 24 m VT group. Curcumin did not show alteration in the phase of rRev-
erbo. in all the age groups in comparison to age-matched vehicle group. rRora showed
rhythmicity in 3 m with maximum expression at ZT-18, but in 12 and 24 m, rRora showed 6 h

phase delay with curcumin administration in comparison to age-matched vehicle group (Fig. 52).
Effect of curcumin on daily rhythms of immune genes in spleen

With curcumin administration, rNf-xb1 did not show alteration in all the age groups in
comparison to age-matched vehicle group. Curcumin phase delayed r7Tnfa by 6 h in 3 m, but
phase advanced by 6 h and 12 h in 12 and 24 m in comparison to age-matched vehicle group.
Curcumin resulted in 6 h and 12 h phase delay of rll6 in 3 and 12 m respectively but did not alter
in 24 m in comparison to age-matched vehicle group. rTir4 showed 6 h phase advance in 3 m but
showed 12 h and 6 h phase delay in 12 and 24 m in comparison to age-matched vehicle group.
Curcumin phase advanced rTIr9 by 6 h in 3 m, but restored the phase in 12 m with maximum
expression at ZT-18 and phase delayed by 12 h in 24 m in comparison to age-matched vehicle
group (Fig. 53) (Table 13).

Effect of curcumin on mean 24 h levels and daily pulse of clock genes in spleen

Curcumin administration did not alter the levels of rBmall in 3 and 24 m in comparison to age-
matched vehicle group but restored the levels in 12 m in comparison to 3 m VT group. Curcumin
resulted in increased levels in 3 m, decreased in 12 m and did not alter in 24 m in comparison to
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age-matched vehicle group. Curcumin increased the levels of rPer2 in 3 m, but restored in 12
and 24 m in comparison to 3 m VT group. Curcumin did not alter the levels in 3 m, decreased the
levels in 24 m in comparison to the age-matched vehicle group, but restored the levels in 12 min
comparison to 3 m VT group. rCry2 levels showed an increase in 3 m, decrease in 12 m but did
not alter in 24 m in comparison to age-matched vehicle group. Curcumin did not alter the levels
of rRev-erba in all age groups in comparison to age-matched vehicle group. Curcumin increased
the levels of rRora in 3 m but did not alter in 12 and 24 m in comparison to age-matched vehicle
group (Fig. 54). Curcumin decreased the daily pulse of rBmall in 3 and 24 m but did not alter in
12 m in comparison to age-matched vehicle group. rPerl did not alter in 3 m but restored in 12
m in comparison to 3 m VT group. In 24 m, curcumin increased the mean levels in 24 m in
comparison to 24 m VT group. Curcumin decreased the levels of rCryl in 3 m, did not alter in 12
m but increased in 24 m in comparison to age-matched vehicle group. rCry2 levels were
increased but rRev-erba levels are decreased with curcumin administration in all age groups in
comparison to age-matched vehicle group. rRora levels were not altered in 3 and 24 m but

decreased in 12 m in comparison to age-matched vehicle group (Fig. 55) (Table 12).
Effect of curcumin on mean 24 h levels and daily pulse of immune genes in spleen

Curcumin administration did not alter the levels of rNf-xb/ in 3 m but restored the levels in 12
and 24 m in comparison to 3 m VT group. Curcumin reduced the levels of »Tnfo in all age groups
in comparison to age-matched vehicle group. Curcumin increased the levels of rll6 in 3 m, did
not alter in 12 m, but decreased in 24 m in comparison to age-matched vehicle group. The mean
24 h levels of rTlr4 were increased in 3 m but did not later in 12 and 24 m with curcumin
treatment in comparison age-matched vehicle group. Curcumin increased the levels of rTIr9 in 3
m but restored the levels in 12 m in comparison to 3 m VT group. In 24 m, curcumin decreased
the levels of rTIr9 with curcumin administration (Fig. 54). Curcumin decreased the daily pulse of
rNf-xb1 in 3 m but restored in 12 m in comparison to 3 m VT group. In 24 m, curcumin did not
alter the daily pulse in comparison to 24 m VT group. Daily pulse of »Tnfa decreased in 3 and 24
m but did not alter in 24 m with curcumin treatment in comparison to age-matched vehicle group.
Curcumin increased the daily pulse of rll6 in 3 and 12 m but did not alter in 24 m in comparison
to age-matched vehicle group. Curcumin increased the daily pulse of rTIr4 in 3 and 12 m but
decreased in 24 m in comparison to age-matched vehicle group. Daily pulse of rTIr9 did not alter
in 3 m, increased in 12 m, but decreased in 24 m in comparison to age-matched vehicle group
(Fig. 55) (Table 13).
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Fig. 53: Effect of curcumin administration on daily rhythms of »Nfkb1, rTnfa, rll6, rTird and
rTir9 mRNA expression in 3, 12 and 24 months (m) old rat spleen. Each value is mean £ SEM (n
=4), p <0.05 and expressed as relative mRNA expression. pa < 0.05; pp < 0.05, pc < 0.05 and pqg
< 0.05 (where ‘a’, ‘b’, ‘¢’ and ‘d’ refers to comparison with ZT-0, ZT-6, ZT-12, and ZT-18
respectively within the group).

Effect of curcumin on the correlations of clock genes in spleen

In LP of 3 m CT, rPerl, rPer2, rCryl, rCry2, rRev-erba, and rRoro showed a positive
correlation with each other but showed a negative correlation with rBmall. In DP of 3 m CT,

rBmall showed negative correlation with rPerl, rPer2, rCryl and rRev-erboa, whereas, rRoro
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showed positive correlation with rPerl, rPer2, rCryl and rCry2. rPerl, rPer2, and rCryl
showed a positive correlation with each other. rPerl showed a positive correlation with rCry2,

but rRev-erba showed a positive correlation with rPer2 and rCry1 (Fig. 56).
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Fig. 54: Effect of curcumin administration on Mean 24 hour (h) levels of clock and immune
genes expression in 3, 12 and 24 months (m) old rat spleen. Each value is mean = SEM (n =4), p
< 0.05 and expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to comparison
with age-matched vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with 3 m
vehicle-treated group).

In LP of 12 m CT, curcumin restored the negative correlation between rBmall and rRev-erba;
rCryl and rRev-erba, and restored the positive correlation between rPerl and rCry2. Curcumin
resulted in positive correlation between rBmall and rCryl; rPerl and rCry2; rPerl and rRev-
erba; rPerl and rRora; rPer2 and rCry2; rPer2 and rRora; rCry2 and rRora, and negative
correlation between rBmall and rPerl; rPerl and rCryl. In DP of 12 m CT, curcumin restored
positive correlation between rBmall and rCryl; rPerl and rPer2. Curcumin resulted in positive
correlation between rPerl and rCry2; rPer2 and rCry2; rCry2 and rRora; rRev-erbo, and rRora,
but negative correlation between rBmall and rRev-erba; rBmall and rRora; rCryl and rRev-
erba. In LP of 24 m CT, curcumin restored the positive correlation between rPerl and rCryl,
rPer2 and rCry2; rRev-erba and rRora, and restored negative correlation between rCryl and

rRev-erbo. Curcumin resulted in negative correlation between rBmall and rPerl; rBmall and
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rPer2; rBmall and rCryl; rBmall and rRora, and positive correlation between rPerl and rPer2;
rPer2 and rRora; rCry2 and rRev-erba; rCry2 and rRora. In DP of 24 m CT, curcumin restored
the negative correlation between rBmall and rPerl; rBmall and rCry2; rPer2 and rCry2; rCry2
and rRora, and restored the positive correlation between rPerl and rPer2. Curcumin resulted in
negative correlation between rBmall and rPer2; rBmall and rCryl; rPerl and rRev-erba; rPer2
and rRev-erba; rCryl and rRev-erbo; rCry2 and rRev-erba, and positive correlation between

rBmall and rRev-erba; rPerl and rRora; rPer2 and rCryl; rCryl and rCry2 (Fig. 56).
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Fig. 55: Effect of curcumin administration on Daily pulse of clock and immune genes expression
in 3, 12 and 24 months (m) old rat spleen. Each value is mean = SEM (n = 4), p < 0.05 and
expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to comparison with age
matched vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with 3 m vehicle-
treated group).

Effect of curcumin on the correlation among immune genes in spleen

In LP of 3 m CT, curcumin resulted in negative correlation between rNf-xb1 and rTnfa; rNf-xb1
and rll6; rNf-xb1 and rTlrd; rNf-kb1 and rTIr9; rTlr4 and rTIr9, and positive correlation between
rNf-xb1 and rTIr9; rTnfa and rll6; rTnfo and rTlr4; rll6 and rTIr4. In DP of 3 m CT, curcumin
resulted in a positive correlation between rNf-xb1 and rTIr9; »Tnfa and rll6; »Tnfa and rTIr4; rll6
and rTlr4 (Fig. 56).
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Table 12: Effect of curcumin on age-induced alterations of clock genes expression

Gene ZT-0 ZT-6 ZT-12 zT18 | Mean2ah | Max/min
levels ratio
mVT | 05300 | 075007 | 0B=00 | 03100 | (082:003 302+ 008
mCT | 048:007 | 03001 | 02800 | 043=001 | 0372007 7= 001
gy VT | 04003 | 04000 | 034:000 | 056+00 | 04002, 167+ 007y
ImCT | 029000 | 025:007 | 079:000 | 039001 | (03=00x 5= 007y
ZmVT | 07007 | 032¢007 | 02=001 | 03=00 0.38+0.05 341= 008
%m0l | OM=00 | 03:000 | 078=000 | 076:000 | (0312002 158 = 001y
3mVT | 062001 | 07«0 | 085:003 | 071007 | (0B4=005 208+ 108
mCT | 087:008 | 10300 | 178=003 | 186=007 41 = 0l x 203 =11
oory |_ZmVT | UBs04 | 153003 | 1B+00Z | L31+00 132004y 132+ 002
ZmET | 0520 U200 | (=007 | 103005 | 081=00Bxy | 221000
ZmVT | 079:000 | 1B=007 | 073=000 | 07:002 | 085005y | 85008y
%m0l | 056:001 | 085:003 | (1005 | 083000 | 084=005, | 1982005y
3mV | 00«0 | Q@=000 | 033:000 | 021=0 02007 271+ 013
mCT | 008=000 | 047=001 | 064001 | 055007 | 0452004« 342005 x
oo, | VT | 02002 | 080 | 0400 | 038002 | 035:002, 217+ lky
ImCT | 020 020 | 03500 | 03800l | 0762003 | 3252005xy
ZmVT | 0800 | 031=0 024=0 | 033=000 | 02700l 175+ 006y
Zm0T | 02=0 | 02000 | 023=001 | 031001 | 0232002 271+ 0x
mVT | 064000 | 036=0 | 0532000 | 04001 | 049003 189+ 0.07
mCT | 0830 | 05=007 | 0800 | 056:000 | 052007 1552 001«
oyt | MV [ 04-00 | 0a=00 | 08-003 | 06001 | 06005, 1392003
mCT | 04000 | 082:007 | 048003 | 068=001 | (0482003« 207+ 012
Z4mVT | 056004 | 05/=001 | 043=00 | 069007 | 056002 142001y
Zm0T | 032001 | 08200 | 0Al=007 | 051e0 | 0392002xy | 1632002xy
3mV | 028=00 | 027=001 | 03=00 | 03=0 023+ 00 L4+ 0.07
BmCT | 0382007 | 048007 | 04B«001 | 072001 | 050+003x | 1862008
‘crp | ImVT | 089-000 | 08007 | 057-004 | 089+001 | 054:008, | 178+00i
ImCT | 021=000 | 037000 | 0562001 | 048=007 | 04I=003xy | 2742007xy
ZmVT | 042<00 | 045007 | 031=000 | 04=00] 04 =000y 145+ 005 y
Zm0T | 028=000 | 05=00 | 033=001 | 05:001 | 042003y | 175000xy
3mVI | 07:000 | (8=00 | 08=00 |  02=0 053+ 0] I0.35 - 0.08
3mCT | 041007 | 125000 | 08007 | 03100 0630 407+ 008 x
eveerpy |LMVT_| 034:000 | 276207 | UBE=00 | 0%5:000 | (088:02 307044y
@m0l | 033=003 | 175007 | 052000 | 0270 072+ 06 B4 016 xy
ZmVT | 03=007 | 188007 | 052000 | 020 073018 B84 =03y
ZmOl | 056003 | 133=007 | 03800 | 02100 061= 0 BAL= 012 xy
mVT | 046:007 | 05:003 | 043:000 | 048=001 | (047200 L5 =007
mCT | 084=002 | 07:004 | 077003 | 088008 | 075003« 137+ 0.08
Rore |_ZmVT | 00004 | 1052008 | 03008 | 062:003 | 08i=007 295 = Dby
IOl | 042000 | 062<00 | 0812005 | 04700 | 057004y | 202+0.03y
ZmVT | 0B4=003 | 067005 | 046+00 | 0472003 | 054=003y | 148004y
Zm0T | 048=00 | 066003 | 08500 | 044003 | 053:002y | 153008y

MRNA expression of clock genes at ZT-0, 6, 12 and 18. px < 0.05, py < 0.05 where, ‘X’ refers to
significant difference with respective age-matched vehicle group. ‘y’ refers to significant

difference with 3 m vehicle-treated group.
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Fig. 56: Effect of curcumin administration on Pair wise correlations between clock and immune
genes in light (ZT-0, 6, 12) and dark (ZT-12, 18, 24/0) phase of 3, 12 and 24 months (m) old rat
spleen (LP - light phase; DP - dark phase; VT - vehicle-treated; CT - curcumin treated). Intensity
of color and size of circle represents correlation coefficient values between the genes. Where,
positive correlations are indicated by shades of blue, negative correlations by shades of red and
white indicates no correlation. ¥, “**° “***> ipdicates statistically significant correlations (p <
0.05), (p <0.01). (p <0.001) respectively. (B1- rBmall; P1 - rPerl; P2 - rPer2; C1 - rCryl; C2 -
rCry2; Re - rRev-erba; Ro — rRora; N1 - rNfkb1; Tnf — rTnfo; 116 - rl16; T4 - rTlr4; T9 - rTIr9).

In LP of 12 m CT, curcumin restored the positive correlation between rNf-xb7 and rTIr9; rTnfa
and rll6; rTlr4 and rTIr9. Curcumin resulted in a positive correlation between rNf-x61 and rll6;
rNf-«xb1 and rTlrd. rTnfo and rll6 showed a positive correlation with rTlr4 and rTIr9. In DP of 12
m CT, curcumin restored the positive correlation between rNf-xb! and rTlr4; rTnfa and rll6;
rTir4 and rTIr9. Curcumin resulted in positive correlation of rNf-xb/ and rTnfa; rNf-xbl and
ril6; rNf-xbl and rTIr9; rTnfo and rTIr9; rll6 and rTir4; rll6 and rTIr9. In LP of 24 m CT,
curcumin restored the positive correlation between rTlr4 and rTIr9. Curcumin resulted in positive
correlation between rNf-xb/ and rTnfa; rNf-kbl and rTlrd; rNf-xkb1 and rTIr9; rTnfa and rll6;
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rTnfo and rTIrd; rTufo and rTIr9; rll6 and rTlr4. In DP of 24 m CT, curcumin restored the
positive correlation between rTir4 and rTIr9. Curcumin resulted in positive correlation between
rNf-xb1 and rTnfa; rNf-xbl and rTlr4; rNf-xb1 and rTIr9; rTnfo and rTlr4; rTnfa and rTIr9 (Fig.
56).

3mVT ®
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Cryl Nfkb1
(]
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Fig. 57: WGCNA analysis between clock and immune gene clusters: effect aging on gene to
gene network in 3, 12 and 24 m old rat kidney (left panel) and effect of curcumin administration
(right panel). Color of the node indicates no. of interactions (highest—purple; intermediate—cyan
and least—yellow). Color of an edge indicates the strength of interaction (strongest—purple;
cyan—intermediate and weakest—yellow). Green and red dots indicate clock and immune genes
respectively.

Effect of curcumin on the correlation between clock and immune genes in spleen

In LP of 3 m CT, rPer1, rPer2, rCryl, rCry2, rRev-erba and rRora showed negative correlation
with rNf-xb1, but showed positive correlation with rll6 and rTlr4. rBmall showed positive

correlation with rNf-xkb/ and rTIr9. rBmall showed negative correlation with »Tnfa, rll6 and
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rTlrd. rPerl, rPer2, rCryl, rCry2 and rRora showed negative correlation with rTIr9. rPer2,
rCryl, rCry2, rRev-erba showed positive correlation with »Tnfa. In DP of 3 m CT, rPerl, rPer2,
rCryl and rRev-erbo showed negative correlation with rNf-xb1. rPer2, rCryl and rRev-erbo
showed negative correlation with rTIr9. rTnfa showed positive correlation with rCry2 and rRoro.
ril6 showed positive correlation with rPerl, rPer2, rCryl, rCry2 and rRora. rTir4 showed
positive correlation with rPerl, rCry2 and rRora. rBmall showed positive correlation with rNf-
kbl and rTIr9. In LP of 12 m CT, curcumin restored the negative correlation between rBmall
and rTnfa; rBmall and rll6, and positive correlation between rPerl and rTnfa; rCry2 and rll6.
rCry2 with rNf-«xb1, rTlrd, rTIr9; rRev-erba with rTnfa, rll6, rTIrd, rTIr9; rRora with rNf-xb1,
ril6, rTlrd, rTIr9 showed positive correlation. In DP of 12 m CT, curcumin restored positive
correlation between rCryl and rNf-xb17; rCryl and rTIr9. rNf-xkb/ with rBmall, rPerl, rPer2,
rCryl; rTnfo. with rBmall, rCryl; rll6 with rBmall, rPerl, rCryl; rTIr4 with rPerl, rPer2,
rCry2; rTlr9 with rPerl, rPer2, rCryl, rCy2 showed positive correlation. rRev-erba showed
negative correlation with »Tnfa and rll6. In LP of 24 m CT, curcumin restored the negative
correlation between rBmall and rll6, and positive correlation between rPer2 and rll6; rCry2 and
rTnfa. rPerl with rNf-xb1; rCryl with rNf-xb1, rTnfo, rTlrd, rTIr9 showed negative correlation.
rCry2, rRev-erbo. and rRoro. showed positive correlation with all immune genes. In DP of 24 m
CT, curcumin restored negative correlation between rBmall and rll6; rPerl and rNf-xb1; rRora
and rTnfa, and positive correlation between rPerl and rll6; rPer2 and rll6; rCryl and rTIr4.
rPerl with rTnfa; rRev-erbo with rll6, rTir, rTIr9; rRora with rNf-xb1, rTlr4, rTIr9 showed
negative correlation. rPer2 with rTIr4, rTIr9; rCryl with rll6, rTIr9; rCry2 with rNf-xb1, rll6,
rTlrd4, rTIr9 showed positive correlation (Fig. 56).

WGCNA analysis between clock and immune genes with curcumin treatment in spleen

In 3 m CT, curcumin administration did not alter the interaction between clock and immune
genes. In 12 m CT, immune genes showed interactions within themselves but not with clock
genes. In 24 m CT, immune genes lost interaction with each other and rBmall showed

interaction with rPer2 (Fig. 57).
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Table 13: Effect of curcumin on age-induced alterations of immune genes
Gene ZT-0 ZT-6 ZT-12 zT18 | Mean2ah | Max/min
levels ratio
3m\T 0.20+0 0«0 050 0120 0.5 0.0 182 = 0.02
3mCT 0.7+ 00 0150 0140 070 06«0 12+ 0.0Bx
(NF-xcb] 12mVT 0.26 +0.01 0240 023 +0.01 0.37 = 0.01 028002y 161+ 000y
12mCT 01«0 0130 015000 0.2=+0.01 014000« 1.96 + 0.05 x
2m\VT | 024001 0.27+0.02 0130 08«0 0200y 204 =01
24m LT 0140 080 0.03:0 05«0 0.14 = 0.0l x .87 + 0.05
3m\VT 1+ 0.02 0.84«0.01 164 + 0.04 1.09 +0.02 14+ 0.08 1.96 + 0.04
3mCT 0.43 +0.02 0.48 + 0.01 0.45+ 0.05 0.71=0.02 0.52 + 0.03 x .63 + 0.03 x
rTnfa 12mVT 1.44 = 0.08 118 + 0.06 090 14007 122+ 0.07 17«08
12 mCT 0.41=0.07 048 +0.08 043 +0.01 0.66 « 0.06 0.0+ 0.04xy 167017
24 m\T 0.68 +0.03 0.86 = 0.07 0.32 + 0.01 1.33 + 0.06 0801y 408 =012y
24m T 0.37+0.01 0.83«01 0.27=0.01 04=0.00 0.47 = 0.0B x,y 3 0.3 xy
3m\T 00«0 00«0 00«0 00«0 00«0 1.54 = 0.24
3mCT 0.02+0 0.04+0 0.05+0 0.07=0 0.04+0x 3.7+ 0.34x
116 12mVT 0.05 =00 0.07+0 0.06=0.01 0.04+0 00a«0y 173 = 0.06
12mCT 0010 0.04+0 0.04+0 0.03=0 005000y 10.35 + 0.8 x,y
24 m\T 0.03+0 0.03:0 00«0 0.02+0 0.02:0y 289+ 008y
24mCT 00 0.01«0 0.01«0 00 0.0+ 0 xy 2703y
dm VT 0.94+0.02 0.87 = 0.01 0.81+0.02 0.78 = 0.01 0.85 = 0.02 12+0.02
3mCT 122 +0.07 1,55 + 0.02 .50+ 0.08 2.25+0.01 163+ 0.1« .80 = 0.09 x
Tird 12mVT 1.42 < 0.01 168 = 0.03 1.01 = 0.06 119+ 0.03 133 0.07y 169 +0.09y
12 mCT 0.67 < 0.01 1.47 = 0.06 .54+ 0.02 1.57 = 0.08 13101y 2.33 + .04 x,y
24 m\T 1,62 + 0.03 125+ 0.05 083001 0.79 + 0.02 114009y 206000y
24mlT | 0.98=0.02 1.3 0.0l 0,95 = 0.04 119+ 0.02 1+ 0.04y 1.39 = 0.0 x,y
3m\VT 162 + 0.04 112 = 0.01 1.2+ 0.04 123 +0.02 129 + 0.05 .44 +0.07
3mCT 197007 147001 116+ 0.02 174+ 0.06 149 + 0.0 x 149+ 0.03
TIr9 2mVT | 145000 147+ 0.07 15301 169 =0 .54 = 0.04 y LI + 0.0B y
1ZmCT 0.73=0.02 136+ 0.05 136+ 0.05 145+ 0.04 1.22 = .08 x 199 = 0.0 xy
24 m\T 143+ 0.04 163+ 0.07 0.8+ 0.04 .48 = 0.03 133 + 0.08 203004y
24mCT 0.87 = 0.03 0.87 = 0.04 0.77+0.03 0.97+0.02 0.86 £0.02 xy 126 = 0.02 x,y

MRNA expression of immune genes at ZT-0,6, 12 and 18. px < 0.05, py < 0.05 where ‘x’ refers to
significant difference with the respective age-matched vehicle group. ‘y’ refers to significant

difference with 3 m vehicle-treated group.
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I1. B (iv). Effect of curcumin on the age-induced alterations of 5-HT in liver,
kidney, and spleen

Effect of curcumin on age-induced alterations of daily rhythms, mean 24 h levels, and daily

pulse of 5-HT in liver

With curcumin administration in 3 m, 6 h phase delay was observed in comparison to 3 m VT
with maximum levels at ZT-6 and minimum at ZT-12. In 12 m CT, maximum levels were
observed at ZT-6 with 6 h phase delay in comparison to 12 m VT. In 24 m, 6 h phase delay was
observed with maximum levels at ZT-0 in comparison with 24 m VT (Fig. 58). Mean 24 h levels
did not alter in 3 and 12 m CT but decreased in 24 m CT in comparison with age-matched VT
groups (Fig. 59a). Daily pulse was not altered in 3 and 24 m CT but showed an increase in 12 m

CT in comparison to age-matched VT groups (Fig. 59b) (Table 14).
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Fig. 58: Effect of curcumin administration on daily rhythms of 5-HT in 3, 12 and 24 months (m)
old rat liver, kidney, and spleen. Each value is mean £ SEM (n = 4), p < 0.05 and expressed as
relative mRNA expression. pa < 0.05; pp < 0.05, pc < 0.05 and pg < 0.05 (where ‘a’, ‘b’, ‘¢’ and
‘d’ refers to comparison with ZT-0, ZT-6, ZT-12, and ZT-18 respectively within the group).
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Effect of curcumin on age-induced alterations of daily rhythms, mean 24 h levels, and daily

pulse of 5-HT in kidney

With curcumin treatment, 5-HT showed 12 h phase advance in 3 m CT with maximum levels at
ZT-6 in comparison to 3 m VT group. In 12 m CT, the phase was not altered with maximum
levels at ZT-0 and minimum at ZT-12 in comparison to 12 m VT group. In 24 m CT, 6 h phase
delay was observed with maximum levels at ZT-0 in comparison with 24 m VT group (Fig. 58).
Mean 24 h levels were increased in 3 and 12 m CT, but did not vary in 24 m CT in comparison to
age-matched VT groups (Fig. 59a). Daily pulse was not altered in 3 and 24 m CT but increased
in 12 m CT in comparison to age-matched VT groups (Fig. 59b) (Table 14).
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Fig. 59: Effect of curcumin administration on (a) Mean 24 hour (h) levels and (b) Daily pulse of
5-HT in 3, 12 and 24 months (m) old rat liver, kidney, and spleen. Each value is mean £ SEM (n
= 4), p < 0.05 and expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to
comparison with the age-matched vehicle-treated group). pq < 0.05 (where ‘q’ refers to
comparison with 3 m vehicle-treated group).

Effect of curcumin on age-induced alterations of daily rhythms, mean 24 h levels, and daily

pulse of 5-HT in spleen

In spleen, with curcumin treatment, 12 h phase advance was observed in 5-HT levels in 3 m CT
with maximum levels at ZT-6 in comparison to 3 m VT group. In 12 m CT, 12 h phase delay was
observed with maximum levels at ZT-12 in comparison to 12 m VT group. In 24 m CT, 6 h
phase delay was observed with maximum expression at ZT-18 in comparison to 24 m VT group

(Fig. 58). Mean 24 h levels did not alter in 3 m CT but showed a significant increase in 12 and 24
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m CT in comparison to age-matched VT groups (Fig. 59a). Daily pulse did not alter in 3 m CT

but showed a significant decrease in 12 and 24 m CT in comparison to age-matched VT groups

(Fig. 59b) (Table 14).

Table 14: Effect of curcumin on age-induced alterations of 5-HT levels

Tissue Z1-0 716 71-12 Z1-18 MT:"I‘;: e Tt
MVT 0.66 = 0.05 0.34 +0.03 [.18 = 0.04 0.49 +0.08 0.47 = 0.05 416+019
SM CT 0.42 = 0.05 0.94 +0.18 0.19+0.07 0.27 = 0.06 0.46 +0.09 6.33 = 2.01

Liver ZMVT 0.65 = 0.09 0.05 = 0.02 0.1«0.03 0.14 +0.07 023 =007y 1556285y

IZMCT 0.64=0.09 |54 +0l 0010 0.02=0 0.58 017 117.8 £ 10.68 x,y
24M\T 0140 0.21+0.05 0.44 = 0.01 07401 0.38 +0.07 915+ 0457
24CT 0.24 = 0.09 0.1 +0.04 016 +0.05 0.08 = 0.03 015 £0.03 x,y 496 + 787
MVT 0.08 = 0.01 0140 013«0 017+ 0.01 013+0.0 2.31+0.3
M CT 0.85 = 0.1 126 = 0.06 0.92 = 0.04 127 = 0.09 1.06 + 0.06 x 158 +0.725

Kidney ZMVT 0.54 = 0.06 0.35 + 0.03 0.17 +0.02 0.26 = 0.04 033004y 3036y
IZM CT 142 +0.07 1.00=0.08 0.23+0.03 0.57 = 0.05 0.81 012 x,y BT +1xy
24M\T 0.21«0.04 0.37 = 0.08 0.52 = 0.04 0.56 + 0.08 047 +0.04y 3.27 122
24CT 0.59 = 0.07 0.17 = 0.04 0.4 +0.05 0.25 +0.04 035005y 401+1.02
MVT 528 +1.75 85+0499 736 =154 2461 £2.3 1419 +195 380+
M CT 729077 2762 £2.27 10.5 =147 12.47 =198 1447 «7.16 394 =056

spleen ZMVT 17905 055012 0.47 = 0.07 0.79 = 0.04 078019y 596 +1.32
IZMCT B.35 = 0.63 3.53«0.19 82316 432072 9.6l 0.63 xy 2.31 = 044y
24M\T 0.66 = 0.05 136016 416 =087 2.76 = 0.6 204y 6.6 = 0.68
24CT 03«05 2.55 = [0.54 391029 768+0.85 486+ 0.50 xy 30082y

Levels of 5-HT at ZT-0,6, 12 and 18. px < 0.05, py < 0.05 where ‘x’ refers to significant
difference with the respective age-matched vehicle group. ‘y’ refers to significant difference with
3 m vehicle-treated group.
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I11. A (i). Effect of LPS on clock, immune and microglia resting genes mRNA
expression in microglia

Effect of LPS on daily rhythms of clock, immune and microglia resting genes in microglia

With LPS treatment, rBmall showed 6 h phase delay with maximum expression at ZT-6 and
minimum at ZT-18. rPerl, rPer2 and rRev-erba showed 6 h phase delay with maximum
expression at ZT-12 and minimum at ZT-0. rCry1, rCry2 and rRora lost the rhythmicity. rNf-«xb1
and rTnfo. showed 6 h phase delay with maximum expression at ZT-12. rll6 showed rhythmic
expression with maximum expression at ZT-6 and minimum at ZT-0. rTIr4 and rTIr9 did not
show variation in phase with maximum expression at ZT-6 and minimum expression at ZT-0.
The phase of rCx3crl did not vary with maximum expression at ZT-6 and minimum expression
at ZT-18. rCd172 and rCd45 lost rhythmicity with LPS treatment in comparison to VT group
(Fig. 60) (Table 15, 16).

Effect of LPS on mean 24 h levels and daily pulse of clock, immune and microglia resting

genes in microglia

With LPS administration, rBmall, »Rora, rCry2 showed significant increase in mean 24 h levels.
rRev-erbo. and rCryl showed significant decrease in mean 24 h levels. rNf-xb1, rTnfo, rll6 and
rTlr4 showed significant increase, whereas rTlr9 did not show variation in mean 24 h levels.
rCx3crl did not vary in mean 24 h levels but rCd172 and rCd45 showed significant decrease in
mean 24 h levels in comparison to VT group (Fig. 61). With LPS treatment, daily pulse did not
alter for rBmall, rPer2, rCryl, rCry2 and rRora. But rPerl and rRev-erba showed significant
increase. rll6 showed increased daily pulse and rTIr9 showed decreased daily pulse. rCx3crl
showed increase in daily pulse, but rCd172 showed no variation and rCd45 showed reduction in
comparison to VT group (Fig. 62) (Table 15, 16).

Effect of LPS on correlation among clock, immune and microglia resting genes in microglia

In the light phase with the LPS treatment, rBmall and rRora; rPerl and rPer2; rPerl and rCryl;
rPerl and rCry2; rPerl and rRev-erba; rPer2 and rCryl; rPer2 and rCry2; rPer2 and rRev-erba;
rCryl and rCry2; rCryl and rRev-erba; rCry2 and rRev-erba were positively correlated. rBmall
and rPerl; rBmall and rCryl; rBmall and rCry2; rBmall and rRev-erba; rPerl and rRora;
rPer2 and rRora; rCryl and rRora; rCry2 and rRora; rRev-erbo and rRoro showed negative
correlation. rNf-xb1 and rTnfa; rNf-kb1 and rll6; rNf-kb1 and rTIr9; rll6 and rTIr9; rTlr4 and
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rTir9 showed positive correlation whereas rTnfa and rTlr4 showed negative correlation. All the
microglial resting genes showed positive correlation with each other. Between clock gene and
immune gene rBmall and rNf-xb7; rBmall and rTlr4; rPerl and rNf-xb/; rPerl and rTnfo;
rPerl and rTIr9; rPer2 and rll6; rPer2 and rTIr9; rCryl and rNf-«xb1; rCryl and rTnfa; rCryl
and rTIr9; rCry2 and rNf-xb1; rCry2 and rTnfa; rCry2 and rTIr9; rRev-erbo and rNf-xb1; rRev-
erbo. and rTnfa; rRoro and rTIrd showed positive correlation whereas rBmall and »7Tnfa; rPerl
and rTIr4; rPer2 and rTIr4; rCryl and rTlr4; rCry2 and rTIr4; rRev-erba and rTIr4; rRora and
INf-xb1; rRoro and rTnfa; rRora and rTIr9 were negatively correlated. The microglial resting
genes and clock genes showed positive correlation between rBmall and rCx3crl; rBmall and
rCd172; rBmall and rCd45. We found negative correlation between rPerl and rCd172; rPer2
and rCd172; rCryl and rCd172; rCryl and rCd45; rCry2 and rCd172; rCry2 and rCd45; rRev-
erbo. and rCd172; rRev-erba and rCd45 (Fig. 63).

In dark phase the clock genes rBmall and rRora; rPerl and rPer2; rPerl and rCry2; rPerl and
rRev-erba; rPer2 and rCry2; rPer2 and rRev-erba; rCryl and rCry2; rCryl and rRev-erbo;
rCry2 and rRev-erba showed positive correlation whereas rBmall and rCryl; rBmall and rCry2;
rBmall and rRev-erba; rPerl and rRora; rPer2 and rRora; rCryl and rRora; rCry2 and rRora;
rRev-erbo. and rRoro showed negative correlation. Amongst the immune genes rNf-xkb/ and
rTnfa; rNf-kbl and rll6; rNf-xb! and rTIr9; rTnfo and rll6; rll6 and rTIr9 showed positive
correlation while r116 and rTlr4 showed negative correlation. In microglial resting genes rCd172
and rCd45 were positively correlated. Upon correlating clock genes with immune genes we
found rBmall and rTIr4; rPerl and rNf-xb1; rPerl and rTnfa; rPerl and rll6; rPerl and rTIr9;
rPer2 and rNf-xb1; rPer2 and rTnfo; rPer2 and rll6; rPer2 and rll6; rPer2 and rTIr9; rCryl and
rll6; rCry2 and rNf-xb1; rCry2 and rTnfa; rCry2 and rTnfo; rCry2 and rll6; rCry2 and rTIr9;
rRev-erbo. and rNf-xb1; rRev-erbo. and rTnfo; rRev-erba and rll6; rRev-erba and rTIr9 showed
positive correlation. rBmall and rll6; »Rora and rNf-xbl; rRora and rTnfo; rRora and rll6,
rRora and rTIr9 showed negative correlation. Microglia resting genes and clock genes showed
rBmall and rCx3crl; rBmall and rCd172; rBmall and rCd45; rPerl and rCx3crl; rRoro and
rCd172; rRoro and rCd45 were positively correlated whereas rPerl and rCd172; rPerl and
rCd45; rPer2 and rCd172; rPer2 and rCd45; rCryl and rCx3crl; rCry2 and rCd172; rCryland
rCd45; rCry2 and rCd172; rCry2 and rCd45; rRev-erba and rCd172; rRev-erba and rCd45
showed negative correlation (Fig. 63).
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WGCNA analysis among clock, immune and microglia resting genes with LPS treatment in

microglia

With LPS treatment, clock and immune genes showed decreased interactions with each other.
rCd45 showed interaction with rBmall. »Tnfa showed interaction with rPerl and rPer2. rTIr4

showed interaction with rCryl (Fig. 64).

I11. A (ii). Effect of LPS on clock and immune genes mRNA expression in liver

Effect of LPS on daily rhythms of clock and immune genes in liver

With the LPS administration rBmall did not show change in maximum expression but minimum
expression shifted to ZT-18. However, rPerl, rCryl, rCry2 and rRora showed phase shift with
maximum expression at ZT-0 and minimum at ZT-12. rPer2 showed 12 h phase advance with
maximum expression at ZT-0 and minimum at ZT-6. rRev-erba showed 12 h phase delay with
maximum expression at ZT-18 and minimum at ZT-6. rNf-xb1, ril6, rTir4 and rTIr9 showed
phase shift with maximum expression at ZT-0 and minimum at ZT-12. But rTnfo. expressed
maximum at ZT-6 with 6 h phase advance and minimum at ZT-12 (Fig. 65) (Table 17).

Effect of LPS on mean 24 h levels and daily pulse in liver

Mean 24 h levels of rBmall showed no significant variation in LPS treated and PDTC treated
groups rPerl did not show significant variation in LPS in comparison to VT. rPer2 did not show
significant variation among the groups studied. rCryl and rCry2 did not vary in LPS group in
comparison to VT. rRev-erba showed significant decrease in LPS group in comparison to VT.
rRora did not show variation between VT and LPS. rNf-xb/ showed significant increase in LPS
in comparison to VT. rTnfa, rll6 and rTIrd also showed significant increase in LPS group in

comparison of VT group. rTIr9 did not show variation between LPS and VT group (Fig. 66).

Daily pulse of rBmall and rRev-erba showed significant decrease in LPS in comparison to VT.
rPerl showed significant increase in LPS in comparison to VT. rPer2 and rCry2 showed
significant increase in LPS in comparison to VT. rCryl did not show variation between VT and
LPS groups. rRora showed increase in LPS group in comparison to VT. rNf-xb1, rTnfa, rTir9
showed increase in LPS in comparison to VT. rll6 showed increase in LPS group in comparison
to VT. rTlr4 showed decrease in LPS in comparison to VT (Fig. 67) (Table 17).
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Effect of LPS on correlation between clock and immune genes in liver

In LPS group, all the clock genes showed significant positive correlation between each other (p <
0.001; p < 0.01). rNf-xb1 showed positive correlation with rTlr4 and rTIr9 (p < 0.001; p < 0.01).
rTnfo and rll6; rll6 and rTIr9; rTird and rTIr9 showed positive correlation (p < 0.01; p < 0.05).
rTlr4 showed positive correlation with all the clock genes (p < 0.001). rBmall, rPerl, rCry2 and
rRora showed positive correlation with rTIr9 (p < 0.01; p < 0.05). In dark phase, all the clock

and immune genes showed positive correlation with each other (p < 0.001) (Fig. 68).
WGCNA analysis between clock and immune genes with LPS treatment in liver

In LPS group, clock and immune genes showed strong interactions with each other (Fig. 69).

I11. A (ii). Effect of LPS on clock and immune genes mRNA expression in
kidney

Effect of LPS on daily rhythms of clock and immune genes in Kidney

rBmall showed maximum expression at ZT-0 and minimum at ZT-12 in VT group. With LPS
treatment, maximum expression did not alter but minimum expression observed at ZT-6. rPerl
showed maximum expression at ZT-12 and minimum at ZT-0 in VT, with LPS treatment 12 h
phase advance was observed. rPer2 and rCry2 showed maximum expression at ZT-12 and
minimum at ZT-6 in VT, but with LPS treatment 6 h phase delay was observed with maximum
expression at ZT-18. rCryl and rRora expressed maximum at ZT-18 in VT, with LPS treatment,
rRora maximum expression did not vary but rCryl showed 6 h phase delay with maximum
expression at ZT-0. rRev-erbo. showed maximum expression at ZT-6 and minimum at ZT-18 in
VT, but with LPS treatment 12 h phase delay was observed with maximum expression at ZT-18.
rNf-xb1, rTnfo, ril6, rTlr4 and rTIr9 showed peak at ZT-12 and minimum expression at ZT-6
except for rll6 which showed minimum expression at ZT-0. LPS treatment did not vary the
expression of rNf-xb1, but resulted in 6 h phase advance in case of »Tnfa and rll6, 12 h phase
advance in case of rTIr4 and rTIr9 (Fig. 70) (Table 18).

Effect of LPS on mean 24 h levels and daily pulse in kidney

Mean 24 h levels of rBmall significantly increased in LPS in comparison to VT. rPerl showed
significant decrease in LPS in comparison to VT group. rPer2 showed significant decrease in

LPS group in comparison to VT. rCryl mean 24 h levels did not alter in the groups studied.
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rCry2 levels decreased in LPS in comparison to VT. rRev-erbo. and rRoro showed significantly
increased levels in LPS in comparison to VT. With the LPS treatment, rNf-xb1, rTnfo, rll6 and
rTlrd showed significantly increased levels in comparison to VT. rTIr9 expressions levels
significantly not altered in LPS group in comparison to LPS group (Fig. 71). Daily pulse of
rBmall showed significant decrease in LPS in comparison to VT group. Daily pulse of rPerl,
rPer2, rCry2 and rRora did not vary in the groups studied. rCryl showed decreased daily pulse
in LPS in comparison to VT. Daily pulse of rRev-erba decreased with LPS treatment in
comparison to VT. Daily pulse of rNf-xb1 did not alter in the groups studied. In case of rTnfa,
daily pulse significantly increased in LPS. Daily pulse of rll6 increased in LPS group in
comparison to VT group. Daily pulse of rTIr4 significantly increased in LPS in comparison to
VT group. Daily pulse of rTIr9 did not show significant change in LPS in comparison to VT
group (Fig. 72) (Table 18).

Effect of LPS on correlation between clock and immune genes in kidney

In LPS group light phase, rBmall and rPerl; rBmall and rCryl; rPerl and rCryl; rPer2 and
rCryl; rCry2 and rRev-erba; rRev-erbo and rRora showed positive correlation (p < 0.001; p <
0.01; p < 0.05). rPerl and rCry2; rPer2 and rRora showed negative correlation (p < 0.001; p <
0.05). rRev-erba and rRora showed negative correlation with rBmall, rPerl and rCryl (p <
0.001; p < 0.01). rNf-xb1 showed negative correlation with all immune genes except rTIrd (p <
0.001; p < 0.05). rTnfa and rll6 showed positive correlation (p < 0.001). rTIr4 showed negative
correlation with »Tnfo and rll6 (p < 0.001; p < 0.05). rTnfa and rll6 showed negative correlation
with rBmall, rPerl, rPer2 and rCryl (p < 0.001; p < 0.01; p < 0.05), but showed positive
correlation with rRev-erba and rRora (p < 0.001; p < 0.05). rNf-xb1 showed positive correlation
with rPer2 and rCry1, while rTIr4 showed positive correlation with rBmall, rPerl and rCryl (p
< 0.001; p < 0.05). In dark phase, rBmall showed negative correlation with rPer2, rCry2, rRev-
erba. and rRoro. (p < 0.001; p < 0.01), but showed positive correlation with rPerl and rCryl (p <
0.001). rPerl and rCryl; rPer2 and rCry2; rPer2 and rRev-erba; rPer2 and rRora; rCry2 and
rRev-erba; rCry2 and rRora; rRev-erba and rRora showed positive correlation (p < 0.001; p <
0.01). rPerl and rPer2; rPerl and rCry2; rPerl and rRev-erba; rCryl and rCry2; rCryl and
rRev-erbo. (p < 0.001). rNf-xb1 and rTnfa; rNf-xb1 and rTlrd; rNf-xb1 and rTIr9; rTnfa and rll6;
rTlrd and rll6; rTIr9 and rll6 showed negative correlation (p < 0.001). rNf-xb1 and rll6; rTnfa
and rTlr4; rTnfa and rTIr9; rTird and rTIr9 showed positive correlation (p < 0.001). rNf-xb7 and
ril6 showed positive correlation with rPer2, rCry2 and rRev-erba, but showed negative
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correlation with rBmall, rPerl and rCryl. rTnfa, rTir4 and rTIr9 showed positive correlation
with rBmall, rPerl and rCryl, and showed negative correlation with rPer2, rCry2 and rRev-
erbo (p <0.001).

WGCNA analysis between clock and immune genes with LPS treatment in kidney

With LPS administration, the interactions between clock and immune genes decreased in

comparison to VT (Fig. 74).

I11. A (iv). Effect of LPS on clock and immune genes mRNA expression in
spleen

Effect of LPS on daily rhythms of clock and immune genes in spleen

In spleen, rBmall showed maximum expression at ZT-0 and minimum at ZT-12 in VT group,
with LPS treatment, maximum expression did not alter but minimum expression observed at ZT-
6. rPerl, rPer2, rCry2 showed similar pattern with maximum expression at ZT-12 and minimum
at ZT-6 in VT group. Interestingly, LPS treatment resulted in 6 h phase delay with maximum
expression at ZT18 in rPerl, rPer2 and abolished rhythm in rCry2. rCryl showed maximum
expression at ZT-0 and minimum at ZT-6, but with LPS treatment 12 h phase delay was observed
with maximum expression at ZT-12. rRev-erba. showed maximum expression at ZT-6 and
minimum at ZT-18, with LPS treatment maximum expression observed at ZT-12 with 6 h phase
delay. rRoro did not show rhythmicity in VT and LPS treated groups. rNf-xb1, rTlr4 and rTIr9
showed maximum expression at ZT-0 in VT, with LPS administration the maximum expression
of rNf-xb1 did not vary but rTIr4 and rTIr9 showed maximum expression at ZT-18. rTnfa and
ril6 expressed maximum at ZT-12 and minimum at ZT-6 in VT group, with LPS treatment,
rTnfa showed 6 h phase advance and r116 showed 6 h phase delay (Fig. 75) (Table 19).

Effect of LPS on mean 24 h levels and daily pulse in spleen

Mean 24 h levels of rBmall did not show significant change among the groups studied. rPerl
levels showed no significant variation in LPS in comparison to VT. rPer2 levels did not vary in
LPS group. rCryl showed no variation in LPS group. rCry2 levels showed no variation in LPS
group. rRev-erbo levels significantly decreased in LPS in comparison to VT group. rRora
showed significantly decreased levels in LPS in comparison to VT. With the LPS administration

all the immune genes showed increased levels of expression (Fig. 76). Daily pulse of rBmall and
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rRora significantly did not alter in LPS in comparison to VT group. Daily pulse of rPerl did not
vary in the groups studied. rPer2 showed significant increase in LPS group in comparison to VT
group. Daily pulse of rCryl showed significant increase in LPS in comparison to VT group.
rCry2 showed increased daily pulse in LPS group in comparison to VT group. rRev-erba showed
no variation in LPS group in comparison to VT group. rNf-«xb1, rTnfo, ril6 and rTIr4 showed no
significant variation in daily pulse among the groups studied. rTIr9 showed increased daily pulse
in LPS group (Fig. 77) (Table 19).

Effect of LPS on correlation between clock and immune genes in spleen

In LPS group light phase, rBmall showed negative correlation with rPerl, rPer2 and rCry2 (p <
0.001; p < 0.01). rPerl and rPer2; rPerl and rCry2; rPerl and rRev-erba; rPer2 and rCry2;
rPer2 and rRev-erba; rCryl and rRev-erba; rCry2 and rRev-erbo showed positive correlation (p
<0.001; p <0.05). rNf-xb1 and rTnfa; rNf-xb1 and rll6; »Tnfo and rTlr4; rll6 and rTlr4; rll6 and
rTIr9 showed negative correlation (p < 0.001; p < 0.01; p < 0.05). rTnfa and rll6; rNf-xb1 and
rTlr9 showed positive correlation (p < 0.001). rNf-kb/ and rTIr9 showed positive correlation
with rBmall but showed negative correlation with rPerl, rPer2 and rCry2 (p < 0.001; p < 0.01).
rTnfo. and rll6 showed positive correlation with rRora and rCry2, but showed negative
correlation with rBmall and rCryl (p < 0.001; p < 0.01; p < 0.05). rTIr4 and rCry1; rTIr4 and
rRev-erbo. showed positive correlation, while rTIrd and rRora; rTIr9 and rRev-erba showed
negative correlation (p < 0.001; p < 0.05). In dark phase, rBmall showed negative correlation
with rPerl, rCry2 and rRev-erba (p < 0.001; p < 0.01; p < 0.05). rPerl and rPer2; rPerl and
rCry2; rPer2 and rCry2; rCry2 and rRev-erba showed positive correlation (p < 0.001; p < 0.05).
rPerl and rCryl; rPer2 and rCryl; rCryl and rCry2; rCryl and rRoro showed negative
correlation (p < 0.001; p < 0.01; p < 0.05). rNf-xb1 and rTnfa showed negative correlation, while
INf-xkbl and rTIr9; rTnfa and rll6; rTnfa and rTlIrd; rll6 and rTlr4; rll6 and rTIr9 showed
positive correlation (p < 0.001; p < 0.01; p < 0.05). rNf-xb1 and rBmall; rNf-xb1 and rRora,;
rTnfa and rCry2; rTnfa and rRev-erba; rll6 and and rCry2; rTlr4 and rCry2; rTIr9 and rRora
showed positive correlation (p < 0.001; p < 0.01). »Tnfa, rll6, rTird and rTIr9 showed positive
correlation with rPerl1 and rPer2 (p < 0.001; p < 0.01; p < 0.05) (Fig. 78).

WGCNA analysis between clock and immune genes with LPS treatment in spleen

With LPS treatment, the interactions between clock and immune genes decreased in comparison
to VT (Fig. 79).
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I11. B (i). Role of NF-kB inhibitor on the LPS induced alterations of clock,
Immune, and microglia resting genes mMRNA expression in microglia

Effect of NF-xB inhibitor on the daily rhythms of clock, immune and microglia resting genes

in microglia

rBmall and rPer2 showed 6 h phase delay in LPS+PDTC group which is similar to LPS group,
but did not show variation in PDTC group in comparison to VT group. rPerl and rRev-erba
showed similar expression in LPS+PDTC and PDTC groups in comparison to VT group. rCryl
and rCry2 showed 6 and 12 h phase delay respectively in LPS+PDTC group but did not show
variation in PDTC group in comparison to VT group. rRora showed 6 h phase delay in
LPS+PDTC and PDTC groups in comparison to VT group. rNf-xbl, rTnfa, rTlrd and rTIr9
showed 6 h phase advance in LPS+PDTC and PDTC groups in comparison to VT group. rll6
showed maximum expression at ZT-12 in LPS+PDTC, where rhythmicity was lost in PDTC
group. rCx3crl and rCd45 showed 6 h phase advance in LPS+PDTC and PDTC groups in
comparison to VT group. rCd172 showed no alteration in LPS+PDTC group, but showed 6 h
phase advance in comparison to VT group (Fig. 60) (Table 15, 16).

Effect of NF-«B inhibitor on mean 24 h levels and daily pulse of clock, immune and microglia

resting genes in microglia

rBmall showed significant increased mean 24 h levels in LPS+PDTC group which is similar to
LPS group, but did not show variation in PDTC group in comparison to VT group. rPerl, rPer2
and rRev-erbo. did not show variation in LPS+PDTC and PDTC groups in comparison to VT and
LPS groups. rCryl showed decreased levels in LPS+PDTC group which is significantly higher
that LPS group, but did not show variation in PDTC group in comparison to VT group. rCry2
showed no variation in LPS+PDTC and PDTC group in comparison to VT group. »Rora showed
no variation in LPS+PDTC and PDTC group in comparison to VT group. rNf-xb1, rTnfa, rll6,
and rTlr4 showed significantly reduced levels in LPS+PDTC and PDTC groups in comparison to
VT group. rTIr9 did not show variation in LPS+PDTC and PDTC groups in comparison to VT
group. rCx3crl showed significantly increased levels in LPS+PDTC and PDTC groups in
comparison to VT and LPS group. Whereas, rCd45 showed decreased expression in LPS+PDTC
and PDTC groups in comparison to VT group (Fig. 61). Daily pulse of rBmall, rPer2, rCryl,
and rCry2 showed an increase in PDTC group alone in comparison to VT and LPS group. rPerl,

rRev-erbo. and rRora showed significant increase in LPS+PDTC and PDTC groups. Daily pulse
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of rNf-xb1 showed an increase in PDTC group, but »Tnfa and rTlr4 did not alter in all groups in
comparison to VT group. rll6 showed increased daily pulse in LPS+PDTC group, but did not
alter in PDTC group, whereas, rTIr9 showed decreased daily pulse in LPS+PDTC and PDTC
group in comparison to VT group. rCx3crl showed decreased daily pulse, but rCd172 showed
increased daily pulse in PDTC group, whereas, rCd45 showed decreased daily pulse in
LPS+PDTC group in comparison to VT group (Fig. 62) (Table 15, 16).
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Fig. 60: Effect of PDTC (NF-xB inhibitor) on LPS induced alterations of daily rhythms of
rBmall, rPerl, rPer2, rCryl, rCry2, rRev-erbo, rRora, rNfkbl, rTnfa, rll6, rTird, rTIr9,
rCx3crl, rCd172 and rCd45 mRNA expression in 3 m old rat microglia. Color of the rhythmic
wave indicates the group: green — VT, yellow — LPS, cyan — LPS+PDTC, blue — PDTC.
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Fig. 61: Effect of PDTC (NF-«B inhibitor) on LPS induced alterations of Mean 24 h levels of
rBmall, rPerl, rPer2, rCryl, rCry2, rRev-erbo, rRora, rNfkbl, rTnfa, rll6, rTird, rTIr9,
rCx3crl, rCd172 and rCd45 mRNA expression in 3 m old rat microglia. Each value is mean *
SEM (n = 4), p < 0.05 and expressed as mean relative gene expression. pp < 0.05 (where ‘p’
refers to comparison with vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with
LPS treated group). pr < 0.05 (where ‘r’ refers to comparison with LPS+PDTC treated group).

Effect of NF-xB inhibitor on correlation among clock, immune and microglia resting genes

In LPS+PDTC treatment Light Phase, amongst the clock genes rBmall and rROR; rPerl and
rPer2; rPerl and rCryl; rPerl and rCry2; rPerl and rRev-erbo; rPerl and r Ror; rPer2 and
rCryl; rPer2 and rCry2; rPer2 and rRev-erba; rCryl and rCry2; rCryl and rRev-erba; rCry2
and rRev-erba; rRev-erboa and rRora showed significant positive correlations whereas rBmall
and rPer2; rBmall and rCry2 showed negative correlation. The immune genes rNf-xb/ and
rTlrd; rNf-xb1 and rTIr9; rTnfa and rll4; rTnfa and rTlrd; rTnfo and rTIr8; rTnfo and rTIr9; rTird
and rTIr9 showed significant positive correlations while rNf-xb! and rll6 appeared to be
negatively correlated. All the Microglial resting genes found to be positively correlated with each
other. When we compared correlation between clock gene and immune genes we found rBmall

showing positive correlation with all the immune gene except rll6 on the other hand we found
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all other clock genes like rPerl to be negatively correlated with all the immune genes except rNf-
kbl and rTIr4. rPer2 showed negative correlation with rTnfa, rTird, rTIr9 whereas rCryl and
rCry2 were negatively correlated with all the immune genes except rll6 for rCry2 and rNf-xb1
for rCryl. rRev-erbo. and rTnfa; rRev-erbo and rll6; rRev-erbo and rTlr4; rRev-erba and rTIr9;
rRoro and rll6 showed negative correlation in the LP of LPS+PTDC treatment. Most of the clock
genes like rPer2, rCryl, rCry2 showed negative correlation with microglia resting genes except
rPerl and rCd172; rRora. and rCd172 which were positively correlated. We also found rBmall

to be positive correlated with all the microglia resting genes (Fig. 63).
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Fig. 62: Effect of PDTC (NF-kB inhibitor) on LPS induced alterations of Daily pulse of rBmall,
rPerl, rPer2, rCryl, rCry2, rRev-erba, rRoro, rNfkbl, rTnfa, rll6, rTlrd, rTlr9, rCx3crl,
rCd172 and rCd45 mRNA expression in 3 m old rat microglia. Each value is mean £ SEM (n =
4), p < 0.05 and expressed as mean relative gene expression. pPp < 0.05 (where ‘p’ refers to
comparison with vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with LPS
treated group). pr < 0.05 (where ‘r’ refers to comparison with LPS+PDTC treated group).

In dark phase of LPS+PDTC treatment the clock gene rBmall showed negative correlation with
all other clock genes except rCry2 and rRora. rCryl and rRora were negatively correlated. We

found most of the other clock genes rPerl and rPer2; rPerl and rCry2; rPerl and rRev-erba; r
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Per2 and rCryl; rPer2 and rCry2; rPer2 and rRev-erba; rCry2 and rRev-erba; rCry2 and rRoro
showed positive correlation. Amongst the immune genes rNf-xb/ showed positive correlation
with rTnfa, rTIrd, rTIr9 with the exception of rll6 which was negatively correlated. »Tnfo and
rTlrd; rTnfa and rTIr9; rTird and rTlr9 showed positive correlation. Apart from this rll6 and
rTlr9 were negatively correlated. All the microglia resting molecules were positively correlated.
When clock genes were correlated with immune genes rBmall showed positive correlation with
all the immune genes, whereas most of the clock genes rPerl, rPer2, rCryl, rCry2, rRev-erba
showed negative correlation with most of the immune genes exception rll6 and rPerl positive
correlation, rll6 for rPer2, rNf-xb1, rTlr9 for rCryl, rCry2 and rll6 positive correlation, rll6 and
rRev-erba. positive correlation. rBmall showed positive correlation with all the microglia resting
molecules. rPerl, rCry2, rRev-erba showed negative correlation with rCx3crl, rCd172. Along
with this rPer2 and rCd172; rPer2 and rCd45; rll6 and rCd172 showed negative correlation.
rRora and rCd45 were positively correlated (Fig. 63).
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Fig. 63: Effect of PDTC (NF-«B inhibitor) on LPS induced alterations of Pair wise correlations
among rBmall, rPerl, rPer2, rCryl, rCry2, rRev-erba, rRora, rNfikbl, rTnfa, rl16, rTlrd, rTlr9,
rCx3crl, rCd172 and rCd45 in light (ZT-0, 6, 12) phase (LP) and dark (ZT-12, 18, 24/0) phase
(DP) of 3, 12 and 24 months (m) old rat microglia. Intensity of color and size of circle represents
correlation coefficient values between the genes. Where, positive correlations are indicated by
shades of blue, negative correlations by shades of red, and white indicates no correlation. ‘*’,
crke | okxE indicates statistically significant correlations (p < 0.05), (p < 0.01). (p < 0.001)
respectively. (B1- rBmall; P1 - rPerl; P2 - rPer2; C1 - rCryl; C2 - rCry2; Re - rRev-erba; R0 —
rRora; N1 - rNfibl; Tnf — rTnfa; 116 - rll6; T4 - rTlrd; T9 - rTIr9; Cx3 — rCx3crl; Cdl —

rCd172; Cd4 — rCd45).
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Fig. 64: WGCNA analysis between clock, immune and microglia resting genes clusters: effect of
LPS on gene to gene network in 3 m old rat microglia and effect of PDTC (NF-«xB inhibitor)
administration. Color of node indicates no. of interactions (highest—purple; intermediate—sion
and least—yellow). Color of edge indicates the strength of interaction (strongest—purple; sion—
intermediate and weakest—yellow). Green and red dots indicate clock and immune genes
respectively.

Only with PDTC treatment Light phase rBmall and rPer2; rBmall and rCryl; rBmall and
rRora; rPerl and rPer2; rPerl and rRev-erba; rPerl and rRora; rPer2 and rCry2; rPer2 and
rRev-erba; rPer2 and r Ror; rCryl and rCry2; rCryl and rRora; rRev-erba and rRoro. showed
positive correlation, only rBmall and rPerl showed negative correlation. All the immune genes
were found to be positively correlated with the exception of rNf-xb7 and rll6; »Tnfa and rll6; rll6
andrTIr4 and rll6 and rTIr9 which did not show any significant correlation. All the microglial
resting genes were positively correlated. While clock genes were correlated with immune genes,
we found rBmall and rNf-xb7; rBmall and r7Tnfa; rBmall and rTlr4; rBmall and rTIr9; rPerl
and rll6; rPer2 and rll6; rCryl and rNf-xb1; rCryl and rTnfa; rCryl and rll6; rCryl and rTIr4;
rCryl and rTIr9; rCry2 and rll6; rRev-erbo and rll6; rRora and rll6; rRoro and rTnfo showed
positive correlations. In clock genes and microglial resting genes rBmall and rCx3crl; rBmall
and rCd172; rCryl and rCxCrl; rCryl and rCd45; rCryl and rCdl172 showed positive

correlation whereas rPerl and rCx3crl; rPerl and rCd172; rPerl and rCd172; rRev-erbo and
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rCx3crl; rRev-erbo and rCd172; rRev-erba and rCd45 were negatively correlated. Upon Dark
phase all the clock genes, immune genes and microglial resting genes showed positive
correlation. All the correlation between clock gene and Immune genes, clock gene and microglial

resting genes were positively correlated (Fig. 63).

WGCNA analysis among clock, immune and microglia resting genes with PDTC treatment in

microglia

In LPS+PDTC group, interactions between clock and immune genes decreased, where rTnfo
showed interaction with rPer2. In PDTC group, clock and immune genes showed strong

interaction with each other in two modules (Fig. 64).

Table 15: Effect of NF-«xB inhibitor on LPS induced alterations of clock genes expression

Gene ZT-0 ZT-6 zT12 | zras | Mean2dh | Maxmin
levels ratio
VI | OBl=00 | 032007 | 032001 | 048=003 | 048006 259 + 145
oy 1P | 088:007 | 156=02 | 078073 | 05901 | 080l 299+ 074
(PSPOTC | L7008 | (41=003 | OAl=0l | 0455005 | 086002« 512226
POTC | 1850/ | OBle0f5 | 0272005 | 022:003 | (07408 B03 = 16 xy
V| 077=005 | (87«0 | 085:004 | 1432012 126012 248+ 05
oort (PS | 043:008 | I87=00 | 35055 | 09026 | [B4=033 75 <121 x
(PSPOTC | (052023 | 88001 | 199004 | 0782004 131+ 03 548« 1T x
POC_ | (02:074 | 278+00 | 148=00l | 026004 | 1392025 1147 = 74 x,
Vi 008=0 | 029:000 | 007=000 | Q07«00 | 053007 433+ 037
oor [PS 005:0 | 05002 | 022004 | QR=007 | (053002 457+ 083
(PSPOTC | 008007 | 00B=001 | 02:007 | O=00] 05 = 001 284205
POC_ | 0M=00 | 022:007 | 008=0 | 003:0 02:002 | 7320835y
VI | 08B+005 | 059003 | 035:006 | 05003 | 053004 E
ot (PS | 024+004 | 025003 | 027=004 | 033:004 | 028+007x 154+ 03]
(PSPOTC | 0782004 | 042007 | 038007 | 042007 | 037=002xy 157 =018
POTC_ | 096005 | 07005 | 033003 | 039003 | 0B=007y. | 289035xye
VI | 083:05 | 057:003 | 023001 | 034=002 | 043007 3.7+ 064
oy PS | B=008 | 1230 | 208=045 | (7202 155 = D5 x 77+ 0.37
[PSPOTC | 048004 | 0B5:007 | 071=005 | 032:005 | 054=004y 246+ 047
POC_ | OBI=007 | O077=01 | 024003 | [OMi=0 048 <008y 743 0.78
V| 043:003 | 087007 | 036:006 | 031007 | 046004 207=0)
evorbe S| 009000 | O0B=00 | 08=000 | 02003 | 07000 3.3+ 08 x
(PSPOTC | 0/4+007 | 063007 | 0472000 | 006=00 | 032+006 204 =33 xy
POTC | 004=007 | 084=008 | ON=00 | 007=0 028003 | 3727 +68uyz
W | 14=006 | 15=008 | 043004 | 0BB=004 091= 0] 34 =043
Rora (PS | 7224=0] | 7208=03 | 13904 | 163:021 | (BBe0f5y 224+ 185
(PSPOTC | 121=0/3 | 2600 | (028 | 039=002 | 132022y | B72:053xy
POC_ | 173=008 | 26048 | 07=06 | 038=004 | (36025 128+ B3y

MRNA expression of rBmall, rPerl, rPer2, rCryl, rCry2, rRev-erbo, and rRoro at ZT-0, 6, 12
and 18. px < 0.05, py < 0.05, pz < 0.05 where, ‘x’ refers to significant difference with vehicle
group, ‘y’ refers to significant difference with LPS group, ‘z’ refers to significant difference with
LPS+PDTC group.
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Table 16: Effect of Effect of NF-xB inhibitor on LPS induced alterations of immune and
microglia resting genes expression

Gene ZT-0 ZT-6 ZT-12 ZT-18 Mean 24 h Max/min
levels ratio
T 0.74 +0.03 277045 0.91=0.05 0.64=0.08 126 =0.25 485172
Nfxch] LPS 132 +0.38 258+02 787+049 114047 198+ 0.25 x 3.09+125
LPS+POTC | D.54=+0.15 0.61 +0.02 0.42 «0.03 0.55+0.05 0.53 + 0.04 x,y 1.46 = 0.09 x
PDTC 145+ .36 0.45+0.03 0.43+0.02 0.8 +0.02 063+015xy 8.44 +198 2
VT 016 =0.01 05300 019 =001 0.24«0.02 0.29 + 0.04 3.49+022
VTnfi LPS 0.25=0.04 0.53 + 0.04 182 =02 0.34=003 061+ 012 x 548098
LPS+POTC | 0.25+0.04 0«0 0«00 017002 0J60.02xy 255056y
PDTC 0.31+0.04 017 +0.03 000 0.07+«0 017+ 0.03xy 438071
T 0.19=0.04 014« 0.0 014 +0.03 015002 01500 159 =+ 0.53
16 LPS 0.06 + 0.02 0.38 + 0.04 0.3+0.05 0.27 + 0.01 0.25=0.03 x 762 193 x
LPS+POTC | 0.09=0.01 0.08 + 0.01 0.09 = 0.02 0010 0.07=000xy 7.8 198 x
POTC 0.07+0.02 0.08=0 0.06+0 0.05 + 0.01 0.070xy 152+ 024y,
\T 1.82 + 0.03 365+0.76 243 £ 0.07 246 + 011 259+018 200« 0I5
Tlra LPS 1421 0.4 15.02 0.9 13.64+19 736 =0.93 12.56 + 0.94 x 21016
LPS+PDTC | 187048 10802 07001 128 =0.07 1.37 £ 013 x,y 2.66 = 0.46
PDTC 2.3=0.08 0.82 = 0.02 0.59 = 0.4 0.68 + 0.06 11018 xy 5.25 =189
VT 0.04 = 0.01 1.54 « 0.08 0.28 +0.03 015+0.0? 05016 42 45 + 4 BS
FTIro LPS 022 +0.02 0.67+0.08 0.66 + 0.06 0.J6 +0.03 0.43+0.07 4B + 116 x
LPS+POTC | 0.61=0.06 0.37« 0.04 050 063 +0.07 0.44 + 0.05 393+ 0.37«
POTC 129 £ 017 000 0.20+0.02 0.05 + 0.0 0.42 « 0.4 2044 + 424 xy,2
\T 10,83 + 0.25 549 +2.07 2717+065 | 2794063 3021 = 4 50704
rCxacrl LPS 1619+ 0.59 3713 = 1.4 22+2193 5.39+0.36 2018 £ 3.05 704 «0.74x
[PS+POTC | 139.8+9.52 | B328=18.45 | 1485373 9194805 | 83971259 xy 14.08 + 6.3
PDTC 188.89 = 27.1 594537 0079+ T44 | B224+3487 91501587 x,y 345+ 0.34 x,y
\T 0.73 £ 0.08 1711122 5.03+0.12 5.62 + 0.4 8.37 +1.34 3.41+0.28
[Cd172 LPS 0«0 0«0 0«0 0=+0 D=0« 735+316
LPS+PDTC | 49.44+7.01 7715 +2.00 2872 = 3.07 43.00£9.34 al.08 £ 5.22 x,y 28 +0.36
PDTC 196.31+ 8.2 288 +7.08 29.41 + 3.26 15.09 £ 1.46 a7.03 £10.02 x,y 1019+ 0692
T 2443 £125 51.88 £1.23 2459 +115 17.05+2.05 795+ 349 3.25 «[0.59
(a5 LPS 00 00 00 00 0«0« 0«0
LPS+POTC | 24.09+2.82 237221 15.98 + 0.8 14.00 =142 19.45 + 147 x,y 172 + 04 x
PDTC 26.96 = 3.34 925029 10.09=075 1017 £ 1.05 1412 £2.08 x,y,z 2903y

MRNA expression of rNfkbl, rTnfa, rll6, rTlrd, rTIr9, rCx3crl, rCd172 and rCd45 at ZT-0, 6,
12 and 18. px < 0.05, py < 0.05, pz < 0.05 where, ‘x’ refers to significant difference with vehicle
group, ‘y’ refers to significant difference with LPS group, ‘z’ refers to significant difference with
LPS+PDTC group.
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I11. B (ii). Role of NF-kB inhibitor on the LPS induced alterations of clock and

Immune genes MRNA expression in liver

Effect of NF-xB inhibitor on the daily rhythms of clock and immune genes in liver

In LPS+PDTC and PDTC groups, rBmall did not show variation in expression pattern in
comparison to VT and LPS group. In LPS+PDTC group, rPerl showed 6 h phase delay but
showed 6 h phase advance in PDTC group in comparison to VT group. rPer2 showed 6 h phase
advance in LPS+PDTC group but did not change in PDTC in comparison to VT. rCryl showed 6
h phase delay in LPS+PDTC and PDTC groups. rCry2 showed 6 h phase advance, but did not
vary in PDTC in comparison to VT. rRev-erba showed 6 h phase delay in LPS+PDTC group but
showed no variation with PDTC in comparison to VT. In LPS+PDTC group, »Rora showed 6 h
phase advance, but showed 6 h phase delay in PDTC group in comparison to VT. rNf-xb!
showed 6 h phase delay in LPS+PDTC group, but rhythmicity was abolished in PDTC gorup.
rTnfo. and rTIr9 showed no variation in LPS+PDTC group, but showed 12 h phase advance in
PDTC group in comparison to VT. rll6 showed 6 h phase advance in LPS+PDTC group. But, in
PDTC group, rhythmicity was abolished. rTlr4 showed 6 h phase advance in LPS+PDTC group,
but in PDTC group, 6 h phase delay was observed in comparison to VT (Fig. 65) (Table 17).

Effect of NF-«B inhibitor on mean 24 h levels and daily pulse of clock and immune genes in

liver

Mean 24 h levels of rBmall showed no significant variation in LPS+PDTC and PDTC treated
groups in comparison to VT group. rPerl and rCryl showed significant increase in PDTC group
alone in comparison to LPS and LPS+PDTC groups. rPer2 and rCry2 did not show significant
variation among all the groups studied. rRev-erba showed significant decrease in LPS+PDTC
group, but did not alter in PDTC group in comparison to VT. rRore did not show variation
LPS+PDTC but showed significant decrease in PDTC in comparison to VT. rNf-«xb 1, rTnfa, rll6,
rTlrd and rTIr9 showed significant decrease in LPS+PDTC and PDTC groups in comparison to
VT (Fig. 66). Daily pulse of rBmall and rRev-erba showed significant decrease in LPS+PDTC
and PDTC groups in comparison to VT. rPerl showed significant increase in PDTC, but did not
show significant variation in LPS+PDTC group in comparison to VT. rPer2 and rCry2 showed
significant increase in LPS+PDTC group but did not vary in PDTC group in comparison to VT.
rCryl did not show variation in PDTC group but showed significant decrease in LPS+PDTC
group in comparison to VT. Daily pulse of rRora did not vary in LPS+PDTC group, but
133 | Page



Chapter II Results

decreased in PDTC group in comparison to VT. rNf-xbl, rTnfo, rTlr9 showed increase in
LPS+PDTC group, but did not vary in PDTC group in comparison to VT. Daily pulse of rll6 did
not vary in LPS+PDTC and PDTC groups in comparison to VT. rTIr4 showed decrease in PDTC
group but did not vary in LPS+PDTC group in comparison to VT (Fig. 67) (Table 17).
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Fig. 65: Effect of PDTC (NF-kB inhibitor) on LPS induced alterations of daily rhythms of
rBmall, rPerl, rPer2, rCryl, rCry2, rRev-erba, rRora, rNfibl, rTnfa, rll6, rTird, and rTIr9
MRNA expression in 3 m old rat liver. Color of the rhythmic wave indicates the group: black —
VT, yellow — LPS, cyan — LPS+PDTC, blue — PDTC.

Role of NFKB Inhibitor on correlation between clock and immune genes

In LPS+PDTC group light phase, rBmall showed negative correlation with rPerl; rPerl and
rCryl showed insignificant positive correlation. All the other clock genes showed positive
correlation between each other (p < 0.001; p < 0.01; p < 0.05). rNf-xkb! showed positive
correlation with »Tnfo, rTir4 and rTIr9 (p < 0.001), and negative correlation with rll6 (p <
0.001). rTnfa and rll6; rll6 and rTlr4; rll6 and rTIr9 showed negative correlation (p < 0.001,
0.01). rTnfo. showed positive correlation with rTlr4 and rTIr9 (p < 0.001; p < 0.05). rNf-xb1,
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rTnfa and rTIr9 showed positive correlation with all clock genes except rBmall (p < 0.001; p <
0.01; p < 0.05). rll6 showed negative correlation with rCryl, rCry2, rRev-erba and rRoro, but
rTlr4 showed positive correlation with all those genes (p < 0.001, 0.05) (Fig. 68).
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Fig. 66: Effect of PDTC (NF-«B inhibitor) on LPS induced alterations of Mean 24 h levels of
rBmall, rPerl, rPer2, rCryl, rCry2, rRev-erba, rRora, rNfibl, rTnfa, rll6, rTird, and rTIr9
MRNA expression in 3 m old rat liver. Each value is mean + SEM (n = 4), p < 0.05 and
expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to comparison with
vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with LPS treated group). pr <
0.05 (where ‘r’ refers to comparison with LPS+PDTC treated group).

In dark phase, rBmall showed negative correlation with rPerl, rPer2 and rRev-erba (p < 0.001).
rPerl and rPer2, rCryl and rCry2; rCry2 and rRora; rRev-erba and rRora showed positive
correlation (p < 0.001). rPerl and rPer2 showed positive correlation with rRev-erba and rRora
(p < 0.001). rNf-xb1 and rll6 showed positive correlation (p < 0.001). rTIr9 showed positive
correlation with rNf-xb1, rTnfa and rll6 (p < 0.001; p < 0.05). rTnfo. and rTIr9 showed positive
correlation with rPerl, rPer2, rRev-erbo and rRora (p < 0.001). rNf-xb61 and rll6 showed
positive correlation with rCryl, rCry2 and rRora (p < 0.001; p < 0.05). In PDTC group light
phase, rBmall and rPerl; rBmall and rCryl; rBmall and rRora; rPerl and rPer2; rPerl and

rCryl; rPerl and rRora; rPer2 and rCry2; rCryl and rRora showed positive correlation (p <
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0.001; p < 0.01; p < 0.05). rBmall and rCry2; rBmall and rRev-erba; rPerl and rRev-erba;
rRev-erbo. and rRora showed negative correlation (p < 0.001; p <0.01; p < 0.05) (Fig. 68).
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Fig. 67: Effect of PDTC (NF-kB inhibitor) on LPS induced alterations of Daily pulse of rBmall,
rPerl, rPer2, rCryl, rCry2, rRev-erbo, rRora, rNfkbl, rTnfo, rll6, rTlrd4, and rTIr9 mRNA
expression in 3 m old rat liver. Each value is mean + SEM (n = 4), p < 0.05 and expressed as
mean relative gene expression. pp < 0.05 (where ‘p’ refers to comparison with vehicle-treated
group). pq < 0.05 (where ‘q’ refers to comparison with LPS treated group). pr < 0.05 (where ‘r’
refers to comparison with LPS+PDTC treated group).

INf-kb1 and rTnfa; rTnfa and rll6 showed positive correlation (p < 0.001; p < 0.05). rTIr4
showed negative correlation with rNf-xb1, rTnfa and rll6 (p < 0.001; p < 0.01), while rTIr9
showed positive correlation with those genes (p < 0.001; p < 0.05). rBmall and rRora showed
positive correlation with »7nfa, rll6 and rTIr9 but showed negative correlation with rTird (p <
0.001). rBmall and rNf-«xb1; rPerl and rll6; rCryl and rll6 showed positive correlation (p <
0.001; p < 0.01). rPer2 showed negative correlation with rNf-xb1, rTnfa and rTIr9 (p < 0.001; p
< 0.05). rPer2 and rCry2 showed negative correlation with rNf-«xb1, »Tnfo. and rTIr9 (p < 0.001;
p <0.05). rCryl and rTIr4; rRev-erba and rll6; rRora and rTlr4 showed negative correlation (p <
0.001; p <0.01). In dark phase, rBmall showed positive correlation with rPerl, rCryl and rRora
(p < 0.001), and showed negative correlation with other clock genes (p < 0.001). rPerl and
rCryl; rPer2 and rCry2 showed positive correlation (p < 0.001). rPerl and rPer2; rPer2 and

rCryl; rCryl and rCry2 showed negative correlation (p < 0.05). rPerl and rCryl showed
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positive correlation with »Roro and negative correlation with rRev-erba (p < 0.001; p < 0.01).
rPer2 and rCry2 showed positive correlation with rRev-erba and negative correlation with »Rora
(p < 0.001; p < 0.05). rNf-xb1 and rTnfa; rNf-xbl and rll6; rTnfa and rll6 showed positive
correlation (p < 0.001). rTIr4 and rTIr9 showed negative correlation (p < 0.001). rTlr4 showed
negative correlation with rNf-xb1, rTnfa and rll6, while rTlr9 showed positive correlation with
those genes (p < 0.001). rBmall, rPerl and rCryl showed positive correlation with all immune
genes except rTlrd (p < 0.001; p < 0.01). rRev-erba showed negative correlation with all immune
genes except rTlrd (p < 0.001). rPer2 and rCry2 showed negative correlation with »7Tnfa and
rTlr9, while »Rora showed positive correlation with those genes (p < 0.001; p < 0.01; p < 0.05)

(Fig. 68).
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Fig. 68: Effect of PDTC (NF-«B inhibitor) on LPS induced alterations of Pair wise correlations
among clock and immune genes expression in light (ZT-0, 6, 12) phase (LP) and dark (ZT-12,
18, 24/0) phase (DP) of 3, 12 and 24 months (m) old rat liver. Intensity of color and size of circle
represents correlation coefficient values between the genes. Where, positive correlations are
indicated by shades of blue, negative correlations by shades of red, and white indicates no
correlation. “*’, “¥*°_<*** indjcates statistically significant correlations (p < 0.05), (p <0.01). (p
< 0.001) respectively. (B1- rBmall; P1 - rPerl; P2 - rPer2; C1 - rCryl; C2 - rCry2; Re - rRev-
erba; RO —rRora; N1 - rNfib1; Tnf — rTnfa; 116 - rll6; T4 - rTIrd; T9 - rTIr9).

WGCNA analysis between clock and immune genes with PDTC treatment in liver

in LPS+PDTC group, clock and immune genes showed strong interaction with each other in two
modules. In PDTC group, the interactions between clock and immune genes showed decrease
(Fig. 69).
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Fig. 69: WGCNA analysis between clock and immune genes clusters: effect of LPS on gene to
gene network in 3 m old rat liver and effect of PDTC (NF-«xB inhibitor) administration. Color of
node indicates no. of interactions (highest—purple; intermediate—sion and least—yellow). Color
of edge indicates the strength of interaction (strongest—purple; sion—intermediate and
weakest—yellow). Green and red dots indicate clock and immune genes respectively.
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Table 17: Effect o NF-kB inhibitor on LPS induced alterations of clock and immune genes

Gene ZT-0 ZT-6 ZT-12 ZT-18 Mean 24 h Max/min
levels ratio
T | 10004 | 0220 002:0 | 096005 | 06604 BO.68 = .48
By | PS | 157:0 | 047006 | 07001 | 07008 059 05 BBG =183 «
[PS+POTC | OBI=005 | 021=003 | 009=000 | 002007 | 0.26=006 18.75 £ 6.27 x
PO | 132005 | 043=007 | OOB=00f | 029003 | 082008 | 2572B63xyz
T 050 | 047-000 | 023:0 | 0/B=00 0.24=003 2820
Perl (PS | 056:003 | 021-005 | 008002 | 025-003 | 0.28:005 124 =1k x
[PS+POTC | 006=0 | 003=000 | OAW=008 | Q07000 | 0M4=004y 17.38 + 863
POTC | 237-07 | 041=004 | 159=009 | 206=03 | [63+02Ixyz | BO3=104x
I 023=10 008:0 | U05:000 | 053004 | (034=005 B42=077
Per2 PS_ | 088=013 | (0D4=0 | 006=001 | 03003 0322009 19,88 = 197 x
[PS+POTC | 004=003 | 005:000 | 075:003 | 02«00 0.2 0.7 I7.04= 236 x
POTC_ | 046002 | 08000 | 06=009 | 07/=008 048+ 0.08 564 =075,
T 13-008 | 026000 | 0B6=003 | 233=0f 1292027 312 <101
oyt PS | 32036 | 034=01 | 028:005 | 074=004 114037 1125 = 0,82
[PS+POTC | 138079 | 085:008 | 136=013 | (081=07 15 = 1] 183 076 xy
PO | 386005 | 035:007 | 14=0J4 | 33304 | 22004y, 1152 = 051
VI | 03=000 | 027000 | 029000 | 038:002 | (0.32+001 142 = 0.08
cry2 (PS | 1704 | 028:005 | 00=003 | 036=007 | (062:058 1014205 x
[PS+POTC | 068=008 | 005:000 | 074=00 | 028:003 | 04=008 16.62 = 458 x
PO | 057004 | 05/=007 | 07:005 | 08083 04 =0.04 155022,z
VT 004=0 | 284:005 | 125007 | (006=0 10703 B0 287
Rev-erbe | S | 0M+007 | 00700 | 027003 | 0862027 | 033003, | [256=260
[PS+POTC | 00007 | 005:0 | 078:007 | 005:000 | 026=0.09 1706 = 3.87 x
PO | 003=0 | 196=0/4 | 0880 | 03004 | 069006, | 5441=333xys
T 30802 | 128005 | 2/=003 | 47701 284 =034 373+ 02|
Ror PS | 505087 | 185005 | 0B=024 | 166008 | 234=048 708135 x
IPS+POTC | 256073 | 068=004 | 287=005 | 217023 207+ 028 43:079
POTC_ | 265007 | 186003 | 18200 | I54=00E 196=002x | 178:027xy:
VT 030=000 | 038004 | 022:0 | 02300 03007 7= 07
Neochl S | 27008 | 08707 | 037:005 | 082:0% | 1907k TB4 =112 5
[PS+POTC | 078=01 | 020=002 | 086-0/8 | 026=003 | 083+008xy | 395207hxy
PO | 032001 | 036=007 | 026008 | 033003 | 080:002xy | 16304y,
VI | UBI=002 | 0B4=003 | 14008 | 081008 | (086009 278 = 008
Tnfa PS_| 182:031 | 289203 | 04301 =012 1572026 757 =148 x
[PS+POTC | 042:003 | OQ4=002 | 074=004 | 0301 | 04=007xy 546 = 087 «
POTC_ | 092008 | 076007 | 036003 | 058004 | 0B5z00Bxy | 259:028y,
V| 003000 | 0020 004=10 002+10 0030 24+ 0146
16 (PS | 04=002 | 00002 | 000 002:10 0.07=0.02x 14,83 = 413 x
[PSPOTC | 0=0 00 00 00 D=0y 468+ 106
POTC 0.01=0 00 00 0.01=0 007 = Dxy,z 247+ 08Ty
VT 009:0 | 056003 | (008=0 0050 003 = 005 1072 = 084
Tird (PS| 3BI=004 | 103031 | 055:006 | 055007 | 146033 578075
[PS+POTC | 045:005 | 004=004 | 033:008 | 025:003 | 029+00kxy Bx 5.5
PO | 0R=000 | 02:002 | 03000 | 0A=002 | 018:003xy | 279082xy
VT | 003=000 | 00I=0 003 =0 002+10 002+10 237+ 008
Tirg PS | 024=006 | 0RB=002 | 002:0 | 00700 002 = 0.03 1243217
[PS+POTC | 007:002 | 0020 0120 0.01=0 005:00lxy | I063=2688x
PO | 004=0 003 =0 002:0 | 003:001 | (003=0xy 236006y,

MRNA expression of clock and immune genes at ZT-0, 6, 12 and 18. px < 0.05, py < 0.05, p; <
0.05 where, ‘x’ refers to significant difference with vehicle group, ‘y’ refers to significant
difference with LPS group, ‘z’ refers to significant difference with LPS+PDTC group.
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I11. B (iii). Role of NF-kB inhibitor on the LPS induced alterations of clock

and immune genes mMRNA expression in kidney

Effect of NF-xB inhibitor on the daily rhythms of clock and immune genes in kidney

In LPS+PDTC and PDTC group, rBmall, rCryl and rRev-erbo did not alter the maximum
expression in comparison to VT. rPer2 and rCry2 showed 6 h phase delay, but did not vary in
PDTC in comparison to VT. In LPS+PDTC group, rPerl showed 6 h phase advance, however,
did not change in PDTC group in comparison to VT. rRora showed 12 h phase advance in
LPS+PDTC, but 6 h phase delay in PDTC group in comparison to VT. In LPS+PDTC group,
rNf-xb1, and rTnfa showed 6 h phase advance in comparison to VT. Interestingly, with PDTC
treatment their rhythmicity was abolished. rl16 and rTIr4 lost rhythmicity in LPS+PDTC and
PDTC group. rTIr9 rhythmicity was abolished in LPS+PDTC group, but in PDTC group rTIr9
showed similar expression as in VT (Fig. 70) (Table 18).
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Fig. 70: Effect of PDTC (NF-xB inhibitor) on LPS induced alterations of daily rhythms of
rBmall, rPerl, rPer2, rCryl, rCry2, rRev-erba, rRora, rNfkbl, rTnfo, rl16, rTlr4, and rTIr9
MRNA expression in 3 m old rat kidney. Color of the rhythmic wave indicates the group: green —
VT, yellow — LPS, cyan — LPS+PDTC, blue — PDTC.
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Fig. 71: Effect of PDTC (NF-«B inhibitor) on LPS induced alterations of Mean 24 h levels of
rBmall, rPerl, rPer2, rCryl, rCry2, rRev-erba, rRora, rNfibl, rTnfa, rll6, rTird, and rTIr9
MRNA expression in 3 m old rat liver. Each value is mean + SEM (n = 4), p < 0.05 and
expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to comparison with
vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with LPS treated group). pr <
0.05 (where ‘r’ refers to comparison with LPS+PDTC treated group).

Effect of NF-«B inhibitor on mean 24 h levels and daily pulse of clock and immune genes in

kidney

Mean 24 h levels of rBmall, rCryl, rRev-erba and rRora did not vary in LPS+PDTC and PDTC
in comparison to VT. rPerl, rPer2 and rCry2 showed significant decrease in LPS+PDTC group,
did not change in PDTC group in comparison to VT. With the LPS treatment, all the immune
genes showed significant decrease in LPS+PDTC and PDTC groups in comparison to VT (Fig.
71). Daily pulse of rBmall, rPerl, rPer2, rCry2, rRev-erba and rRora showed no variation in
LPS+PDTC and PDTC groups in comparison to VT. Daily pulse of all immune genes did not
alter in LPS+PDTC and PDTC groups in comparison to VT (Fig. 72) (Table 18).

Effect of NF-xB inhibitor on correlation between clock and immune genes in kidney

In LPS+PDTC group light phase, rBmall showed negative correlation with rPerl, rPer2 and
rCry2, but showed positive correlation with rCryl (p < 0.001; p < 0.05). rPerl and rPer2
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showed positive correlation with rCry2, rRev-erba and rRora, but showed negative correlation
with rCryl (p < 0.001; p < 0.05). rCry2, rRev-erba. and rRora. showed positive correlation with
each other but showed negative correlation with rCryl (p < 0.001; p < 0.01). rPerl and rPer2
showed positive correlation (p < 0.001) (Fig. 73).
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Fig. 72: Effect of PDTC (NF-kB inhibitor) on LPS induced alterations of Daily pulse of rBmall,
rPerl, rPer2, rCryl, rCry2, rRev-erba, rRora, rNfkbl, rTnfa, rll6, rTlrd and rTIr9 mRNA
expression in 3 m old rat kidney. Each value is mean £ SEM (n = 4), p < 0.05 and expressed as
mean relative gene expression. pp < 0.05 (where ‘p’ refers to comparison with vehicle-treated
group). pq < 0.05 (where ‘q’ refers to comparison with LPS treated group). pr < 0.05 (where ‘r’
refers to comparison with LPS+PDTC treated group).

rNf-xb1 showed positive correlation with all immune genes except rTIr4 (p < 0.001; p < 0.05).
rTnfo and rll6; rTlrd and rTIr9 (p < 0.001; p < 0.01). rNf-xb1 and rRev-erba; rNf-kb1 and rRora,;
rTir9 and rBmall showed positive correlation. »Tnfo and rll6 showed positive correlation with
rPerl, rCry2, rRev-erba and rRora, and negative correlation with rCryl (p < 0.001; p<0.01; p <
0.05). rTlr4 showed positive correlation with rBmall and rCry1, but showed negative correlation
with rPerl, rPer2 and rCry2 (p < 0.001; p < 0.01). In dark phase, rBmall showed negative
correlation with all clock genes except rCryl. rPerl and rPer2; rPerl and rRev-erba; rPer2 and
rCry2; rPer2 and rRora; rCryl and rCry2; rCryl and rRora; rCry2 and rRoro showed positive
correlation. rCryl and rRev-erbo. showed negative correlation (p < 0.05). rNf-«xb1 and rTnfa; rNf-
kb1 and rll6; rTnfa and rll6; rTIrd and rTlr9 showed positive correlation (p < 0.001; p < 0.05).

rTnfa and rll6 showed negative correlation with rTlr4 and rTlr9 (p < 0.001; p < 0.01). rNf-xb!
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and rRora; rNf-xb1 and rCry2; rNf-xb1 and rCryl; rTnfa and rRora; rTnfa and rCry2; rTnfo and
rPer2; rll6 and rRora; rll6 and rCry2; rll6 and rCryl; rll6 and rPer2 showed positive
correlation. »Tnfa and rll6 showed negative correlation with rBmall (p < 0.001; p < 0.05). rTIr4
and rTIr9 showed negative correlation with all clock genes except rCryl but showed positive

correlation with rBmall (Fig. 73).
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Fig. 73: Effect of PDTC (NF-kB inhibitor) on LPS induced alterations of Pair wise correlations
among clock and immune genes expression in light (ZT-0, 6, 12) phase (LP) and dark (ZT-12,
18, 24/0) phase (DP) of 3, 12 and 24 months (m) old rat kidney. Intensity of color and size of
circle represents correlation coefficient values between the genes. Where, positive correlations
are indicated by shades of blue, negative correlations by shades of red, and white indicates no
correlation. “*°, **° <¥**> indicates statistically significant correlations (p < 0.05), (p <0.01). (p
< 0.001) respectively. (B1- rBmall; P1 - rPerl; P2 - rPer2; C1 - rCryl; C2 - rCry2; Re - rRev-
erba; RO — rRora; N1 - rNficb 1; Tnf — rTnfa; 116 - rll6; T4 - rTird; T9 - rTIr9).

In PDTC group light phase, rBmall and rCryl; rPerl and rPer2; rPerl and rCryl; rPer2 and
rCry2 showed positive correlation (p < 0.001; p < 0.01). rBmall and rPer1; rBmall and rPer2;
rBmall and rCry2; rCryl and rRev-erba; rCry2 and rRora showed negative correlation (p <
0.001; p < 0.01). All the immune genes except rTIr9 showed positive correlation with each other
(p < 0.001). rTIr9 showed negative correlation with all clock genes except rNf-x61 (p < 0.001).
INf-xb1, rTnfo, rll6 and rTlrd showed positive correlation with rRora, but showed negative
correlation with rPerl, rPer2 and rCry2 (p < 0.001; p < 0.01; p < 0.05). rBmall and rTnfa; rRev-
erbo. and rRora showed positive correlation (p < 0.01; p < 0.05). rTIr9 showed negative
correlation with rBmall and rRora, but showed positive correlation with rPerl, rPer2 and rCry2.
In dark phase, rBmall showed negative correlation with rPerl, rPer2, rCry2 and rRev-erba, but

showed positive correlation with rCryl and rRora (p < 0.001). rPerl and rPer2 showed negative
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correlation with rCryl and rRora, and positive correlation with rCry2 and rRev-erba. rCryl and
rRora; rCry2 and rRev-erbo. showed positive correlation (p < 0.001). rCryl and rCry2; rCryl
and rRev-erba; rCry2 and rRora; rRev-erbo. and rRora showed negative correlation (p < 0.001).
rNf-xb1 and rll6; »Tnfo. and rll6 showed positive correlation, whereas rNf-xb1 and rTIr4; rNf-xb1
and rTIr9; rTnfo and rTIr9; rll6 and rTIr9 showed negative correlation (p < 0.01; p < 0.05). rTnfa
and rll6 showed positive correlation with rBmall, rCryl and rRora, but showed negative
correlation with rPerl, rPer2, rCry2 and rRev-erba (p < 0.001; p < 0.01). rNf-x67 and rCryl
showed positive correlation (p < 0.05). rNf-xb/ and rPerl; rTlr4 and rCry2 showed negative
correlation (p < 0.05). rTIr9 showed negative correlation with rBmall, rCryl and rRora, but

showed positive correlation with rPerl, rPer2, rCry2 and rRev-erbo (p < 0.001) (Fig. 73).

WGCNA analysis between clock and immune genes with PDTC treatment in kidney
In LPS+PDTC group, clock and immune genes showed integrations with each other. In PDTC
group, rTnfo. and rll6 showed interaction with clock genes (Fig. 74).
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Fig. 74: WGCNA analysis between clock and immune genes clusters: effect of LPS on gene to
gene network in 3 m old rat kidney and effect of PDTC (NF-kB inhibitor) administration. Color
of node indicates no. of interactions (highest—purple; intermediate-sion and least—yellow).
Color of edge indicates the strength of interaction (strongest—purple; sion—intermediate and
weakest—yellow). Green and red dots indicate clock and immune genes respectively.
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Table 18: Effect of NF-«xB inhibitor on LPS induced alterations of clock and immune genes

Gene ZT-0 ZT-6 ZT-12 ZT-18 Mean 24 h Max/min
levels ratio
I 1B=006 | O7=001 | 007000 | 105004 072017 7198 = 168
By | PS | 236047 | 087:008 | 1532035 | 139:022 155202 278072«
[PS+POTC | 26403 | 275204 | 021003 | 084=005 161+ 0.3 1399233y
POTC_ | 2622025 | 085002 | 020l | 09302 119« 0.24 1752126 xy
VI | O075:008 | 1000 | 183:003 | [=002 120 763077
Perl S| 075:008 | 051=008 | 0880 | 063:005 | 082+006x 278 <172
[PS+POTC | 032:003 | 08=0F | 063:003 | 044=003 | 086=007x 261+ 065
POTC_ | 087-031 | 05007 | 178=025 | 088=007 | 103=0lgy, 383098
V| 033:003 | 0320 106=001 | 068007 | 059008 358 0.04
Per2 PS | 074=007 | 0M=003 | 084=006 | 127:007 | 084=003 30902
[PS+POTC | 05:007 | 086=04 | =05 | 13500 088+ 01« 285+ 041
POTC_ | 086008 | 075:008 | 205007 | 194=044 143202, 337=08
T I 0.05 020=0 | 15=003 | 237003 18 =07 1135+ .24
oyt PS_ | 125:013 | 043:007 | 08:0B | 1152008 085=10 342085«
[PS+POTC | 1B=0N | 058:005 | 062:003 | 197022 08+ 06 408+ 1 x
PO | 175:007 | 0.8=002 | 0&7=00 | 179208 107 =018 025182,z
VT | 055:004 | 043=000 | 08=001 | 07300 064 =004 185 = 0.07
cry2 PS | 028=004 | 04=005 | 062:007 | 0B8=005 | (05:003« 269058
[PS+POTC | 034=000 | OBI=007 | 058007 | 088:05 | 06I=006« 26044
PO | 054003 | 087004 | 1R=00 | 102:005 | 081007z 217:03]
T 05:004 | 320003 | 242:004 | 02300 159033 3.7+ 143
Rev-erbe | S | 14hs03 | 85:074 | 376204 | 357:05) | 793:083 26033«
[PS+POTC | 127:028 | 1027107 | 3B=10B | 124=026 403101 5.5+ 241y
PO | 052004 | 982167 | 589124 | 08301 428+109 8832088y
VI | 387:03% | 228:01 | 445005 | 467=007 | 380:008 2.06 = 0.08
Rora PS | 54086 | 63304 | 54037 | 88164 | 633052« |58 = 0.47
PS+POTC | 283042 | 772130 | 4B5=146 | B74=LI3 551+ 0.1 282+ 054
POTC_ | 553083 | 7213 | 447=03 | 53048 563 0143 159 = 0.24
VI | 083-008 | 0BI=001 | 101=000 | 084000 | (0B5=004 168 = 0.0
Nfocpl S| 182027 | U307 | 25:04 | 242012 204 = 0B « 188 = 0,33
[PS+POTC | 06007 | 08-007 | 053:003 | 077008 | 07005y 185 = 0.34
POTC_ | 054004 | 078+008 | 084=0 | 082004 | 067+008xy 15 =04
VT 0070 0050 0080 00720 00720 182 = 0.0
Tnfa PS | O7=003 | 028:003 | (l=0 0= 00 018+ 0.0 764 =027
[PS+POTC | 006=0 | 0=00 | 00B=002 | 007000 | 0.08=001xy 295022
POTC_ | 005001 | 0050 003=0 | 004=001 | 004=0xy 152017y,
T 0030 005:0 | 003=007 | 00400 0.06=00 485:03
16 PS_ | 004=000 | 039:005 | 018=001 | 01=002 008 = 0.04x 1122 =232 «
[PS+POTC | 003=0 | 07=003 | 006=000 | O0G=003 | 01=002xy 557+ 156
POTC_ | 005:000 | 007000 | 003=001 | 0060 | 005:00ixy: | 252:08ly
VI | 025:007 | 0B=0 | 078:000 | 02700 0.25= 00 |55 = 0.03
Tird PS | 0680 | 026=004 | 037=003 | 04002 | 043005 273 = 0
PS+POTC | 036:004 | 03(=008 | 023:004 | 025003 | 028:003xy | IB6=0lGy
PO | 079003 | 033004 | 025008 | 0.5=002 | 0.27:002xy 184 = 04
I 004210 003:0 | 007:000 | 00420 00420 257017
i PS_ | 005004 | 04«00 | 006=0 | 00800 0= 00 278 = .66
[PS+POTC | 0.03=0 004=0 | 003=001 | 003=0 0.03= Dxy 16703
POC_ | 002:0 002:0 | 004=001 | 00220 0020y 238+ 048

MRNA expression of clock and immune genes at ZT-0, 6, 12 and 18. px < 0.05, py < 0.05, p; <
0.05 where, ‘x’ refers to significant difference with vehicle group, ‘y’ refers to significant
difference with LPS group, ‘z’ refers to significant difference with LPS+PDTC group.
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I11. B (iv). Role of NF-kB inhibitor on the LPS induced alterations of clock

and immune genes mMRNA expression in spleen

Effect of NF-xB inhibitor on the daily rhythms of clock and immune genes in spleen

rBmall, rPerl and rRev-erbo showed no variation in phase in LPS+PDTC and PDTC group in
comparison to VT. rPer2 phase delay of 6 h in LPS+PDTC, but did not alter in PDTC in
comparison to VT. rCryl showed 12 h phase delay in LPS+PDTC, but did not vary in PDTC in
comparison to VT. rCry2 showed no phase variation in LPS+PDTC, but showed 6 h phase delay
in PDTC in comparison to VT. rRora did not show rhythmicity in LPS+PDTC group, however,
rRora showed rhythmicity in PDTC group with maximum expression at ZT-0 and minimum at
ZT-6. Interestingly, LPS+PDTC administration abolished rhythmicity of all the immune genes
studied. rNf-xb1, rTIrd and rTIr9 showed similar pattern of expression in PDTC in comparison to
VT group. »Tnfa and rll6 showed 12 h phase advance with PDTC treatment in comparison to VT
group (Fig. 75) (Table 19).
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Fig. 75: Effect of PDTC (NF-«xB inhibitor) on LPS induced alterations of daily rhythms of clock
and immune genes mRNA expression in 3 m old rat spleen. Color of the rhythmic wave indicates
the group: black — VT, yellow — LPS, cyan — LPS+PDTC, blue — PDTC.
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Effect of NF-«B inhibitor on mean 24 h levels and daily pulse of clock and immune genes in

spleen

Mean 24 h levels of all clock genes did not alter in LPS+PDTC and PDTC group in comparison
to VT group. In LPS+PDTC and PDTC groups all the immune genes showed significantly
decreased expression in comparison to VT group (Fig. 76). Daily pulse of rBmall and rRora did
not alter in LPS+PDTC, but increased in PDTC in comparison to VT group. Daily pulse of rPerl
and rPer2 did not vary in LPS+PDTC and PDTC groups in comparison to VT group. Daily pulse
of rCryl and rCry2 showed significant increase in LPS+PDTC group, but did not alter in PDTC
group in comparison to VT group. rRev-erba showed decreased daily pulse in LPS+PDTC and
PDTC groups in comparison to VT group. Daily pulse of all immune genes did not alter in
LPS+PDTC and PDTC groups in comparison to VT group (Fig. 77) (Table 19).
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Fig. 76: Effect of PDTC (NF-kB inhibitor) on LPS induced alterations of Mean 24 h levels of
clock and immune genes mRNA expression in 3 m old rat spleen. Each value is mean £ SEM (n
= 4), p < 0.05 and expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to
comparison with vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with LPS
treated group). pr < 0.05 (where ‘r’ refers to comparison with LPS+PDTC treated group).

Effect of NF-xB inhibitor on correlation between clock and immune genes in spleen

In LPS+PDTC group light phase, rBmall showed negative correlation with rPer2, rRev-erba and

rRora (p < 0.001). rPerl showed positive correlation with rPer2, rCryl, rCry2 and rRora; rRev-
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erbo. and rRora (p < 0.001; p < 0.01). rNf-xb1 and rTnfa; rNf-kb1 and rTlrd; rTnfo. and rTir4;
rTnfo.and rTIr9; rTlr4 and rTIr9 showed positive correlation (p < 0.001; p <0.01; p < 0.05). rll6
and rTIr4; rll6 and rTIr9 showed negative correlation (p < 0.001; p < 0.05). rNf-xbI and rTnfa
showed positive correlation with rBmall, but showed negative correlation with rRev-erba and
rRoro. (p < 0.001; p < 0.01; p < 0.05). rNf-xb7 and rPer2; rTir4 and rRev-erba showed negative
correlation (p < 0.001; p < 0.05). rll6 showed negative correlation with rPerl, rPer2, rCryl,
rCry2 and rRora (p < 0.001; p < 0.01; p < 0.05). rTIr4 and rTIr9 showed positive correlation
with rPerl, rCryl and rCry2 (p < 0.001; p < 0.05). In dark phase, rBmall showed negative
correlation with all other clock genes, while the other clock genes showed positive correlation
with each other (p < 0.001; p < 0.01). rNf-xb! and rTnfa; rTnfa and rll6; rTnfo and rTIr4; rll6
and rTlr4 showed positive correlation (p < 0.001; p < 0.01; p < 0.05). rTIr9 showed negative
correlation with other immune genes except rNf-xb/ (p < 0.001). rNf-xb/ showed negative
correlation with all clock genes except rBmall (p < 0.001). »Tnfo. showed negative correlation
with (p < 0.01; p < 0.05) (Fig. 78).
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Fig. 77: Effect of PDTC (NF-«B inhibitor) on LPS induced alterations of Daily pulse of clock
and immune genes mRNA expression in 3 m old rat kidney. Each value is mean + SEM (n = 4),
p < 0.05 and expressed as mean relative gene expression. pp < 0.05 (where ‘p’ refers to
comparison with vehicle-treated group). pq < 0.05 (where ‘q’ refers to comparison with LPS
treated group). pr < 0.05 (where ‘r’ refers to comparison with LPS+PDTC treated group).
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In PDTC group light phase, rBmall and rCryl; rPerl and rPer2; rPerl and rCry2; rPer2 and
rCry2; rCry2 and rRev-erbo. showed positive correlation (p < 0.001). rBmall and rCry2; rBmall
and rRev-erba; rCryl and rCry2; rCryl and rRev-erbo. showed negative correlation (p < 0.001).
All the immune genes showed positive correlation with each other (p < 0.001; p < 0.01; p <
0.05). All the immune genes showed positive correlation with rBmall, rCryl, and showed
negative correlation with rRev-erba (p < 0.001; p < 0.01; p < 0.05). rNf-xb1 and rRora; rll6 and

rRora showed positive correlation, while »Tnfa and rCry2; rTir4 and rCry2; rTIr9 and rCry2

showed negative correlation (p < 0.001; p < 0.05) (Fig. 78).
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Fig. 78: Effect of PDTC (NF-kB inhibitor) on LPS induced alterations of Pair wise correlations
among clock and immune genes in light (ZT-0, 6, 12) phase (LP) and dark (ZT-12, 18, 24/0)
phase (DP) of 3, 12 and 24 months (m) old rat spleen. Intensity of color and size of circle
represents correlation coefficient values between the genes. Where, positive correlations are
indicated by shades of blue, negative correlations by shades of red, and white indicates no
correlation. “*’, “¥*°_<*** indjcates statistically significant correlations (p < 0.05), (p <0.01). (p
< 0.001) respectively. (B1- rBmall; P1 - rPerl; P2 - rPer2; C1 - rCryl; C2 - rCry2; Re - rRev-
erba; RO — rRora; N1 - rNficb 1; Tnf — rTnfa; 116 - rll6; T4 - rTird; T9 - rTIr9).

In dark phase, rBmall showed negative correlation with all clock genes except rCryl and rRora
(p <0.001; p <0.01). rPerl and rPer2 showed positive correlation (p < 0.001). rPerl and rPer2
showed positive correlation with rCry2 and rRev-erba, but showed negative correlation with
rCryl (p < 0.001; p <0.01). rCryl and rCry2; rCryl and rRev-erbo. showed negative correlation
(p <0.001). rBmall and rCryl; rCry2 and rRev-erbo showed positive correlation (p < 0.001; p <
0.01). All the immune genes showed positive correlation with each other (p < 0.001; p <0.01; p
< 0.05). rNf-kb1, rTnfa, rTIrd and rTIr9 showed positive correlation with rBmall and rCry1, but
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showed negative correlation with rPerl, rPer2, rCry2 and rRev-erbo (p < 0.001; p < 0.01; p <
0.05). rll6 showed positive correlation with rBmall and rRora, but showed negative correlation
with rCry2 (p < 0.001; p < 0.01; p < 0.05) (Fig. 78).

WGCNA analysis between clock and immune genes with PDTC treatment in spleen

In LPS+PDTC group, the interaction between clock and immune genes reduced, only rRev-erba
showed interaction with rNf-k61. In PDTC group, rBmall showed interaction with rTnfa, rTlr4d
and rTIr9 (Fig. 79).

VT LPS

rBmall

rNfkb1

rCryl

LPS+PDTC PDTC
[ ]

rPer2 rPerl rNfkb1 .

rPer2

rTnf [ J

rRor rCry2 rRev-erb

rPerl
[ ] rTird

Fig. 79: WGCNA analysis between clock and immune genes clusters: effect of LPS on gene to
gene network in 3 m old rat spleen and effect of PDTC (NF-«xB inhibitor) administration. Color
of node indicates no. of interactions (highest—purple; intermediate-sion and least—yellow).
Color of edge indicates the strength of interaction (strongest—purple; sion—intermediate and
weakest—yellow). Green and red dots indicate clock and immune genes respectively.
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Table 19:Effect of NF-xB inhibitor on LPS induced alterations of clock and immune genes

Gene ZT-0 ZT-6 ZT-12 ZT-18 Mean 24 h Max/min
levels ratio
VI | 053000 | 025:002 | 0B=00 | 03=00 032:0.03 30304
Bmall | PS | 043:007 | 0B=004 | 028:003 | 03005 028003 794 =082
[PS+POTC | 088024 | 028:007 | 020:008 | 038=0l 0.47=01 583 308
PO | 102:007 | 021=003 | 022007 | 029004 | (0.44=008 517 069 ¢
VI | 0B2:00f | 0370 | 085:003 | 07002 064 =0.05 2230
Perl PS_ | 0552004 | 09017 | 087=017 | 1532075 081=017 279 =049
[PS+POTC | 051007 | 043004 | 08=00 | 051007 | 056005 188+ 0.26
PO | /=023 | 0792022 | 162008 | 12012 120 24705
I 0B=0 | 02=00 | 033000 | 020=0 02=007 274 =028
Per2 (PS_ | 006=001 | 008=000 | 00007 | 033:003 | (004=003 77 2155 x
[PS+POTC | 005-000 | 007:007 | 04=002 | 0l5=003 01=001 40+ 143
PO | 0B=00 | 007001 | 02:000 | 0300 003 =00) 296038
VI | 0B4=00f | 030 | 053000 | 044=00) 049003 189 = 0.05
oyt PS_ | 0432002 | 023:002 | 063=006 | 017=002 0.37= 005 35056
[PS+POTC | 0B4=0/5 | 037:004 | 077=008 | 068=008 06006 254 = 05 x
POTC_ | 084003 | 03-005 | 038=00 | 075007 | 047007 3.08 = 044
V| 078000 | 027000 | 031=00 03=0 029+ 00 L4004
cry2 [PS | 024:005 | 0M=005 | 042:00 | 05900 | 0A41=006x 303093
[PS+POTC | 023:004 | Q=002 | 034-006 | 036=002 | 028=003, 2= 025«
POTC_ | 037005 | 032003 | 083008 | 08/=008 | 047=004y 218029
VT 02:00 | 1800 | OB=00 | (0020 05301 10,36 = 0.22
Rev-erbe |1 007:0 | O0=007 | 055=04 | 023007 | 026=006 77+ 204
[PS+POTC | 00B=0 | 033004 | 024=008 | 003006 018 +0.03 5.24 + 058 x
PO | 0«00 | 038005 | 080l 01=0 0.29=0.05 51709
VI | 046007 | 05:003 | 043:001 | 048=00 047=00] 116 = 0]
Rora PS | 027:004 | 037:004 | 008=003 | 027:004 | 024=002x 192047
[PS+POTC | D04=007 | 048=003 | 058=005 | 0G0 052: 008y 158 = 0,38
POTC_ | 072008 | 033=004 | 072003 | 05/=007 | (057=008y 231036 x
V| 207:003 | 4=00 | 147=005 | 123002 148 = 0.09 187 = 0.03
Nfcp] | S| 288:045 | 138073 | 155:084 | 27:028 | 203:023x 224 = 04
[PS+POTC | 126027 | 078-003 | 08E=024 | 106025 | (089=0llxy 153 = 0.38
POTC_ | 198=028 | 0B5=0N | 1432025 | 13=008 | 138=0fhxy D44 =044
VT =007 | 084=001 | [B4=004 | 109:007 114 = 0.08 195 = 0.08
Tnfa PS| 082:077 | 353043 | 184=014 | 168036 | 192029 545197
[PS+POTC | 058=006 | 047=005 | 052:006 | 06402 | 055:005xy 148 =049
PO | 102:003 | 088003 | 065008 | 056007 | 072005y 13008
T 001=0 001=0 001=0 00[=0 001=0 158+ 0,32
16 LFS 00/=0 002:10 00/=0 | 00B=000 | 003=00ix 816773
[PSPOTC | 0.01=0 0.01=0 00 001=0 0.0 = Oxy 235+ 055
POTC 00/=0 00 001=0 001=0 0000y 3.34 = 053
VI | 084=007 | 087000 | 081:002 | 078000 | (085=007 12 0.04
Tird PS_ | 100=007 | 06005 | 12005 | 147=0I 08 = 01 x 31+ 085
[PS+POTC | 034:003 | 026=004 | 033:009 | 058:005 | 037=005xy 283127
POTC_ | 081007 | 045008 | 0332007 | 047004 | 052008y 315 = 108
VT | 162:004 | 12=001 | 12004 | 123:002 129 = 0.05 145 = 0.03
Tirg PS_| 178:032 | 147=031 | 125:008 | 239202 173+ 016 x 193 = 017
[PS+POTC | 05008 | 035004 | 055:008 | 037=008 | 044=00hxy 161+ 0.24
PO | 103+007 | 046+0M | 05«0 | 0BB+005 | 072:008xy: |  289+063

MRNA expression of clock and immune genes at ZT-0, 6, 12 and 18. px < 0.05, py < 0.05, p; <
0.05 where, ‘x’ refers to significant difference with vehicle group, ‘y’ refers to significant
difference with LPS group, ‘z’ refers to significant difference with LPS+PDTC group.
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I. A. Age induced alterations on mRNA expression of various clock, immune
and microglia resting genes

To understand the expression pattern of molecular clock genes and how they change with the
aging we have studied the mRNA expression of various clock genes at different time points.
Microglia exhibited rhythmic expression of circadian clock genes in young adult animals (3 m).
Daily rhythm of rBmall showed maximum expression at ZT-0 which is similar to the expression
in cortical and hippocampal microglia of young adult mice and rat respectively (Hayashi et al.
2013; Fonken et al. 2016) (Fig. 33). In peritoneal macrophages, the maximum expression of
rBmall was observed at ZT-0 similar to microglia (Hayashi et al. 2007), interestingly, at ZT-18
the expression levels were elevated in macrophages but in microglia the levels were less. This
probably explains the functional difference between the microglia and macrophages in relation to
the differences in the intrinsic molecular mechanism. But in central clock SCN, the expression of
rBmall showed maximum at ZT-18 (Mattam and Jagota 2014) which is 6 h early to the
microglia. This further proves that the master and slave clocks have similar circadian machinery
yet their expression pattern varies (Schibler et al. 2015) depending on their physiological niche.
The expression pattern of rPerl and rPer2 (Fig. 33) is in agreement with the previous report on
hippocampal microglia (Fonken et al. 2015). But macrophages exhibit different expression
pattern of rPerl and rPer2 as observed in the mice (Hayashi et al. 2007). Interestingly, in the
central clock, rPerl showed similar pattern of expression but rPer2 showed different expression
pattern (Mattam and Jagota 2014). rCryl and rCry2 showed maximum expression at ZT-0 which
showed similarity with the expression observed in microglial BV-2 cell cultures (Nakazato et al.
2016). On contrary, rCryl and rCry2 showed maximum expression at ZT-12 in SCN (Mattam
and Jagota 2014). rRev-erba and rRora showed maximum expression at ZT-6 and ZT-0
respectively in our study (Fig. 33), whereas in peritoneal macrophages of mice, the maximum
expression was observed at ZT-10 and ZT-14 respectively (Hayashi et al. 2007). All this studies
suggests that though the microglia are resident macrophages of CNS, they exhibit several
variations in the circadian parameters with the peritoneal macrophages, which may further lead

to the physiological variations between these cell types.

With the aging, we did not observe phase change in the expression pattern of rBmall, rPerl,
rCryl, rCry2, rRev-erba and rRora, but there was change of expression of rPer2 in both 12 and
24 m animals (Fig. 33). Interestingly, in hippocampal microglia, rPerl showed loss of

rhythmicity but not rBmall, rPer2 and rRev-erba in 24 m animals (Fonken et al. 2016). This
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disparity in the age related alterations of circadian clock could be because of the reason that we
have taken the microglia from whole brain but not from any specific brain region. In the central
clock, rPerl and rBmall showed variation in both 12 and 24 m animals, whereas rPer2, rCryl
and rCry2 showed alterations in 12 m animals but not in 24 m animals (Mattam and Jagota
2014). This suggests that the central clock shows more age associated alterations in the circadian
clock. Also central clock shows more middle age alterations than in microglia. Interestingly, in
central clock rRev-erba did not show any variation in the expression pattern (Kukkemane and
Jagota 2019). This is similar to the observed expression pattern in kidney as well (Thummadi and
Jagota 2019). In kidney, rCryl and rRora showed alterations with aging (Thummadi and Jagota
2019). Only rPerl and rPer2 showed increased expression in microglia in 24 m animals.
Whereas in central clock, rBmall and rPer2 were decreased in 24 m animals, rCryl and rCry2
showed increased expression in 12 m animals (Mattam and Jagota 2014). This also proves that
the central clock is more sensitive to the age associated changes.

Further, we have also studied the gene expression pattern of various inflammatory genes and
analysed how the pattern changes with the aging. Inflammatory genes exhibit circadian rhythms
in several peripheral clocks but the expression pattern is highly tissue-specific based on their
physiological functions of peripheral clocks. In microglia, rNf-xbl, rTnfa, rTlrd and rTIr9
showed rhythmic expression with maximum expression at ZT-6 (Fig. 34). Interestingly, in the
hippocampal microglia, Tnfa showed maximum expression at ZT-6 (Fonken et al. 2016). In
macrophages, these genes show rhythmic expression with similar expression pattern (Silver et al.
2012). However, we did not observe rhythmic expression of rll6 in microglia. But in
macrophages 116 shows rhythmic expression (Keller et al. 2009). With aging, the expression
pattern of inflammatory genes altered which suggests the change in the physiological conditions
of the microglia (Fig. 34). In contrast to clock genes, we have observed the altered phases of the
immune genes suggesting the desynchronization of clock and immune genes with the
advancement in the age. Several studies showed an increase in the expression of inflammatory
genes expression in the old aged microglia (Norden and Godbout 2013). Caldeira et al. (2014)
showed that aged microglia i.e. microglia cultured for 16 days in vitro exhibited senescent
phenotype with decreased expression of inflammatory genes. In contrast, it was shown that
senescent microglia express increased inflammatory genes than the aged microglia (Stojiljkovic
et al. 2019). Interestingly, with aging we did not observe any significant change in the expression
levels of immune genes except rTIr9 (Fig. 34). This disparity could be because most of the

studies have considered only a single time point to understand the change in the expression of
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genes with aging. In our study, considering four different time points have given better idea on
how exactly immune genes vary with aging. However, a detailed study is required to further

understand the variations in the expression of inflammatory genes with aging.

The physiological functions of microglia are maintained by chemokine receptor CX3CR1 and
other receptors like CD45 and CD172. Therefore, we have studied the expression of these genes
to know whether these genes show rhythmic expression and how they vary with the aging as they
regulate the functional status of microglia. Cx3crl in microglia is essential for the normal
development of brain (Paolicelli et al. 2011). We observed a rhythmic expression of rCx3crl at
MRNA level (Fig. 35). Synaptic activity shows a diurnal variation in rodents with the help of
cathepsin S (CatS), which is a microglia-specific lysosomal cysteine protease of brain (Hayashi
et al. 2013). As Cx3crl is essential for the synapse formation, it can be suggested that the
rhythmic expression of Cx3crl may also help in the diurnal variation of synaptic activity. In
mature CD8+ cells, it was observed that Cx3crl show circadian expression with the peak at CT-9
and nadir at CT-21 in humans (Dimitrov et al. 2009). rCd45 showed maximum expression at ZT-
6 i.e. at the middle of rest phase in young adults (Fig. 35). Interestingly, in rat lymphocytes,
CD45 showed maximum expression at the end of the active phase (Pelegri et al. 2003). rCd172
showed maximum expression at ZT-6 in young adults. With aging, only rCd172 showed altered
phase in both 12 and 24 m animals (Fig. 35). Given the importance of rCd172 in phagocytosis, it
can be speculated that because of the altered rhythm of rCd172 in microglia there could be a
change in the phagocytic property of microglia in aged animals (Ritzel et al. 2015). The mean
levels of rCx3crl were increased significantly in 12 and 24 m animals (Fig. 36), whereas, in
hippocampal microglia there was no change in the expression level of Cx3crl (Fonken et al.
2016). But the levels of Cx3crl was shown to be decreased in the aged microglia (Stojiljkovic et
al. 2019). However, Cx3cl1, the fractalkine ligand for Cx3crl was shown to reduce with aging in
the brain regions (Bachstetter et al. 2011). This fractalkine signalling is essential to keep the
microglia at steady state (Bachstetter et al. 2011). Though we observed increased expression of
rCx3crl mRNA levels, studying the protein expression and also Cx3cll levels in these animals

would have given a better understanding.

It is essential to understand how the clock genes correlate with each other and also with the
immune and microglia resting genes to underpin the reasons behind the alterations of
physiological functions of microglia. Correlation analysis among the clock genes showed that
rBmall and rPerl were negatively correlated in both light phase and dark phase of young adults.
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Such interactions among the positive and negative limbs are essential for the proper maintenance
of the physiologies in the animals (Solt et al. 2011). There was no correlation between rBmall
and rRev-erba in light phase of 3 m animals (Fig. 38). This further suggest that clock genes
exhibit tissue-specific expression and interaction with each other. In Perl deficient macrophages,
the expression of Cx3crl was reduced in rodents (Wang et al. 2016). Interestingly, in our study
we observed a positive correlation between rPerl and rCx3crl in light and dark phase of young
adult animals (Fig. 38). BMALL1 has shown to be required to induce the expression of 116 in the
presence of an immunogen in microglia (Nakazato et al. 2017). Interestingly, in the present
study, we observed positive correlation between rBmall and rll6 in the light and dark phase of 3
m animals (Fig. 38). REV-ERBa was considered as the link between the circadian clock and
immunity, where REV-ERBa can regulate the expression of IL6 in macrophages (Gibbs et al.
2012). In our study, we observed no correlation between rRev-erba and rll6 in 3 m light phase,
but a positive correlation was observed in dark phase of 3 m animals. REV-ERBa was also
shown to inhibit the expression of TLR4 in human macrophages (Fontaine et al. 2008), whereas,
we observed significant positive correlation between rRev-erba and rTIr4 in light phase and
significant negative correlation in dark phase of 3 m animals (Fig. 38). CRY proteins can block
the NF-«kB activity and ultimately shows repression on the expression of IL6 (Narasimamurthy et
al. 2012). In the present study, we observed the positive correlation between rCryl,2 and rll6
genes expression. Further, CRY1 was shown to repress the expression of TLR4 in atherosclerosis
mouse model (Yang et al. 2015). Interestingly, in our study, we observed negative correlation
between rCryl and rTIr4 in the light and dark phase of 3 m animals (Fig. 38). With aging the
correlations between the genes studied were significantly altered in both light and dark phase of
12 and 24 m animals. This probably suggest that there is desynchrony among the clock, immune
and microglia resting genes with aging in microglia. Gene to gene network analysis has shown
that with aging the interactions between clock and immune genes increased (Fig. 39). This
probably, suggest that the altered immune genes expression may be because of the subtle changes

in the expression of clock genes.

I. B. Chronobiotic role of curcumin on the age induced alterations of clock,
Immune and microglia resting genes mRNA expression in microglia

Curcumin, an anti-inflammatory, anti-oxidant, anti-aging, anti-cancerous molecule, was known
to interact with several biomolecules in the system. However, its potential as a chronobiotic was

first explored from our laboratory. Recently, we have shown the chronobiotic role of curcumin
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in restoring the clock genes expression in central clock SCN (Kukkemane and Jagota 2019).
However, in the present study, we did not observe significant alterations in the pattern of clock
genes with aging (Fig. 33). But curcumin administration had resulted in alterations of clock
genes suggesting that circadian clock in microglia is sensitive to the curcumin. Also curcumin
had restored the mean levels of rCry2 in 24 m but altered the levels of other clock genes (Fig. 36)
suggesting its differential role as chronobiotic. Being an anti-inflammatory molecule, curcumin
was shown to modulate the inflammatory genes expression through Nrf2 activation (Wardyn et
al. 2015). In the present study, curcumin restored the phase of rNf-xb1, rTnfa in 12 m animals
(Fig. 34). This further proves the potential of curcumin as chronobiotic in regulating the
expression pattern of inflammatory genes expression. In microglia, the elevated levels of rTIr9
with the aging were reduced and restored with the curcumin administration. Curcumin
significantly reduced the levels of the immune genes expression (Fig. 36) which is in agreement
with several studies (Xi et al. 2014). Also curcumin reduced the increased levels of rCx3crl with
aging. As the activity state of microglia is dependent on the expression of Cx3crl, it is intriguing
to understand the role of curcumin on the Cx3crl in a detailed manner to further establish
curcumin as a potent therapeutic drug against the microglia associated pathologies. Curcumin
also showed chronobiotic property by differentially restoring the correlations among the clock,
immune and microglia resting genes (Fig. 38). Gene to gene network analysis showed that with
curcumin the interaction between clock and immune genes decreased (Fig. 39), this may be

because of the anti-inflammatory role of curcumin on immune genes expression.
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I1. A. Age induced alterations of clock and immune genes mMRNA expression in
liver, kidney and spleen

Circadian clock in liver has been linked to the metabolism (Reinke and Asher 2016). In the
present study in liver, we observed significant daily rhythms of various clock genes in the young
adult (3 m) (Fig. 40). rBmall and rCryl showed maximum expression in the dark phase which is
similar to several previous reports (Sladek et al. 2007; Taraborrelli et al. 2011; Ribas-Latre et al.
2015; de Goede et al. 2018; de Goede et al. 2018). Similarly, rPerl, rPer2, rCry2, rRev-erba,
rRora. showed similar expression observed in previous report in liver (Canaple et al. 2006;
Sladek et al. 2007; Taraborrelli et al. 2011; Takeda et al. 2012; de Goede et al. 2018; de Goede et
al. 2018) (Fig. 40).

In the present study in kidney, all the clock genes studied showed significant daily rhythms in
kidney of 3 m old animals. Elevated levels of rBmall at dark phase are corroborated with
previous studies in different peripheral clocks across different species (Christiansen et al. 2016;
Yang et al. 2016) (Fig. 46). Similarly, rPerl and rPer2 showed offset at ZT-12 and is in
agreement with previous studies in different tissues and species (Pizarro et al. 2013; Yang et al.
2016). Expression pattern of rCryl, rCry2 and rRev-erba (Fig. 46) also corroborates to the
previous studies (Takeda et al. 2012; Yang et al. 2016; Astafev et al. 2017). In spleen, there are
no proper studies on the daily rhythms of clock genes. Similar to liver and kidney the maximum
expression of rBmall was observed at ZT-0 (Fig. 52). Also, rPer2 showed similar expression as
in liver and kidney with maximum expression at ZT-12. rRev-erba also showed similar
expression as in liver and kidney with maximum expression at ZT-6 (Fig. 52). The other genes
showed variations in their expression pattern in different tissues which suggests the tissue-

specific molecular mechanism of circadian clock.

Interestingly, in 3 m rat SCN, rBmall maximum expression was seen at ZT-18 (Mattam and
Jagota 2014) which is 6 h earlier to liver, kidney, and spleen this further demonstrate the relation
between master and slave clocks (Balsalobre et al. 2002). This emphasizes the importance of
well organised synchrony between the clocks for a better survival of an organism (Hatori et al.
2017). Similar to peripheral clocks, SCN also exhibits rPer2 peak expression at ZT-12 (Mattam
and Jagota 2014). In kidney, rPerl did not show any change in expression with aging.
Interestingly, mRNA levels of odENaC (alpha subunit epithelial Na* channel), essential for
regulation of salt and water reabsorption was reported to be under PER1 regulation (Gumz et al.
2009), did not vary with aging (Haloui et al. 2013).
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With aging, in liver rPerl, rCry2, and rRora showed alterations in the phase, whereas in kidney,
rCryl and rRora showed variation, but in spleen all the clock genes except rRev-erba showed
alterations in the phase of expression pattern (Fig. 40, 46, 52). However, in SCN all the clock
genes showed variations in their phase as age progress (Mattam and Jagota 2014). This implies
that central clock SCN and peripheral clock spleen are more sensitive towards the age-associated
attritions than the peripheral clocks. Mean 24 h levels of rPerl, rPer2 and rCry2 in liver and all
the clock genes except rRev-erbo in spleen showed alterations with aging. However, in kidney
clock genes did not show variation in levels. Interestingly, SCN displayed an increase in the
mean 24 h levels of rPer2, rCryl and rCry2 in 12 m (Mattam and Jagota 2014) further signifying

the sensitivity of central clock in middle age.

rBmall showed significant negative correlation with rPerl and rRev-erba in both light phase and
dark phase of 3 m in liver and kidney (Fig. 44, 50). These tightly regulated interactions are
essential for the sustained metabolism in organisms (Solt et al. 2011). However, rBmall did not
show any correlation with Rora in LP and DP of 3 m of kidney, which is in agreement with the
minimal role of Rora on circadian clock in kidney (Takeda et al. 2012). Positive correlation
between rCryl and rCry2 in LP did not vary with aging in kidney and spleen in present study,
but abolished in liver and SCN (Mattam and Jagota 2014). Negative correlation between rBmall
and rPerl observed in liver and kidney was not observed in spleen and SCN (Mattam and Jagota
2014).

Time dependent immune responses are well documented in several immune cells; and there are
remarkable evidences to show that they are cell and tissue specific circadian regulations (Curtis
et al. 2014). NF-xB1, an important regulatory transcription factor in inflammation, plays a central
role in inducing transcription of Tnfa, 116 and several other cytokines and also involved in
apoptosis, cellular growth and differentiation (Hoesel and Schmid 2013). Several studies showed
that these inflammatory genes in immune cells show diurnal expression in rodents (Keller et al.
2009; Cermakian et al. 2013; Curtis et al. 2014). Interestingly, in our study, we observed that
rNf-xb 1, rTnf-o. and rll6 showing significant daily rhythms in 3 m liver, kidney and spleen and
corroborates to the previous reports in immune cells (Curtis et al. 2014) (Fig. 41, 47, 53). In
addition, LPS induced phase shift of circadian rhythms in SCN were observed to be through
TNFR1 receptors (Paladino et al. 2014). In this context, it would be of greater importance to
understand role of Tnfa on circadian rhythms in peripheral clocks to address renal chrono-

inflammatory aberrations. TIr9 contains canonical E-boxes at its promoter site where
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CLOCK/BMAL1 complex can induce the expression, but its circadian rhythms are cell and
tissue specific (Silver et al. 2012). In our study, we observed both rTIr9 showing peak expression
at ZT-12 in liver and kidney, which is similar to expression seen in inflammatory cells (Silver et
al. 2012, 2018), but at ZT-0 in spleen. Interestingly, all the immune genes studied showed phase
advance of 6 h in 12 m but remained unaltered in 24 m in kidney, but all the immune genes
showed alterations with aging in liver and spleen. Further studies are essential in understanding

the middle age perturbations in chrono-immune system.

Pairwise correlation analysis revealed the change of correlation of rNf-xb/ with other immune
genes in liver in 12 m LP and DP, also the correlation of rNf-xb/ changed with rTnfo. and rTlr4
in DP of 12 m kidney, this suggests the deregulated interactions between inflammatory genes
with aging. rNf-xkb1 showed significant positive correlation with other immune genes in 24 m

liver and kidney (Fig. 44, 50), this further suggests altered inflammatory status with aging.

Correlation analysis was performed between clock and immune genes in order to understand the
possible interactions with each other. rPerl showed positive correlation with rll6 in LP and DP
of 3 m kidney and spleen (Fig. 50, 56), but in liver there was a negative correlation between
rPerl and rll6 (Fig. 44). Interestingly, it was shown that PER1 negatively regulates IL-6
expression in spinal astrocytes (Sugimoto et al. 2014). TIr9 shows Per2 dependent circadian
expression in macrophages (Silver et al. 2012), we also observed positive correlation between
rPer2 and rTIr9 in LP and DP of 3 m liver and kidney (Fig. 44, 50). REV-ERBa shows
inhibitory action on TLR4 expression in human macrophages (Fontaine et al. 2008), but in our
study we observed insignificant negative correlation between rRev-erba and rTir4 in LP of 3 m
kidney and spleen, but in liver significant positive correlation was observed between rRev-erba
and rTIr4. In LP and DP of 12 m, the correlations were altered, suggesting desynchrony between
immunity and circadian clock. CRY proteins were proposed to inhibit 116 expression by blocking
NF«B activity in fibroblasts and macrophages (Narasimamurthy et al. 2012). Interestingly, in our
study we observed a positive correlation between rCry2 and rll6 in kidney and spleen, whereas
in liver there was no correlation between rCry2 and rll6. In another study, overexpression of
CRY1 reduced the TLR4 expression in atherosclerosis mouse model (Yang et al. 2015). But, we
observed a positive correlation between rCryl and rTlr4 in LP of 3 m kidney (Fig. 50), but a
negative correlation was observed between rCryl and rTIr4 in liver (Fig. 44). As our study
involves mRNA expression, study at protein level would yield a better understanding on their

interactions. In DP of 24 m, all the immune genes showed significant positive correlation with all
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clock genes except rBmall in kidney, whereas in liver and spleen the correlations were altered,

this provides significant basis for desynchronised clock and immune systems with aging.

Gene to gene network analysis showed that the interaction between clock and immune are very
weak in liver and with aging the interactions reduced further in liver (Fig. 45). Gene to gene
network analysis showed that in young age clock and immune genes exhibit interactions in two
different groups with rTlr4 and rPerl being the hub genes and intensity of the interactions are
medium to weak. With aging the rRev-erboa showed maximum interactions with immune and
with increased strength of interactions. In 24 m, interactions between clock and immune genes
were increased with increased intensity of strength (Fig. 51). This suggests that increased
inflammatory status with aging might be because of subtle change in clock system. In spleen, in
12 m the clock and immune genes showed reduced interactions (Fig. 57) suggesting the

desychrony between clock and immune genes in spleen.

With aging, 5-HT daily rhythms were altered in liver, kidney and spleen (Fig. 58). In central
clock also the daily rhythms were altered in 24 m (Reddy and Jagota 2015). Interstingly, the
levels in SCN were increased (Reddy and Jagota 2015) which is similar in the case of peripheral
clock kidney (Fig. 59a).

I1. B Effect of curcumin on the age induced alterations of clock and immune
genes MRNA expression in liver, kidney and spleen

Here we explored the chronobiotic properties of curcumin on peripheral clocks liver, kidney, and
spleen for the first time. Curcumin administration did not show significant changes in expression
pattern of clock genes in 3 m liver, but with aging curcumin altered the expression pattern of
rCry2 and rRor-a (Fig. 40). However, rPerl, rCryl and rCry2 were altered with curcumin
treatment in 3 m kidney but remained unaltered in 12 and 24 m animals with respect to their age-
matched vehicle groups (Fig. 46). In spleen, curcumin altered expression of rCryl, rCry2 and
rRor-a and with aging almost all the clock genes were altered (Fig. 52). Further detailed study is
required to understand the underlying mechanism of curcumin on these clock genes.
Interestingly, only rRor-a showed sensitivity towards curcumin in all the tissues and all the age
groups studied. The chronobiotic role of curcumin can be highlighted with restored phases of
rRor-a in 24 m liver; rCryl in 24 m kidney; rPerl in 24 m and rCry2 in 12 m spleen.

Curcumin administration had profound effect on daily rhythms of all the immune genes.
Interestingly, curcumin had similar chronomodulatory effects on rNf-kb/ and rTnfo in all age
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groups in kidney (Fig. 47). This could be because of curcumin’s regulation on r7Tnfa through
NF«kBI1. Several researchers demonstrated the role of elevated pro-inflammatory molecules like
NF«kBI1 and TNFa in various disorders (Tilstra et al. 2011; Wang et al. 2017). With aging, the
levels of pro-inflammatory molecules increase in several tissues. Here we report that rNf-«xb1 and
rTnfa expressions were significantly elevated with aging in liver and kidney (Fig. 42, 48), which
corroborates to previous studies (Tilstra et al. 2011; Xi et al. 2014). Curcumin being an anti-
inflammatory molecule reduced the expression of rNf-xb/ and rTnfa in all age groups and
restored rNf-xb1 in 12 m liver; rTnfa in 24 m kidney; rNf-xb17 in 12 and 24 m spleen (Fig. 42, 48,
54). Further, we also report the gradual increase in transcription of rTIr4 and rTIr9 with aging in
kidney which supports previous studies (Xi et al. 2014). Curcumin reduced the mean 24 h levels
of rTIr4, which is in agreement with previous studies (Zhu et al. 2014) and restored in 24 m
kidney (Fig. 48). It has been reported that the anti-inflammatory action of curcumin could be
through the activation of Nrf2 which was shown to attenuate inflammatory responses (Wardyn et
al. 2015). Curcumin showed significant alterations in correlations among the immune genes in all
the peripheral clocks studied as it reduced the expression of several immune genes (Fig. 44, 50.
56). Gene to gene interactions in liver showed that curcumin can alter the interactions between
clock and immune genes in aging (Fig. 45). However, in kidney, with curcumin treatment in 24
m, interactions between clock and immune genes showed similarity with 12 m VT, suggesting
the potential of curcumin as chronobiotic to regulate both clock and immune system (Fig. 51). In
spleen, the interactions in 24 m were reduced highlighting the anti-inflammatory role of
curcumin (Fig. 57). Curcumin administration restored the daily rhythm of 5-HT only in 24 m
spleen (Fig. 58). However, curcumin partially restored the levels in 12 and 24 m spleen (Fig.

59a). This suggest that curcumin showed more beneficiary effect on spleen.
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1. A. Effect of LPS on clock, and immune genes mRNA expression in
microglia, liver, kidney and spleen

LPS, an endotoxin that is present on the outer membrane of gram negative bacteria, induces
immune response through TLR4 receptor (Rosadini and Kagan, 2017). In our study, LPS
administration elicited the expression levels of immune genes in all tissues studied, however,
clock genes exhibited differential alterations in various tissues suggesting the tissue specific
clock and immune interactions. rBmall expressed maximum at ZT-0 in all the tissues studied,
with LPS administration the maximum expression was altered in microglia, but did not alter in
liver, kidney, spleen which suggests that clock shows response in tissue specific manner.
BMALL being a core clock gene was showed to regulate the immune responses in macrophages
(Oishi et al. 2017). Further, it has been proposed that increased inflammation with LPS
administration at ZT-12 could be because of lower expression of Bmall at that time point (Curtis
et al. 2014). In our study, we observed increased expression of rBmall and rll6 at ZT-6 with LPS
treatment in microglia. But in the other peripheral clocks, though we did not observe any change
in maximum expression time point, we observed significant change in the expression at other
time points suggesting the altered rhythm of rBmall expression with LPS treatment which is in
agreement with previous report in liver (Shimizu et al. 2017). It has been shown that LPS
downregulates the expression of Bmall in macrophages (Wang et al. 2013). But in microglia, we
observed significant increase in the expression of rBmall. But in the other peripheral clocks we
did not observe significant reduction in the levels of rBmall with LPS treatment which is also in
agreement with previous study in liver (Shimizu et al. 2017). PER1 has been attributed to
regulate macrophage recruitment to prevent excessive immune response in liver (Wang et al.
2016). rPerl and rPer2 showed altered phases with LPS administration in all the tissues. With
the LPS administration rPerl and rPer2 expression is blunted at the peak time point in microglia,
liver and kidney but not in spleen. A similar result was observed in previous experiment in liver
(Okada et al. 2008). Mean levels of rPerl and rPer2 did not alter in microglia, liver and spleen
which is in agreement with previous study where the levels were recovered on day2 after LPS
administration in liver (Okada et al. 2008). Previous studies showed that several non-photic
stimulations significantly suppress the expression of Perl and Per2 mRNA expression
(Moravcova et al. 2018) in various clocks. In our study we observed loss of rhythmicity of rCryl
and rCry2 in microglia with LPS treatment. But in other peripheral clocks alterations in rCryl
and rCry2 phases were observed with LPS administration. Mean 24 h levels of rCryl and rCry2
showed tissue specific alterations. Interestingly, it was reported that overexpressing CRY1 could
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protect from atherosclerosis through the modulation of TLR/NF-kB pathway (Yang et al. 2015).
Also CRY proteins show anti-inflammatory property by inhibiting the activation of TNF-a
(Hashiramoto et al. 2010). rRev-erba. showed altered rhythms in microglia, liver and spleen,
whereas in kidney rhythmicity was completely lost. REV-ERBa serves as the link between the
clock and immunity in macrophages (Gibbs et al. 2012). Also REV-ERBa can modulate the
immune responses by altering the cytokines expression (Sato et al. 2014). In our study mean 24 h
levels of rRev-erba showed significant decrease in microglia and liver but not showed significant
variation in kidney and spleen. REV-ERBa was shown to negatively regulate I1L-6 expression
(Sato et al. 2014), it was also identified that Rev-erba promoter has NF-kB binding site to repress
its activation (Yang et al. 2014). In our study we observed increased rNf-xb/ and rll6 expression
associated with reduced levels of rRev-erba in liver suggesting that increased rNf-xb7 might have
played a role in reducing the levels of rRev-erba. We observed that rRora showed phase
alteration in liver and rhythm abolition in microglia and kidney with LPS treatment. However, in
spleen we did not observe significant daily rhythm in VT and LPS groups. In liver, we observed
decreased expression at the ZT-18, the time point that corresponds to the maximum expression in
VT group. In kidney though there was no rhythmicity, we observed increased expression at ZT-6,
the time point that corresponds to the minimum expression In VT group. This suggests that LPS
alters the expression of rRora in tissue specific manner. However, we observed increased
expression levels of rRora in microglia and kidney and decreased levels in spleen. It was
observed that Rora shows acute increase in its expression with LPS treatment in adipocytes (Liu
et al. 2017) and in macrophages (Barish et al. 2005). In smooth muscle cells, overexpression of
RORa inhibited the levels of TNF-a and IL-6 (Delerive et al. 2001). In astrocytes, RORa showed
bidirectional regulation of IL-6 expression, where RORa was required to maintain basal levels of
IL-6. Whereas in the presence of immune stimulus RORa negatively regulates the expression of
IL-6 (Journiac et al. 2009). Taking together these studies suggest that RORa is a negative
regulator of pro-inflammatory molecules. Also studies have shown that RORa does not involve
NF-kB to modulate immune responses (Stapleton et al. 2005). With LPS treatment immune
genes showed phase alterations in all the tissues studied. In liver, all the immune genes except
rTnfo. showed peak at ZT-0. This probably could be because of acute increase in the levels of
inflammatory molecules when LPS was administered. As the day progressed we observed the
decrease in the levels of all the inflammatory genes. Interestingly, such increase of immune
genes at ZT-O were not observed in microglia, kidney and spleen suggesting that immune

response varies from tissue to tissue. All the immune genes except rTIr9 showed increase in
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mean 24 h levels with LPS in microglia and liver which is in corroboration with previous studies
(Nozaki et al. 2017; Hamesch et al. 2015; Liu et al. 2015). In microglia, with LPS treatment, the
rhythmicity of rCx3crl was not altered but rhythmicity was abolished for rCd172 and rCd45.
Further, the decreased levels of rCd172 and rCd45 suggests that microglia are activated upon
LPS treatment.

The correlation analysis between the clock and the immune genes showed that altered expression
of clock genes as immune response to the LPS treatment resulted in disrupted correlations with
immune genes. Our results suggest that clock and immune genes response to LPS are indeed
tissue specific as it is well reflected in correlation analysis. Gene to gene network analysis in
microglia suggests that with the LPS treatment, clock and immune genes lost their interactions
with each other. Gene to gene network analysis of liver with the LPS treatment shows that clock
genes as immune response show strong interaction with immune genes. Our network analysis
suggest that LPS induced alterations on clock genes expression could be through the NF-xB
pathway as we observed a strong interaction of rNf-xb/ with clock genes. In kidney we observed
that with LPS treatment rNf-xb1 and rTnfo did not show interaction with clock genes suggesting
NF-xB independent pathway might be involved to induce inflammatory response from clock
genes. Similarly in spleen, we found that with LPS treatment there was no rNf-xb/ interactions
with any of the clock genes suggesting a NF-xB independent pathway to induce response.
However, further studies are needed to evaluate the role of NF-kB on LPS induced alterations of
clock genes. Gene to gene interaction studies showed that LPS can alter the response of clock
and immune genes in tissue specific manner. Overall our results suggest that LPS induced clock

and immune genes alterations are tissue specific.

I11. B. Role of NF-kB inhibitor on the LPS induced alterations of clock and
immune genes MRNA expression in microglia, liver, kidney and spleen

PDTC is a potent inhibitor of NF-kB activity. PDTC has been shown to reduce the NF-xB
mediated inflammation and associated pathologies. From our results we understood that LPS
administration can modulate the clock genes expression in tissue specific manner in peripheral
clocks. As LPS can trigger the activation of NF-kB and elicits the inflammatory status, we
wanted to understand whether NF-«B is involved in the LPS induced alterations of clock genes.
Therefore, we have administered PDTC to the animals to block the activity of NF-kB. We also

wanted to understand if NF-kB is required for the basal expression of clock genes.
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In microglia, with LPS+PDTC treatment, rBmall and rPer2 showed similar pattern as in LPS
group, but with PDTC treatment, their expression pattern showed similarity with VT group. This
suggests that LPS can act on these genes as NF-kB independent manner. However, the unaltered
expression pattern of rPerl and rRev-erba in LPS+PDTC and PDTC group in comparison to VT
suggest that LPS act on these genes as NF-kB dependent manner. It was shown that NF-«B can
alter the expression of Rev-erba by binding to its promoter region (Yang et al. 2014). In
agreement with that we observed that LPS can regulate Rev-erba in the presence of immunogen.
Altered phases of rCryl and rCry2 in LPS+PDTC group suggest that LPS can act on these genes
as NF-kB dependent and independent manner. Altered phase of »Rora in LPS+PDTC and PDTC
group suggest that LPS act on this gene as NF-kB dependent manner and also NF-kB is required
for the basal expression pattern (Fig. 60). The altered expression levels of rBmall and rCryl in
LPS+PDTC group suggest that LPS can alter the levels as NF-kB independent manner. The
unaltered levls of rCry2 in LPS+PDTC group suggest that LPS can act as NF-kB dependent
manner (Fig. 61).

In liver, rBmall expression pattern did not alter in LPS+PDTC and PDTC groups, suggests that
LPS cannot act on this gene and NF-«xB is not required for the basal expression. Altered phases
of all other clock genes in LPS+PDTC treatment suggest that LPS can act as NF-kB dependent
and independent manner. However, the altered phases of rPerl, rCryl and rRoro in PDTC group
suggest that NF-kB is essential for their basal expression pattern (Fig. 65). The decreased
expression levels of rRev-erba in LPS+PDTC group suggest that LPS can act as NF-xB
independent manner (Fig. 66).

In kidney, rBmall did not alter its phase in LPS+PDTC and PDTC groups suggesting that LPS
cannot alter its phase and NF-kB is not essential for basal expression pattern. Altered phase of
rPer2 and rCry2 in LPS+PDTC group suggest that LPS can act as NF-«B independent manner.
Altered phases of rCryl and rRev-erbo. in LPS+PDTC group suggest that LPS can act as NF-xB
dependent manner. Altered phase of rPerl in LPS+PDTC group suggest that LPS can as NF-xB
dependent and independent manner. Abolition of rhythmicity of rRora in LPS+PDTC and PDTC
groups suggest that LPS can as NF-kB dependent and independent manner and NF-«xB is
essential for its basal expression pattern (Fig. 70). Decreased levels of rPerl, rPer2, and rCry2

suggest that LPS can act as NF-kB independent manner (Fig. 71).

In spleen, rBmall did not alter its phase in LPS+PDTC and PDTC groups suggesting that LPS

cannot alter its phase and NF-kB is not essential for basal expression pattern. Altered phases of
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rPerl, rCry2 and rRev-erba in LPS+PDTC group suggest that LPS can as NF-kB dependent
manner. Altered phases of rPer2 and rCryl in LPS+PDTC suggest that LPS can act as NF-xB
independent manner. Abolition of rhythmicity of »Rora in LPS+PDTC and altered phase in
PDTC group suggest that LPS can as NF-kB dependent and independent manner and NF-«xB is
essential for its basal expression pattern (Fig. 75). Unaltered levels of rCry2 and rRora in
LPS+PDTC group suggest that LPS can act as NF-kB dependent manner (Fig. 76).

In microglia, liver, kidney, and spleen the altered phases of all immune genes in LPS+PDTC and
PDTC group suggest that NF-kB is essential for the basal expression pattern of immune genes
(Fig. 60, 65,70, 75). Further, the reduced levels of immune genes with PDTC treatment shows
that NF-kB activity is essential for the immune response caused by LPS administration in all the
tissues studied (Fig. 61, 66, 71, 76). Correlation analysis and gene to gene network analysis had
shown that NF-«xB has tissue specific role in regulating the clock and immunity (Fig. 63, 68, 73,
78).
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Summary and conclusions

Our studies demonstrated that clock and immune genes show tissue specific temporal expression
pattern in microglia, liver, kidney, and spleen in young age. Microglia resting genes showed
significant daily rhythms in microglia. Clock and inflammatory genes showed tissue specific
correlations in young age. 5-HT also showed tissue specific daily rhythms in liver, kidney and
spleen. With aging, rPer2 in microglia; rPerl, rCry2 and rRora in liver; rCryl and rRora in
kidney; and all clock genes in spleen showed differential alterations in expression pattern. All the
immune genes showed altered expression patterns in all the tissues studied. In microglia, rCd172
showed altered expression pattern with aging. In microglia, correlations within clock genes and
within inflammatory genes were significantly altered with aging. In liver and spleen correlations
within clock genes and within inflammatory genes were significantly altered. The correlations
between clock and immune genes were significantly altered with aging in all the tissues studied.
5-HT showed altered daily rhythms and mean levels in liver, kidney and spleen with aging.
Curcumin administration showed restoration of daily rhythms of rNf-xbi, rTnfa and rll6 in
microglia; rRora, rNf-kbl, rTnfa, rTIrd and rTIr9 in liver; rRora and rNf-xb1 in kidney; rPerl,
rCry2 and rTIr9 in spleen. Curcumin administration also restored the altered mean levels of
rCry2, rCx3crl and rCd45 in microglia; rNf-kb1 and rTlr4 in liver; rTnfa and rTlr4 in kidney;
rBmall, rPer2, rCryl, rNf-xb! and rTIr9 in spleen. Curcumin differentially restored the
correlations within and between clock and immune genes in all the tissues studied. Curcumin
administration restored 5-HT daily rhythm in 24 m spleen. Our results demonstrated the

chronobiotic role of curcumin in peripheral clocks.

Further, it was found that clock genes show tissue specific responses to the immunogen LPS. NF-
kB showed differential role in LPS induced alterations of clock genes expression in various

tissues. LPS showed NF-kB dependent activity on rPerl in all the tissues studied.

Overall, this study helps towards the development of new therapeutic strategies using the
pleiotropic molecule curcumin to address several age related chrono-immune attritions. In
addition, our study gave an insight into the cross-talk between clock and immune systems to

underpin the molecular mechanisms involved in chrono-immunological pathologies.
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Fig. 80: Graphical representation of the summary from objective | and 11
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Schematic representation of effect of aging on various genes expression in various peripheral
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Fig. 81: Graphical representation of the summary from objective 111
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Abstract Suprachiasmatic nucleus (SCN) contains
the central clock that orchestrate circadian rhythms in
physiology and behavior in mammals. Tightly inter-
locked transcriptional and translational feedback
loops (TTFLs) comprising of various clock genes
such as Clock, Bmal i, Periods, Cryptochromes etc. in
the SCN, send the timing signals to peripheral clocks
that governs local metabolism with similar TTFLs.
Peripheral clocks in kidney regulates several circadian
rhythms like blood pressure, immunity etc. However,
aging leads to circadian and inflammatory disorders in
kidney. Though there are increasing evidences on age
associated perturbations, studies elucidating the rhyth-
mic expression of clock and immune genes across
aging in kidney are obscure. We therefore studied
changes in daily rhythms of clock and immune genes
in kidney. In this study we measured mRNA expres-
sion of clock genes rBmall, rPerl, rPer2, rCryl,
rCry2, rRev-erba, rRory, and inflammatory genes
riNfibl, rTnfo, ril6, rTir4 and rTlr9 in 3, 12 and
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24 months male Wistar rat kidney using qRT-PCR.
From our study, we did not observe significant
changes in clock genes expression except rRora, but
immune genes showed significant phase alterations as
well as increase in mean 24 h levels. Pearson corre-
lation analysis of data showed desynchronization
between immune and clock genes expression. We
further studied the effect of administration of cur-
cumin which has anti-aging, anti-inflammatory, anti-
oxidant etc. properties, and evaluated its chronobiotic
properties. We here report differential effects of
curcumin administration on daily rhythms of clock
and immune genes expression.

Keywords Curcumin - Kidney - Clock genes -
Immune genes - Aging - Peripheral clock

Introduction

In mammals, Suprachiasmatic nucleus (SCN) contains
the central clock that synchronizes physiology, behav-
ior and metabolism to the external environmental cues
(Zeitgebers) (Jagota 2012; Roenneberg and Merrow
2016). SCN regulates circadian rhythms by core clock
genes viz. Clock, Bmall, Periods, Cryptochromes,
Rev-erba, Roro etc. whose expression is orchestrated
at transcriptional and translational levels to establish
compact feedback loops that eventually result in
~ 24 h periodicity (Jagota 2012; Takahashi 2017).

@ Springer
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