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Highlights:
1. p5H3 oscillations signify DNA repair, and persistent stress causes prolonged
surge in pH3 levels inducing cellular senescence.
2. pb3-induced cellular senescence promotes inflammation and enhances pro-
gression of insulin resistance.
3. Regulation of Mdmx and Akt can be a strategy to rejuvenate ageing cells
through management of IL-6 dynamics.

Abstract

Obesity, metabolic syndrome and premature ageing form a hugely re-
searched and discussed area of interest these days. In the pathology of
this cluster of conditions, adipose tissue is gaining attention as a major
playground for interplay between metabolic stress, inflammation and ac-
celerated ageing, and not merely being an energy storage tank. Drastic
elevation in the levels of reactive oxygen species, due to lipid overload
and excessive lipolysis, causes genotoxic damage such as shortening of
telomeres (an indicator of accelerated cell ageing), increased mRNA and
protein expression for p53, p21, TNF—q, IL-6 (interleukin 6), impaired
insulin mediated glucose uptake, and decreased TERT mRNA expression.
The increase of p53 in adipocytes is deleterious, since elevated p53 re-
sults in pre-mature ageing of fat tissues which secrete pro-inflammatory
cytokines thereby contributing to insulin resistance. But inhibition of
p53 as a therapeutic target, as suggested by many previous studies, could
result in developing high risks of cancer. The association between hy-
perlipidemic/hyperglycaemic stress, premature growth arrest and insulin
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resistance, thus, forms an interesting premise for searching targets and
designing interventions for therapy of metabolic syndrome, type 2 dia-
betes mellitus etc. We developed a mathematical study involving a 5D
ODE model, which revealed crucial parametric conditions governing p53
dynamics in the case of metabolic stress-induced cellular senescence, and
shed light on potential strategies to reduce pro-inflammatory cytokine lev-
els which exacerbate insulin resistance through premature cellular ageing.

Keywords: p53, cellular senescence, insulin resistance, IL-6, Akt.

1 Introduction

Diabetes mellitus, obesity and associated metabolic disorders are reaching pan-
demic proportions in their incidence [1, 2, 3]. These are marked by metabolic
disturbances such as hyperglycemia, dyslipidemia etc. that result in molecular
level derangements, such as generation of reactive oxygen species and inflamma-
tory markers. Oxidative stress targets and damages an array of biomolecules,
DNA being one of them, where damage leads to either activation of repair
mechanism, or growth arrest/apoptosis [7, 8]. This has been observed in adi-
pose tissue, where increased levels of ROS and excessive lipolysis are followed
by premature cellular senescence and elevated pro-inflammatory marker profile
[9]. This pro-inflammatory state eventually leads to development of insulin re-
sistance, and is a hallmark of metabolic syndrome.

One of the principal factors that confer senescence-like phenotype to the tissue
under conditions of metabolic dysregulation is the classical tumour-suppressor
protein p53 [9]. DNA damage due to oxidative stress leads to activation and
elevated levels of p53, a master regulator of cell cycle, which further activates
p21 and eventually leads to higher levels of the pro-inflammatory cytokine 1L.-6
[8]. Elevation in IL-6 levels has been shown to be associated with development
of insulin resistance, the principal feature of type 2 diabetes mellitus [38]. This
pathway has been validated experimentally where insulin resistance in adipose
tissue was found to be associated with high expression of p53 [10].

p53 is one of the most popularly studied genes owing to its crucial role as a key
player in prevention of development of cancer [60, 61, 62, 63]. Various math-
ematical models have been proposed for studying its behavioral dynamics, to
explain the experimental results, as well as to gain a insight into its relationship
with the other associated elements for the desired action [39, 4, 5, 6, 12]. One
such experimentally observed phenomenon is the oscillatory levels of p53 protein
as reported in [12], which corresponds to DNA repair induced upon encounter
of the cell with a genotoxic stress.

In order to have a molecular network resulting in oscillatory behaviour, we
are restricted by some standard mathematically established topologies and con-
straints in kinetics [40, 41, 42]. The molecular network then could be a negative
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feedback loop with a delay or a combination of positive feedback and negative
feedback loops [39]. A commonly used trick is to take the product of the sign
of edges, a negative sign as a result would imply that the network can exhibit
oscillations (necessary but not sufficient).

In the present paper we took a simplistic network which forms a long neg-
ative feedback loop as given in [12], comprising three key players p53,Mdm2
and Mdmx. However they took an intermediate subsidiary I to explain their
model and results, which has been replaced here by the homologous protein
called Mdmx which inhibits p53 activity and stabilises Mdm2 [13]. We used
their 5-D model concept to build our three-dimensional model. The 3-D model
thus obtained by modification was then extended to a 5-D non autonomous ode
model to explain the roles of p21, and IL6 or Akt. Our study showed that there
exist parametric conditions such that one may have normal IL6 levels without
altering p53 dynamics under exposure to stress.

2 The Model

The concept of model is schematically described in figure 1. Here the input
represents (oxidative) stress, output 1 shows the dynamics of p53 levels and
output 2 represents IL6 dynamics. So, essentially we have divided our model
into 2 parts namely part I and part II. These are explained sequentially in
following manner.

2.1 Part I: The p53 unit

This part of the model contains a 3-D non autonomous system of ode’s obtained
from a 5-D model proposed in [12]. y1(t), y2(¢),y3(t) are the concentrations of
p53 protein, Mdm2 protein and Mdmx protein respectively. It was noted in
previous studies that p53 levels were elevated during stressed conditions, the
opposite of which is seen during non stressed conditions. Also Mdm2 has been
widely recognised as crucial regulator of p53 as its absence leads to excess activ-
ity of pb3 causing embryonic death [15] while excessive Mdm2 expression leads
to inhibition of p53 and thereby promotes cancer [15, 16, 17, 18]. Mdm2 was
found to negatively regulate p53 by acting as an ubiquitin ligase or by protea-
somal degradation [19, 20, 21, 22]. This fact is portrayed in Eqn. 1 by the
term '—diy1y2’ where d; represents rate of Mdm2 dependent degradation of
p53. The first term s; denotes synthesis rate of p53 protein. The last term of
Eqn. 1 represents effect of input on p53 degradation, more specifically it shows
that during high stress (t=0) the Mdm2 dependent degradation of p53 is lowest
and as stress fades away it reaches its maximum value viz. '—dyy1y2’. We have
taken the term ’e” %" to represent the oxidative stress conditions (inputl) as
a result of accumulation of ROS due to lipid breakdown in the adipose tissue.
This factor represents a signal which is maximum at t=0 implying the time at
which the network faces a stress pulse. The stress pulse eventually fades away
as defined by o.


https://doi.org/10.1101/269738

bioRxiv preprint doi: https://doi.org/10.1101/269738; this version posted February 25, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Eqn. (2) shows the rate equation for Mdm2 protein. p; represents rate of
synthesis of Mdm2 protein independent of p53 [23, 24]. The last term repre-
sents Mdm?2 degradation [25]. The second term shows stabilisation of Mdm2 by
Mdmx [26, 27]. Eqn. (3) represents rate of Mdmx protein, where the second
term shows the degradation of Mdmx independent of Mdm2 [28] and the first
term shows the enhancement of Mdmx protein production by p53 [29] and input
stress while Mdm2 represses it by binding to p53 and reducing its transcriptional
activity [43]. The sub-model I is written as:

d _

% =51 — diy1y2 + ae” Ty1ys (1)
dyso pays’

Wo e P2 g 2
gt D g g @)

dys  cie” 'y
dt B 1+ C2Y1Y2 d3y3 (3)
For our mathematical study we assumed that the system is in a steady state
initially before the action of stress. During stressed condition, there is a change
in the state of the variables. But, when the stress fades away to zero, the sys-
tem again goes back to the same initial state. Steady state here is the state
(y1%, y2*, y3*) at t — oo i.e when the exponential term is zero. This asymptotic
limit of model is equivalent to a scenario where the system didn’t face the stress.
In essence we have a system at a stable steady state which faces an input, re-
acts to it dynamically and then comes back to the stable state after the input
is removed (see section 3.1.1 for detailed analysis). This hypothesis is validated
via reproduction of results as in [12] (see figure 3).

2.2 Part I1 : The IL6 unit

There is a significant amount of literature which links p21 downstream to p53
which plays a regluatory role during progression to senescence when transcribed
by p53 in response to DNA damage [30]. The p21 protein then further ac-
tivates a series of downstream mediators ultimately forcing the cell into cel-
lular senescence as a protective measure against stress. Adipocytes subjected
to oxidative stress also showed increased expression of pro-inflammatory cy-
tokines TNF-av and IL-6 [8]. It has been reported that increased secretion of
pro-inflammatory cytokines by adipose tissue exacerbates insulin resistance in
people with metabolic disorders [31, 32]. We have singled out IL-6 from amongst
all the cytokines associated with the senescent phenotype due to its strong asso-
ciation with insulin resistance with as well as independent of obesity, and more
importantly its endocrine nature unlike other cytokines such as TNF-a that are
secreted by a limited number of types of cells and act in a paracrine fashion
[563]. In this unit of the model we tried to include this mechanism of p21 tran-
scription by p53 as shown in Eqn. (4) and the synthesis of IL6 via senescence
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pathways as shown in Eqn. (5). It is also been found that the expression of IL6
causes an increase in expression of Akt which negatively controls p21 through
phosphorylation [33, 34].

Since there is a linear relationship between IL6 and Akt [47], so, an extra equa-
tion for Akt is not required and the concentration of Akt is taken to be directly
proportional to IL6. The sub-model II is wriiten as:

dys p3y”

LI . | I S R 4
7 So + kaQ —&-y{” 4Y4 6Y5Y4 (4)
dy

CT; = 83 + pays — dsys (5)

The variables y4(t) and y5(t) represent the concentration of protein p21 and
cytokine IL6 respectively. Eqn. (4) gives the rate of p21 production where sy
is its synthesis rate independent of p53 [35, 36]. p3 in the second hills function
type term of Eqn. (4) is the p53 dependent rate of p21 transcription. This ps3
may define the condition for which p21 transcription takes place. d4 represent
degradation of p21 protein where dg is the rate dependent on degradation of p21
due to Akt. Eqn. (5) gives the rate of IL6 synthesis, which then proportionally
activates Akt (not explicitly mentioned in the model). s3 is the basal production
rate independent of p53 and p21 mechanism [37] while p4 is the rate of IL6
synthesis via senescent pathway activated by p21. ds is the degradation rate of
IL6 through other mechanisms [37].

2.3 The Complete Model

Our complete model (6) consists of the combination of both the units above
connected in the fashion as depicted by figure 1.

This model explains on a dynamical basis the tight link that exists between
p53 function as a tumor supressor and insulin resistance when adipocytes are
under high oxidative stress. The following 5-D non autonomous ode system is
represented in detail in figure 2.

% =51 — diy1y2 + e “tyiys
% =p + % — day2
ot
% — 59+ k% — days — dsys5Ya
% = S3 + pays — dsys
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3 Results

3.1 Mathematical Analysis
3.1.1 The p53 Unit

The main hypothesis used here is that the system comes back to its initial state
after the stress fades away. Suppose we have a non autonomous system with
an input I(t), which vanishes after a certain amount of time, and whenever the
system encounters this stimulus I(t), it reacts accordingly. But it is to be noted
that the absence of any stimulus in first place and fading away of the stimulus
after a certain amount of time, are mathematically equivalent conditions (i.e
I(t) = 0). Thus it is essential for the system to revert back to its initial state,
after the stimulus vanishes, to justify this equivalence. One can use this hy-
pothesis in the following manner :

a one dimensional non autonomous ode system can be written as & = f(z)+1(t)
where f(x) is the time independent part and I(¢) is the input stimulus to the
system. For a case when I is not present, one can then find fixed points for the
equation & = f(x). Assuming that x* represents the stable fixed point for this
equation, where z* has a constant value for a fixed set of the parameter values.
This x* can be made equal to the initial value xg of the system with some choice
of parameters. Thus we can define a system with initial value 2(0) = 2y and a
stable fixed point x* = zy which means that the system dynamics after initiat-
ing from x( following some trajectories will come back to z(, and will remain
at xg for all the future time.

Now keeping the above design intact, we introduce a stimulus I(t) to this sys-
tem where I(t) > 0 for ¢ € (¢1,t2) and zero otherwise, and observe the ’reaction’
of the system. So we have actually designed a system which starts with some
initial 'unperturbed’ state, goes to a 'perturbed’ state when fed with a stimulus,
and comes back to the ’initial’ state after the stimulus is removed.

Following the above hypothesis in our model, we take the asymptotic limit
t — oo where our sub-model I reduces to the following set of ode’s:

—dyl =381 —d

dt 1 1Y1Y2

dy2 P2y

hal-L A S Lk N— | 7
i p1+ i 4 g 2Y2 (7)

dys

_— = —d

i 3Y3

One could then perform a fixed point analysis on system (7) to show that
at such an asymptotic limit the system reaches the stable fixed point

(Wi y5,93)
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where
* s1dy
1= d
1P1
vy =12t
2 d2
y3 =0

Now, in order to obtain trajectory which has the same initial state and final
state, we set the following conditions:

*_81d2

Y dip -
«_ D1
Z/z—d:—yzo
Y3 =0 = ys0

where (y10, Y20, ¥30) is the initial state of the system. So, the steady state value
could be made equal to the initial state by using the parameters p1, d2, 51 and d; .
Following this, we studied the parameter-dependent model sensitivity in order
to resolve the stress input as well as mimic the previously observed phenomena.
To validate our reduced 3-D model with the model given in [12], we reproduced
their results using table 1, where most of the parameter values were taken from
their study (see figure 3).

We then took table 1 as our basal set of parameters, where oscillations (DNA
repair) take place, and performed a sensitivity analysis as shown in figure 4 to
find out the sensitive parameters pertaining to oscillatory state of the system.

3.1.2 The IL6 Unit
Let us take a situation when the transcription rate of p21 due to p53 is low i.e
Ps = 0

which is equivalent to the situation where the senescence pathway is not acti-
vated. Thus our sub-model IT gets reduced to the following set of odes:

dy,

—— =89 —d —d

dt S2 4Y4 6Y5Y4
dys

—— =3 —d

ar 3+ DaYa 5Y5

The fixed point (y4*, ys*) for the above system is found, where:

= —(dads + dgs3) + /(dads + dgs3)? + 4sopadsdg
: 2dgpy
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« _ S3 1+ DaYa
y5—T

for a biologically feasible solution to exist, we have
de, pa,ds # 0
Now if we take the parameters
s3,d4 ~ 0

representing the fact that production of IL6 through other independent processes
is negligible and degradation of p21 through an Akt independent way is also
insignificant. We then have the following results:

. s2ds
y =

4 depa

x _ S2P4
Ys deds

Using these inferences we fixed the parameter values in order to mimic the
experimental values of IL6 when there is no stress or senescence like conditions.

3.1.3 The Complete Model : Positivity and Boundedness

The complete model (6) can be written in the form:

yi(t) + (1) = (8)
Yo (t) + doya(t) = (?Js (t) (9)
ys(t) + dsys(t) = folyr (t), ya(t), 1) (10)
ya(t) +nya(t) = fo(u1 (1)) (11)
ys(t) + dsys(t) = fa(ya(t) (12)
where
p=(d —ae™? yQ(t)) "
n=ss+ p3y1(H)"?

km 2 +y (8)72 )
)"
filys(t)) = p1 + % ;

cie t
R 0,3:00,0) = gl
i
fs(yr(t)) = s2 + % ;
fa(ya(t)) = s34 paya(?t) ;
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for simplification purposes we will use shorthand notations fi, fo, f3 and fy
to denote the above functions. Using this notation and keeping in mind that all
parameters are positive, we analysed the system for positivity and boundedness
conditions.
Positivity:
We perform the following stepwise analysis for positivity conditions of the sys-
tem:

1. From Eqn. (10) above and also noticing the fact that fo vanishes at y;1(t) =0
or as t = oo. We obtain the solution for y3(t) as

€d3tf2dt
i) = L%

thus y3(¢) > 0 since the numerator is positive or zero depending on fs.
2. From Eqn. (9) and using condition 1 above we have f; > 0 for every ys(t).
The solution for y»(t) is found to be

€d3tf1 dt
i) = L%

which is positive definite since the numerator is always positive.
3. From Eqn. (8) and using the above conditions we have

fsldet
=+
yl( ) IF
where [ dryat
. di . e 1Y2
IF = ¢l ndt — 76.[ —

and hence y;(t) > 0 since IF > 0 for positive values of t.
4. From Eqn. (11) and using the fact that 7, f3 > 0 the solution

fef ndtf;gdt
ya(t) = T

is always positive.
5. From Eqn. (12) and using result above the solution

ff4€d5tdt
ys(t) = = —

is always positive.

Boundedness:

We will use the terminology and results of the above section to show that the
solutions are bounded for any time ’t’ within a range whose lower bounds were
found as y1(t),y2(t), ya(t),ys(t) > 0 and y3(t) > 0. This analysis is shown in
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the following steps: _
1. From Eqn. (9) one can write : ya(t)+day2(t) < p1+p2 since max(f1) = p1+p2
therefore the solution is bounded by the condition

pa) < P2 (13)
2
2. From Eqn. (8) we can have a boundedness condition for y; (¢) in a similar
fashion as: st
() < = 14
1)< (14)
where J .
Y —ae™? +
= s = ae Y mar(a () = L= BERL g

da

since maz(ys(t)) = % from (13). It should be noted that this boundedness
condition holds true only when

dy > « (16)
3. From Eqn. (10) we have :
max
ys(t) < %
3
where 151
maz(fa) = c1.maz(y1(t)) = e
from (14) and therefore
(<7 a7
Y= G
4. Removing the term "—dgys(¢)ya(t)’ from Eqn. (11) since dg, y5(t) > 0, we
can write:
max
ya(t) < #
4
using the fact that max(f3) = s2 + ps we have the boundedness condition on
ya(t) as
ya(t) < 82;—7}93 (18)
4
5. Following the same and using (17) we have :
. t
ys(t) < 83 + P4 7;@95[3/4( )]
5
thus Sa - Daso +
ys(t) < 3 T PaS2 T P4P3 (19)

dads

10
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Therefore the boundedness condition for the system from (13),(14),(17),(18)
and (19) can be summarised as:

S1
yi(t) < —
W
P1+p2
t
wt) < =g
C1851
£y < 5L
ys(t) < »
ya(t) < S2 +p3
dy
83 + P452 + P4p3
S(1) < 23T Pa%2 T PAPs
ys(t) < e
with u = W where d; > « is the required constraint from (15)
and (16).

3.2 Numerical Results

Numerical simulations were carried out in order to study the model in detail.
We first took the sub-model I and on the basis of analysis (see section 3.1.1)
we simulated the 3-D model choosing the parameters as required by previously
obtained conditions. Table 1 represents the basal set of values of parameters at
which the system showed oscillation in both p53 and Mdm?2 levels. These oscil-
lations depict the biological scenario of DNA repair process when a stress acts
on the system. Next we took this parameter set and did a sensitivity analysis,
where we saw the fold range of each parameter around its value in the basal set,
keeping other parameters fixed, for the p53 response to be oscillatory. Figure
4 represents the results of the sensitivity analysis, showing that the parameters
a,d; and s; were the most sensitive parameters. Now in order to follow the
hypothesis as mentioned in section 3.1.1, i.e to have the final state equivalent to
the initial state of the system, it is seen that the equality condition s1 = d1y10¥y20
should hold true at all times. Keeping this in mind we performed a two param-
eter study (where the 3rd parameter s; is dependent and also varies, but is not
shown here explicitly). Figure 5 represents this simulation result, where red re-
gion shows the 2-D parameter space of d; and « at which the oscillations occur
and the black region is the space where a high p53 pulse is seen which denotes
the phenomena where this 3-D model is unable to repair the DNA damage and
marks an initiation of senescence or apoptosis pathways. Figure 6 shows the
p53 dynamics at a point in the red oscillatory region and the dynamics when a
choice is made from the black space.

By selecting a set of parameter values from the oscillatory region we then
looked at the effect of other parameters, one by one on the system output. The
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Table 2 shows this result.

Next we considered the sub-model II; on the basis of analysis in sec 3.1.2 and
using the results above we were able to choose a parameter set (table 3) such
that the simulation of the complete model provides us with the biologically
relevant scenario viz. (i) When the DNA damage could be repaired i.e when
there are oscillations in p53 levels, the senescence pathway is not activated and
the IL6 level remain low where as (ii) When there is no possibility of DNA
repair i.e no pb3 oscillations occur and rather a huge p53 pulse is generated, the
cellular senescence pathway is activated and results into high levels of IL6. We
show this result in figure 7.

The time for which IL6 levels remain high is a crucial quantity for our model
in order to form a link between insulin resistance and IL6 levels. A greater time
for which IL6 levels remain high would promote insulin resistance to a larger
degree. Thus, now we look at the 'Time for which IL6 levels is higher than
a threshold’ v/s the variation in other model parameters (see Figure 8). This
threshold is decided on the basis of earlier studies accounting for the fold change
of IL6 levels seen in subjects with diabetes type 2 like disease in comparison to
normal subjects [38].

4 Discussion

In this study, we have explored the role of different molecular mediators and
their interplay in the development of cellular senescence and exacerbation of
insulin resistance, in the setting of metabolic dysfunction. Ageing acts as both
a risk factor for and an epiphenomenon of insulin resistance, and fuels a vicious
cycle of molecular as well as phenotypic perturbations such as chronic low-grade
systemic inflammation [44, 45]. Within the milieu of molecules involved in driv-
ing metabolic stress-induced premature ageing, our study focused on analysis
and modelling of dynamics of the important player p53 and the downstream
pathway it triggers towards development of a pro-inflammatory state, a condi-
tion fertile for insulin resistance to develop and progress.

Our model showed the existence of oscillations in p53 and Mdm2 levels and in
addition, identified the basal rates of the processes involved in maintaining this
oscillatory nature (Figure 3 and Table 1).The dynamics of p53 and Mdm2 dur-
ing normal cell cycle progression have been validated experimentally, where high
temporal resolution analysis of p53-Mdm2 levels showed remarkably regulated
oscillations [46]. This represents the process of DNA damage and consequent
activation of p53 through proteins such as ATM which phosphorylate p53, which
triggers repair of damaged DNA and is followed by degradation of p53 by Mdm?2.
The transient but repetitive nature of this phenomenon, seen in normally grow-
ing cells in which DNA damage in low amounts/frequency occurs during the
progression of cell cycle, lends oscillatory nature to the dynamics of p53 and
Mdm2 levels [46]. Our model showed a stress-induced sharp elevation in p53
levels, as seen in Figure 3 (results). Cellular encounter with a severe genotoxic
stress, which could be due to metabolic perturbations and elevated ROS levels,
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causes a prolonged surge in the levels of p53 that drives cells into growth arrest
or premature senescence [8]. Hence, we have mathematically validated the os-
cillatory dynamics of p53-Mdm2 loop, which is critical in maintaining genomic
integrity.

To add to this mathematical recapitulation of cellular senescence under metabolic
stress, assessing the degree of effect that various mediators and processes have
on the p53 levels was deemed necessary. This was achieved using a sensitiv-
ity analysis, whereby we assessed the degree of effect of different conditions on
DNA repair through p53, thus identifying processes and conditions that serve as
significant determinants of the fate of a cell. For p53 levels to show oscillatory
pattern with time (indicating DNA repair), the critical variables identified were
the basal production rate of p53 (s1), stress-induced enhancement in p53 levels
(a), and the degradation and inhibition of p53 by Mdm2 (d;). This finding re-
flects the high sensitivity of the p53-Mdm2 loop itself, a cellular strategy tipping
the critical balance between DNA repair and growth arrest, hence flexibility to
constant rewiring being most desirable. Since p53 acts as a powerful suppres-
sor of cell cycle progression, its basal level in cells is maintained under strict
control, with only transient pulses seen in response to routine DNA damage
occurring during cell cycle [46]. Strong genotoxic stress (ROS generation due
to excessive lipolysis in insulin-resistant adipose tissue, for example) induces
abruptly high p53 levels and activation, which then triggers the p21-mediated
senescent phenotype marked by inflammatory cytokine secretion [8]. Transcrip-
tional activation of Mdm2 by pb3 lends self-limiting nature to this process as
Mdm2 inhibits as well as degrades p53, and also limits its nuclear localisation.
That the sensitivity of these mediators and their cross-talk holds potential for
therapeutic modulation of premature cellular senescence in cardio-metabolic
disorders is undeniable; our findings in this regard were substantiated by ex-
perimental data where statins have been shown to reduce p53 response to DNA
damage in stressed conditions by phosphorylating Mdm2 through activation of
Akt, and stabilising its negative effect on p53 levels and activity [48].

Once we worked out the requisite dynamics of p53-Mdm2 crosstalk for DNA
repair to occur, our focus shifted to the other players in our model as to how
they individually affect the maintenance of genomic integrity. Our assumption
here was that any variable/factor that restores the oscillatory nature of p53
levels, after a stress acting on the system has led to a p53 surge, would lead to
DNA repair and reduce progression to permanent growth arrest [8, 46] . In this
analysis, the important dynamics captured were those of Mdmzx, the homologue
of Mdm2 that inhibits p53 on its own as well as by enhancing stabilisation of
Mdm2 [13, 49]. We observed that when Mdmx is at low levels in the cell, p53
levels remain high enough to cause growth arrest and hence repair of DNA is
not possible. Beyond certain threshold level of Mdmx (parameter cl in Ta-
ble 2.), DNA repair (oscillations in p53 level) was observed, which could be
accounted for by the inhibitory interaction of Mdmx with p53 and also its pos-
itive effect on Mdm2 stability. Proteasomal degradation of Mdmx occurs after
ubiquitination by Mdm?2; phosphorylation of S367 residue in response to DNA
damage by certain proteins such as ATM and Chk1 has also been shown to cause
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degradation of Mdmx [28]. Our results clearly showed that when degradation
of Mdmx is beyond a certain threshold (parameter d3 in Table 2), DNA repair
is possible and that, crossing this critical rate of degradation makes the cell
progress to premature senescence. This finding is biologically plausible since
many studies have shown that Mdmx is phosphorylated and degraded following
DNA damage, allowing a rapid build-up of p53 levels in the cell. An interaction
with c-Abl downstream of ATM has been shown to phosphorylate Mdmx at
Y99, ultimately interfering with its interaction with p53, eventually activating
p53 [51]. A desirable strategy to favourably manoeuvre cellular fate away from
senescent phenotype would thus be manipulating Mdmx such that p53 levels
and activation in response to stress could be controlled. According to a study,
insulin-like growth factor-1 (IGF1) can increase levels of Mdmx mRNA and sub-
sequently its protein levels [51]. Also, Akt was found to directly phosphorylate
Mdmx at S367, enhancing 14-3-3 binding, which actually stabilized Mdmx and
downregulated p53 [52]. This finding echoes the results of another study that
show Akt-activating drug pravastatin can rescue biological system from stress-
induced pb3 activation, and provides a lead for the potential management of
DNA damage-induced senescence and subsequent exacerbation of insulin resis-
tance [48].

Our study was meant to mathematically analyse the scenario of premature cel-
lular ageing in metabolic syndrome and its complications, involving the devel-
opment of senescence-associated secretory phenotype (SASP), which is marked
by elevated levels of pro-inflammatory cytokines such as IL-6, TNF-a, IL-1 etc.
After analysis of the p53-Mdm2 component, we chose to study the dynamics of
IL-6 that forms a crucial link in the chain of progression from DNA damage-
induced p53-p21 axis of senescence to development and progression of insulin
resistance. I1-6 is a pleiotropic cytokine responsible for inflammatory response
that could be both acute, and chronic as in case of insulin resistance. Our
model showed stress-induced prolonged elevation of IL-6 level, supported by
stress-induced elevation of IL-6 via p53-p21 (WAF) axis being well-documented
as experimental evidence. An interesting finding of our analysis was the tem-
poral pattern of more than two-fold elevation in IL-6 levels (threshold decided
on the basis of published clinical evidence) [38], where we saw that IL-6 levels
stay high for about fifteen hours after input stress acts on the system. Mak-
ing this observation in-vivo i.e. in animal models of metabolic syndrome or in
obese/insulin-resistant individuals would have been tough since the frequency
of impulse (stress), which would play a major role on the time-profile of IL-6,
is difficult to determine or manipulate in a living system where each regula-
tory circuit is embedded over a background of many others. Nevertheless, we
can clearly see the impact of stress on nature of elevation in IL-6 levels and
fathom the biological implications of this effect where presence of persistent
stress causes development of chronic inflammatory phenotype both at systemic
and tissue level in individuals with metabolic syndrome [53].

An important objective of this study was to figure out possible strategies to
manage the inflammatory state associated with senescence, without fiddling
with pb63-Mdm?2 dynamics directly. The reason was the highly critical role of
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p53-Mdm2 interaction in cell cycle regulation where senescence itself acts like
a double-edged sword due to growth arrest leading to undesirable premature
ageing and associated complications, but preventing escape of cells from normal
cell cycle to cancerous character. Hence, we analysed the effect of different con-
ditions/processes (system parameters) on the temporal dynamics of IL-6 levels
in order to identify candidate molecules/interactions that could serve as targets
for therapeutic intervention. The critical determinants of IL-6 time-profile, as
identified from our analysis, revolved around p21 viz. p53-mediated transcrip-
tion and, degradation/inhibition through Akt as well as other sources. That
p53-induced transcription of p21 shows a steep rise but only after a threshold
was seen in our findings (Figure 8(e)). This could be explained by the findings
where constitutive/basal levels of p53 during cell cycle progression did not in-
duce p21 transcription even when it is activated in response to routine DNA
damage; severe challenge posed to DNA integrity by DNA-damaging treatment
such as UV irradiation or oxidative insult induces pb3-guided transcriptional
activation of p21 [46]. Identifying this cellular threshold in clinical setting is
not an easy task; lifestyle and pharmacological approaches that minimise the
metabolic stress are proven to be desirable nevertheless. Further findings from
our models analysis involving IL-6 added to the evidence supporting the positive
role of Akt in senescence, and its contribution to resolving inflammatory phe-
notype. Akt has been shown to induce cytoplasmic localisation of p21 through
phosphorylation, ultimately reducing the activity of p21 in the growth arrest
pathway [54], which is a plausible explanation for our results shown in Figure
8(a). Similar shortening of the duration of IL-6 elevation was seen on account
of p21 inhibition/degradation by other mechanisms (Figure 8(b)).

Our study pointed toward modulation of the metabolic stress-senescence-insulin
resistance axis at multiple levels, the master regulator for which appeared to
be Akt. The mechanisms acting in ageing and associated disorders are intri-
cately woven and not fully understood. In such a scenario, proven reciprocal
relationship of Akt with the premature ageing p53-p21 axis at so many levels
raises expectations about Akt-activating drugs in ameliorating insulin resistance
accounted for by senescence-induced inflammatory state. This strategy seems
particularly lucrative considering the established status of Akt as a regulator of
metabolism whose activation is linked with reversal of insulin resistance through
pathways other than p53-p21-IL6 axis.

Our findings raise some interesting observations and questions regarding the
contribution of premature ageing to insulin resistance and possible strategies
for its management. Amelioration of elevated IL-6 levels through inhibition of
p21, a strategy meant to rescue cells from associated insulin resistance with
minimal interference in the tumour-suppressor role of p53, may indirectly itself
take care of cellular fate as chronic inflammation due to IL-6 has also been as-
sociated with carcinogenesis [56, 57]. Also, exploring the temporal dynamics of
IL-6 elevation due to metabolic stress, and its association with insulin resistance
would be an exciting arena if validated by experimental biologists, with pub-
lications relating time-profile of action to nature of effect of cytokines already
coming up [58, 59].
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5 Conclusion

We formulated a mathematical model for metabolic stress-induced pro-inflamm-
atory state mediated by activation of p53 and downstream mediators. Since the
aim was to find a strategy to rejuvenate ageing cells, we identified the basal
conditions required for efficient DNA repair, and also graded the effect of each
on the system using sensitivity analysis. Our model validated the remarkable
flexibility of p53-Mdm2 loop for efficient adaptation to varying cellular con-
ditions and environmental stimuli, and the role of Mdmx in modulating this
interplay. We modeled the hitherto unreported temporal dynamics of IL-6 by
elucidating, to a great degree, the effect of members of the p53-p21 senescence
axis on the time profile of its elevation. Our results provide a lead for possi-
ble therapeutic strategies to curb chronic inflammation and eventually insulin
resistance through activation of Akt, without disturbing the p53-Mdm2 loop di-
rectly, thus preventing possible interference in cancer-suppression mechanisms.
Overall, this study adds a new dimension to the field finding strategies aimed
at management of ageing-associated insulin metabolic complications.
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Figure 1: The figure is schematic block diagram of the model. The complete
model is represented by the combination of two sub units : part I representing a
3-D network comprising p53,Mdmx and Mdm?2; part II is a 2D network following
unit I comprising of IL6 and p21. The input here is the stress signal acting on
unit I. The two outputs-output 1 and output 2-represent the output of unit I
i.e pH3 and the output 2 reads out the levels of IL6 and hence Akt.

Table 1: Basal values for the sub-model I parameters for oscillation in p53
levels (DNA repair) [12]. Here initial conditions are y19 = 5.3191, y20 = 0.047

and yz0 = 2.
Parameter Description Value
S1 Basal production rate of p53 0.5
dy Degradation of p53 via Mdm2 2
D1 Basal production rate of Mdm2 0.00235
D2 Mdmx dependent production rate of Mdm2 0.03
ds Degradation of Mdm2 0.05
1 Input dependent production rate of Mdmx 0.09
Co Mdm?2 dependent degradation of Mdmx 0.01
ds Degradation rate of Mdmx 0.09
a Rate of stress dependent p53 enhancement 1.93
o Resolution rate of stress signal 0.0001
kmg Michealis constt in production of Mdm2 via Mdmx 25
ny Hill’s coefficient in production of Mdm?2 via Mdmx 50
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Figure 2: The complete model : The diagram above shows the network structure
of our model. The green arrows mean positive effect of an element on the tail of
arrow to the element on the head of arrow. The red arrows represents a negative
effect in the same manner.

Table 2: The table shows the range of values of the parameters at d; = 8 and
«a = 7. Each parameter except d; and « is varied one by one, around the basal
set as given in Table 1. The effect of parameter variation resulted into either
oscillatory response in p53 (Repair) or an over expression of p53 seen as a high
pulse (No repair).

Parameter Range ‘ Effect ‘
c1 0 — 0.0585 No Repair
c1 0.0585 —0.21 Repair
&) 0—-0.25 Repair
&) > 0.25 No Repair
ds 0.05 —0.14 Repair
ds > 0.14 No Repair

kmo 11.83 — 39.03 Repair
kmo > 39.03 No Repair
ni 0—-6 No Repair
ny >6 Repair

22


https://doi.org/10.1101/269738

bioRxiv preprint doi: https://doi.org/10.1101/269738; this version posted February 25, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

80
07 e
0 b i
0% A
- a |
05 \
% / \
¥2 04 y1 ll‘
© / 1
:" \ /0
03 / \
0 : | . \
02 _1'/ \\\ / \‘. o7 \ “'{ \ W \ J’[“.,
2 / \ / |
/ \
‘ \
01 /
w0} / g
O 000 990 Sa0: &0 0D AN i 30 0 50 10 150 20 250 0 30 400 450 50
t (minutes) t (minutes)

Figure 3: The figure is a reproduction of alon’s results [12] where we used our
modified model and kept the model parameters as earlier in addition to which
we set = 1.93 and 0 = 0.0001. Red represents p53 and green represents

Mdm?2.
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Figure 4: The diagram represents the sensitivity analysis of the 3-D model in
the p53 unit. A bar here represent the fold change values of a parameter around
the basal value such that oscillations take place, while keeping other parameters

fixed. It is evident that di,s; and « are the most sensitive parameters amongst
all.
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Figure 5: The diagram represents the parameter space of d; and « where os-
cillations take place (red) and the area where high p53 pulses appear as model
output owing to the phenomenon that there is no DNA repair when this hap-
pens (black). The grey color represents non feasible regions in terms of the p53
levels. The upper grey is a region where unbounded p53 levels are seen (viola-
tion of condition 16), while the lower grey signifies negligible levels of p53 since
input stress is not significant enough (o < dy).
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Figure 6: The figure shows the p53 dynamics in time when the dq,« selection is
made from the black space (upper graph with d; = 8 and o = 7.9) ; and from
the red space (upper graph with d; = 8 and « = 7). All other parameters were
fixed at the basal set given in Table 1.

Table 3: Basal set of parameter values for the complete model to mimic the typ-
ical IL6 response in stressed and non stressed conditions. Here initial conditions
are Y19 = 5.3191, yo0 = 0.047, y30 = 2, y40 = 2 and y59 = 1.46.

Parameter Description

p1 Basal production rate of Mdm2

D2 Mdmx dependent production rate of Mdm?2

ds Degradation of Mdm2

c1 Input dependent production rate of Mdmx

Ca Mdm2 dependent degradation of Mdmx

ds Degradation rate of Mdmx

o Resolution rate of stress signal
kmsg Michealis constt in production of Mdm2 via Mdmx
ny Hill’s coefficient in production of Mdm2 via Mdmx
S Basal production rate of p21 through external processes
P3 Rate of trancsription of p21 by p53

dg Degradation of p21 via IL6 action
kmy Michealis constt associated with transcription of p21 by p53
na Hill’s coefficient in production of p21

ds Degradation of IL6 via external processes

dy Degradation of p21 via external processes

D4 p21 dependent production of IL6

S3 Basal production rate of IL6 via external processes
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Figure 7: The figure shows the IL6 dynamics under non stressed conditions
(red) when d; = 8 and o = 7 and under stressed conditions (blue) when d; = 8
and a = 7.9. All the other parameter values are as given in Table 3. Note that
the time for which the IL6 levels stay high in the stressed conditions (> 4) is
around 15 hours.
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Figure 8: The figure shows variation of 3%6 levels with different parameters. The
IL6 levels here are quantified in terms of the quantity timejrg which denotes
the time period for which IL6 levels remain high above a basal threshold.
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