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Understanding aging is a key biological goal. Precision gerontology aims to predict
how long individuals will live under different treatment scenarios. Calorie and protein
restriction (CR and PR) extend lifespan in many species. Using data from C57BL/6 male
mice under graded CR or PR, we introduce a computational thermodynamic model for
entropy generation, which predicted the impact of the manipulations on lifespan. Daily
entropy generation decreased significantly with increasing CR level, but not PR. Our
predictions indicated the lifespan of CR mice should increase by 13 to 56% with 10 to
40% CR, relative to ad libitum-fed animals. This prediction was broadly consistent with
the empirical observation of the lifespan impacts of CR in rodents. Modeling entropy
fluxes may be a future strategy to identify antiaging interventions.
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Almost all organisms age and die, but they do so at different rates, both within and among
species. Predicting the aging and lifespan consequences of different lifestyles and physi-
ologies, also called precision gerontology, is a key scientific goal. While predicting indi-
vidual lifespan may be complex and subject to stochastic events, a stepping stone toward
precision gerontology is to be able to predict the outcome of manipulations at the popu-
lation level. That is if a population A is subjected to some manipulation or drug, we may
not be able to predict if individual 1 within this population will live longer than individual
2 in the same population, but we may be able to predict on average if the individuals in
population A will live longer than those in population B that has not been exposed to the
manipulation. Developing a unifying framework that may be able to predict the geron-
tological consequences of diverse manipulations is therefore a major step forward in
precision gerontology, and would be a major aid in the development and screening of
antiaging interventions.

In his book “What is life?” Erwin Schrodinger (1944) presented a hypothesis for why
organisms age and die (1). His main hypothesis was that living animals are in a state of
low entropy. This entropy increases over the lifespan until it reaches a point where the
system can no longer function effectively and the organism dies. This also implies that
aging is the manifestation of entropy increasing in the system. The basis of this physical
model is that life generates entropy, which accumulates in the organism because it cannot
be, or becomes too expensive, to eliminate. Entropy is the quantitative expression of the
molecular irregularity or disorder within the system boundaries (2). Entropy can be trans-
ferred through the system boundaries via mass and heat. The following entropy balance
Eq. 1 can be used for any system to calculate entropy generation by the system (2):
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where, the first two terms in the equation refer to the entropy, s, input and output,
respectively, via mass flux, m, through the system boundaries. The third term is the entropy
that accompanies to the heat flux, q, across the system boundaries. The last term at the

left side is entropy generation, $,,, by the system as a result of irreversibilities. Cengel

etal. (2) especially emphasized in his pioneering thermodynamics book that this term
refers the entropy generation within the system boundary only (2). The term at the right
side refers to the entropy change of the system. In this framework, a living organism is
selected as subsystem boundaries to be analyzed (Fig. 1) within a wider open system (i.e.,
control volume). To be able to conduct the analyses for the living state, we are assuming
there is a steady-flow across the organism subsystem boundaries and the right side of the
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equation is considered zero (2). Therefore, for a steady-flow open
system, the entropy generation within the system boundaries can
be calculated by considering mass and heat flows across the system
boundaries. In brief, the entropy generation constituent of the
selected steady-flow open system is the lost useful energy, other
than the entropy transferred with mass (e.g., food, O,, CO,, H,O,
feces etc.) and heat (e.g., heat flux due to temperature difference
between the system and environment), as introduced at Eq. 1.

Cumulative entropy generation within the living system bound-
aries throughout life is referred to as the “lifespan entropy,” and the
“entropic age” concept suggests that aging-related changes are linked
to entropy generation (Sgen) (3, 4). During homeostasis, organisms
import energy and generate entropy (5). The continuous and inev-
itable entropy generation in the system ultimately leads to death
when animals reach thermodynamic equilibrium with their sur-
roundings (6). By this model, all living beings die after generating
a certain amount of lifespan entropy, since their bodies cannot tol-
erate becoming more disordered. The concept of lifespan entropy
generation therefore provides a framework for developing precision
gerontological predictions at the population, and ultimately poten-
tially at the individual, level. Lifespan entropy generation has been
suggested to depend on various factors such as body size (7), heat
transfer from the body to the environment (hence body tempera-
ture) (8, 9), physical activity (6) and the composition of the diet
(10, 11). Despite this strong theoretical background, the entropy
hypothesis has not yet been empirically tested.

Calorie restriction (CR) is one of the few experimental manip-
ulations that has been repeatedly shown to extend lifespan and
improve health span by retarding the rate of aging across a range
of organisms (12-14). The effect of CR on lifespan depends on
the level of restriction, with a linear, but highly variable effect in
mice and other rodents up to at least 65% restriction (15). There
has been some debate over whether the impact of CR is a conse-
quence of reduced energy intake, or the simultaneous restriction
of protein (PR) (16, 17). A review of the impacts of energy and
protein concluded that CR and PR have independent effects in
rodents, but the impact of CR on lifespan is about 10x greater
(18). The impacts of CR and PR on lifespan provide an ideal
model to test the entropy generation theory of aging. In the pres-
ent study, we estimated the daily average entropy generated by the

cellular metabolism of mice undertaking 3-mo long CR and PR
interventions. Six subsystems were employed in the model to per-
form the thermodynamic analyses of different CR and PR levels
within the context of first and second laws (Fig. 1). These were
cellular metabolism, adipose tissue, invested organs (i.e., organs
that grow under restriction), utilized organs (i.e., organs that
shrink under restriction), muscular tissue and the internal work
sink. Thermodynamic data were used to estimate the lifespan
implications of CR and PR under the lifespan entropy generation
theory. Finally, these predictions were compared to empirical
lifespan data for manipulations of rodents. The evaluated results
showed us second law of thermodynamics assessments might be
a promising and useful tool to predict the approximate lifespan
of mice exposed to different levels of CR.

Results

First Law Assessment of Cellular Metabolism Subsystem.
Especially in the biothermodynamics field, the internal energy
content of a chemical compound is called enthalpy (19). The
standard enthalpy of formation (Ah°;) values of the major
chemical components in the diets and their oxidation reaction
products (SI Appendix, Table S1) were used to calculate the daily
enthalpy of oxidation reaction (Ah, ) of the diets for CR and PR
groups. In this study, Ah,, refers to the extracted energy (k]) at
the cellular level (S7 Appendix, Fig. S1). Ah, levels were higher
in mice fed PR compared to CR due to the reduced protein levels
being replaced by carbohydrate while maintaining the same total
calorie intake across the PR groups (SI Appendix, Fig. S1). This
causes very similar work outputs (kJ) fueled by cellular metabolism
of the PR groups (19.5 to 20.2 k]). In the CR groups, average daily
total work (k]) output fueled by the cellular metabolism decreased
with the increasing CR level (R-square > 0.99, P < 0.05). The CR
animals might compensate for low-energy input with decreased
total work performance (SI Appendix, Fig. S2 A and B). There
was no significant relationship between average daily total work
(kJ) output fueled by the cellular metabolism and level of PR.
The ratio of this work to the net extracted energy by the cellular
metabolism subsystem was defined as the first law efficiency. There
was no significant relationship between the average daily first law
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Fig. 1. The thermodynamic system and subsystems boundaries. W,.; and W, ; refer to the energy allocation from cellular metabolism to organ investment
and internal works, respectively; W, , refers to energy allocation from adipose tissue to internal works; W,,. , refers to energy allocation from utilized organs to
internal works; W, refers to muscular work; Q.. and Q;,, refer to the produced heat due to muscular and internal works, respectively; Egces and E,gpose refer to

energy allocation to feces and adipose tissue, respectively.
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efficiency (%) and energy intakes (kJ) or restriction levels (%) of
CR and PR groups (57 Appendix, Fig. S4 A and C).

Second Law Assessments of Cellular Metabolism Subsystem.
Within the context of the second law of thermodynamics,
the exergy term basically refers to the “maximum useful
work potential” that a system can produce if it is brought to
thermodynamic equilibrium with its surroundings. Hence, it
is a system—environment combination property. Unlike energy,
exergy is always wasted in irreversible processes and this wasted
work potential is defined as exergy destruction (Exy,,) (2). In the
current study, the exergy values (k]) of chemical molecules of diet,
adipose tissue and oxidation reactions’ products were calculated
based on the mole numbers of molecules and the daily average
body temperature of CR and PR animals. All these calculated
values were used in exergy balance (Eq. 17), which was equated
around the cellular metabolism subsystem (Fig. 1) to find the
daily Exy,,, of the animals. One of the ultimate aims of this study
was the calculation of daily entropy generation, S,,, (kJ/K) via
cellular metabolism. Hence, daily average body temperature and
calculated daily Exy,, values were used for this purpose via Eq. 19
as explained in the Materials and Methods.

The second law efficiency was defined in this study as the ratio
of work flux fueled by cellular metabolism to the maximum the-
oretical exergy (Eq. 18). The average daily second law efficiency
of CR groups (SI Appendix, Fig. S4B) was significantly related to
the exergy input of CR groups (R-square > 0.78, P < 0.05).
However, no relationship was found with the PR groups
(81 Appendix, Fig. S4D). In the present study, internal work com-
ponents (W, ; + Wy, ;) had a dominant effect on the total work
expense that was fueled by the cellular metabolism subsystem and
these work components had a decreasing contribution with
increasing CR level (ST Appendix, Fig. S5A). In contrast, the exergy
input and corresponding internal work components fueled by
cellular metabolism across the PR levels and 24 h ad libicum
(24AL) were very similar (S Appendix, Fig. S5B). The effect of
external (muscle) work (W) on second law efficiency was very
low under both CR and PR conditions (S Appendix, Fig. S4 A
and B). A major increase (more than four times) in average daily
external (muscle) work was observed in both CR and PR groups
exposed to restriction levels higher than 9.6% probably because
of increased hunger (20, 21) which has been linked to the resultant
food anticipatory activity (22) (S/ Appendix, Fig. S5 A and B).

The calculated daily entropy generation (kJ/K) values by using
the daily exergy destruction values are given in SI Appendix,
Fig. S6 A and B. The average daily entropy generation was found
to decrease with increasing CR level (%) (Fig. 24 and SI Appendix,
Fig. S6A) or in other words decreasing exergy intake (R-square >
0.99, P < 0.05). Similarly in another thermodynamic assessment
study (11), the entropy generated by the cellular metabolism sub-
system increased with increments in the average exergy intake
(R-square > 0.99, P < 0.05) in obese and lean rats. On the other
hand, for the PR groups, there was no significant relationship
between the average daily entropy generation and PR levels (%)
(P> 0.05) (Fig. 2B and SI Appendix, Fig. S6B) but if we consider
the exergy intake (kJ) of PR groups instead of restriction levels
(Fig. 2C), a significant relationship with entropy generation rates
is clear (R-square > 0.93, P < 0.05).

The average daily entropy generation (kJ/K) by the CR groups
was positively related to the work output fueled by the cellular metab-
olism (kJ) (R-square > 0.97, P < 0.05) (Fig. 24 and SI Appendix,
Fig. $2). A similar linear relationship between work output and
entropy generation was computationally estimated using experimen-
tal energetic datasets (23-26). Both internal (i.e., respiration, cardiac
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Fig. 2. Average daily entropy generation (Sg,) and fueled work output (W)
by cellular metabolism in male C57BL/6 mice under 3 mo of (A) CR or (B) PR
and (C) relationship between S, and average daily exergy intake (Ex;,) of PR
groups. The level of restriction shown refers to measured energy intakes in
the final week of study relative to 24AL fed mice. Error bars are +SEM of each
group's daily values over the 80 d.

functions, signal transmission through the neurons etc.) and external
or muscular (i.e., energy consumption for the skeletal muscle con-
traction to move external objects or the animals’ own body) work
are irreversible processes in a living system that, as the second law of
thermodynamics states, result in entropy generation. No relationship
between average daily total work output and entropy generation was
observed under PR (P> 0.05).

The entropy generation hypothesis suggests that animals die when
their entropy generation (or in other words, molecular disorder)
levels reach a certain level (1). The problem is that the level at death
is unknown. However, we do know the average lifespan of unre-
stricted C57BL/6 mice and hence we can combine that with the
calculated average daily entropy generation rates derived here to
estimate the lifespan entropy in that situation, and then quantita-
tively predict the impacts of altered entropy generation rates (Fig. 24)
on the expected lifespans of CR and PR mice. Table 1 shows that,
with 9.6 to 44% restriction in calorie intake, the predicted lifespan
increases by 91 to 405 d compared to the 24AL group. PR mice have
a higher energy or exergy intake, and higher entropy generation rates
than those of mice fed an equivalent CR level (Fig. 2 A and B). As
a result, the predicted lifespan increments of the PR groups (51 to
154 d) were lower compared to the CR groups.

Discussion

First and Second Law Efficiencies. From the first law efficiency
calculations, approximately 37% of the net daily food energy
extracted by the cellular metabolism was used to fuel internal
and muscle work for the 24AL group. Note the first law efficiency
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Table 1. Calculated lifespan predictions of CR and PR

animals
Predic}ed lifespan
(day)” based on
regression equations
Predic:ged lifespan extracted from
(day)” based on reviewed empirical
Groups entropy generation lifespan data (18)
350 CR 1,022 904
24% CR 945 846
17% CR 867 809
9.6% CR 811 77
49.6% PR 848 730
39.6% PR /7 780
29.6% PR 846 77
9.6% PR 874 757

The level of restriction shown refers to measured energy intakes in the final week of study
relative to 24 AL fed mice.

*Predictions for lifespans were evaluated based on the lifespan of 24AL control group
which averaged 720 d.

value does not include the contribution of adipose tissue and
organs to work fueling. Maximum enthalpy efficiencies (i.e.,
first law efficiencies) for a variety of murine skeletal muscles
were previously calculated as between 26% and 48% (27). These
support the calculations performed here and are comparable to the
first law efficiency of muscle work. Additionally, these values were
close to experimental result of tortoise muscle energetic efliciency
reported as 35% (28). The second law efficiencies were lower than
the first law efficiencies (SI Appendix, Fig. S4 A-D) because the
first law efficiency concept does not consider the best possible
performance as a reference. However, in the second law efficiency
assessments, the measure of actual performance is compared to the
best possible performance under the same conditions. Second law
efficiency evaluations can give an indication of system performance
under reversible conditions. Correspondingly, if the second law
efficiency is low, that means there is high irreversibility, and each
irreversible process contributes to the entropy generation by
the system. Therefore, an inverse relationship between second
law efficiency and entropy generation rate would be expected.
In the PR animals, where exergy content was very similar, this
expected significant inverse relationship was found (R-square >
0.93, P < 0.05). However, in the CR groups fed variable exergy
content, average daily entropy generation had a much stronger
relationship with average daily exergy input (R-square > 0.99,
P <0.05), instead of with the average daily second law efficiencies.
Because, with the decrement of exergy intake, total work outputs
also decreased, and this caused the general decreasing trend in
second law efficiencies, which is the ratio of these two variables. In
our study, the inverse relationship between second law efficiency
and entropy generation was observed when the exergy input was
similar for the compared systems.

Implications of Entropy Generation Changes for Lifespan. The
calculated lifespan increment percentages were compared with
values from the literature, including the experimental lifespan
increment percentages and the corresponding CR levels (18, 29)
(Fig. 3A4). Based on this comparison, the effect of CR level on
lifespan was not as high as computationally predicted lifespans based
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Fig. 3. Relationship between CR or PR and % increase in lifespan in mice (A)
predicted lifespan modeled from 3 mo graded CR and PR data presented in
current paper; (B) summarized CR data (18, 29); and (C) summarized PR data
(18). The CR and PR data points are represented with @ and A respectively, the
line represents linear fitting. The level of restriction shown refers to measured
energy intakes in the final week of study relative to 24 AL fed mice.

on the average daily entropy generation (Fig. 34). There are several
potential explanations for this discrepancy. In the current study,
estimates of the entropy generation were based on the experimental
data obtained over 3 mo, with the animals 8 mo old at the end of
the study. In the lifespan calculation, we assumed that the calculated
average daily entropy generation is maintained as same during
the entire life of animals and the lifespan predictions were made
based on this assumption. However, in reality, the average daily
entropy generation may vary with time under restriction making the
computational predictions more optimistic than the experimental
lifespan results (Fig. 34). The discrepancy would be consistent with
entropy generation accelerating at later ages.

Dietary protein percent values in the study of Speakman et al.
(18) were converted to PR percentages based on the baseline from
our study, these were then compared with our computational
results in Fig. 3B. It secems that PR level had a very heterogenic/
random effect on the lifespan increment based on literature (18).
While the calculated predicted lifespan increments for CR diets
were higher, calculations for the PR diets were within the range
of the literature values (Fig. 3 4 and B). The regression equations

pnas.org
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were extracted from studies to find the empirical relationship
between the % increase in lifespan and CR and PR (18). In the
current study, these equations are also evaluated to calculate
lifespan day predictions, and these days are compared with the
introduced thermodynamical modeling predictions (Table 1). Our
model predicts a higher lifespan for all CR and PR groups bar the
39.6% PR (Table 1). The difference in calculated lifespan days
was higher where the CR was higher; however, in the PR animals,
the difference in lifespan days decreased with increasing restriction
levels (Fig. 3 A and B).

Notably, the relationship between PR level and extension of
lifespan was negative (Fig. 3C). The effect of PR on the lifespan
of rodents has been previously reviewed in detail (18). Although
diets with reduced protein content may increase the median
lifespan (17, 30), the effect is only apparent with much lower levels
of protein than tested here. This previous analysis emphasized that
PR is effective but over a different range of restriction levels than
CR works (18). This current computational research revealed a
similar observation (Fig. 3C). With regard to the PR groups,
although the protein amount was decreased, the same energy or
exergy content was provided to all PR groups, therefore “predicted
lifespan increment percentages” of these groups were also close to
each other and had a significant linear relationship with exergy
intake of PR groups (R-square > 0.94, P < 0.05) but had no sig-
nificant relationship with the PR percentage levels (P > 0.05)
(Fig. 3C). However, a strong linear relationship (R-square > 0.99,
P < 0.05) between the predicted lifespan increment percentages
and CR level was observed. This result parallels the suggestion
that the effect of food restriction on lifespan is primarily due to
reduced calories and not reduced protein intake (18). Refining
the prediction using modeling of empirical data over a more
extended period would be necessary to test this idea, but such data
are currently not available.

The current data show that the impacts of CR and PR on the
rate of entropy generation produced mean lifespan estimates that
are broadly consistent with the actual impacts of these manipula-
tions on published mean lifespan in rodents. Hence the data pro-
vide some support for the entropy generation model for lifespan
and aging as originally proposed by Schrodinger in 1944 (1). This
work therefore establishes as a concept the idea that quantifying
entropy generation rates may provide a framework for evaluating
diverse manipulations that potentially impact lifespan. Moreover,
understanding the physiological processes that are connected to
entropy changes will potentially provide a mechanism for identi-
fying novel targets for aging interventions. Under fixed dietary
conditions, individuals vary in how long they live and also in their
individual entropy generation rates. A major goal for future work
is to delineate whether these individual differences in entropy
generation and lifespan are connected, or whether individual
lifespan is dominated by unpredictable stochastic events. If indi-
vidual lifespan is predictable from individual variation in entropy
generation this would yield the potential to predict when an indi-
vidual will die—a key goal in precision gerontology.

Conclusion

Life generates entropy (disorder), but the rate at which it does so is
not the same across all conditions. Entropy probably accumulates
because the cost to reverse its increase is too great. Schrodinger (1)
suggested that ultimately we age and die because of this entropy
accumulation. In other words, we die because the bodily system
becomes so disordered that it can no longer sustain the functions we
recognize as living. This idea has never been directly tested by quan-
tifying the rate of entropy accumulation across different conditions
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and seeing if that matches the differences in observed lifespan. Here,
we performed such entropy generation calculations for mice engaged
in CR and PR and showed that the broad patterns of lifespan
response to these manipulations can be predicted from entropy gen-
eration rates consistent with Schrodinger’s hypothesis (1)

Materials and Methods

Data from male C57BL/6 mice undergoing 3 mo of graded CR or PR were adapted
for thermodynamic assessment (22, 31-33). Control mice, fed ad libitum for 12
and 24 h are referred to as 12ALand 24AL groups, respectively. While designing
the CR experiments, the average levels of restrictions were stated as 10, 20, 30,
and 40% CR relative to theirindividual baseline 12ALintakes prior to the CR phase
of the study. However, if the food intake of 12AL, 10, 20, 30, and 40% CR groups
are compared relative to the average intake of the 24AL group in the final week,
the approximate values of the percentage levels of restrictions become 9.6, 17,
24, 35, and 44%, respectively (31). In the PR study, the control group was fed
12ALwith the same diet, 20% protein, as the CR study (31). Accordingly, restriction
levels of the PR groups were calculated as 29.6, 39.6, and 49.6% relative to the
24AL group, respectively. PR diets were formulated by substituting the reduced
protein with carbohydrates; the three PR diets were calorically equal (31). The
following assumptions were considered while carrying out the analysis:

The resting metabolic rate (RMR) was assumed to be the same as the total
internal work (W, ;). Internal work performance, which was depicted as “inter-
nal work sink subsystem” in Fig.1, was fueled by both adipose tissue and the
utilized organs, in addition to cellular metabolism.

Energy expense of organ investment (W) was part of the total internal
work cost and fueled only with energy coming from the metabolism of nutrients.

On some occasions, a fraction of the energy provided by the food was accu-
mulated in the adipose tissue (E,gy)- Otherwise, adipose tissue functioned as
an internal energy source and provided energy to fuel a part of the internal work
(Wint,Z)'

All the energy obtained from organ utilization fueled part of the internal work
(Wint,4)'

In the external (muscular) work (W,,,) calculations, work against friction is
not accounted for.

The residual internal work energy expense was calculated after subtracting
Win 1 Wiy 2 and Wi, , from the total internal work (W, , .,)- The residual internal
work (W, 3) energy expense was fueled with the energy coming from the cellular
metabolism.

It was assumed that the energy utilized from the adipose tissue and organs
entered the internal work sink subsystem and used only for work; however, the
total internal heat output (Q;,, 1) Was fueled only by cellular metabolism.

According to the information provided by the supplier of the mice (Charles-
River), the average 50% survival rate for male C57BL/6J mice fed a diet similar
to that used in the CR study was around 720 d. In the current study, this lifespan
was assumed to be the same for control (24AL) groups.

Energetic Assessments.

Daily invested or utilized organ energy assessment. Natural logarithm (LN)
equations for body mass versus the mass of each organ at the final dissection of
all individuals in the CR study were previously given (31). These LN equations
and daily body mass data were used to calculate the daily masses of each organ
of the CR groups.

For the PR groups, the total mass changes of each organ from the first to the
final day of the experiment were divided into the number of days on study, and
these mass change ratios of organs were assumed to be the same for each day.

To calculate the daily dry mass of the organs, the water content of each organ

was employed (31). As previously suggested, the energy equivalent of the lean
tissueswas 17 kJ/g on dry basis (34). Based on daily mass and energy equivalent
data, the total energy invested on organs (W, , ;) and the total energy extracted
from the utilized organs (W, ,) were calculated.
Daily invested or utilized adipose tissue energy assessment. The interpolated
daily adipose tissue masses of the CR groups were estimated from the given LN
fit equations of brown adipose tissue + epididymal + retroperitoneal + sub-
cutaneous + mesenteric white adipose tissue mass versus body mass of the
individuals in Mitchell etal. (31).
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In PR groups, linear model equations (R-square > 0.70) were extracted from
the pool of the dissected white and brown adipose tissue mass versus the total
body mass data, and then these equations were used for interpolation, i.e., esti-
mate the daily total adipose tissue mass.

The mean adipose tissue water content was 27% and a gram of dry adipose

tissue provides 39.5 kJ of energy when utilized (31). Based on daily mass and
energy equivalent data, daily energy investment to or energy obtained from the
adipose tissue was calculated. Daily energy obtained from the adipose tissue
(W,,;.,) was assumed to be allocated to perform a fraction of the total internal
work. Itwas also assumed that the energy expenditure of daily energy investment
to adipose tissue (E,gpose) Was only allocated from the extracted food energy via
metabolism.
Daily energy loss as feces. In the study of Mitchell et al. (31) apparent energy
assimilation efficiency (AEAE%) of both CR and PR groups was calculated at base-
line and at the end of the study. In the current study, these AEAE% values and
food intake (dry) of the CR and ad libitum individuals at baseline and at the end
of the study were used to extract a linear model equation (P < 0.05, R-square >
0.24). In order to calculate the daily AEAE% values of each CR group, this linear
model and the daily food intake (dry) of each CR group (31) were used. However,
for PR groups there was no significant relationship between AEAE% and food
intake (dry); therefore, average AEAE% values of PR individuals calculated at the
end of the study were assumed as same for all days of the study (data adapted
from ref. 31).

For both CR and PR groups, daily energy loss from feces (Epg, ) was calculated
based on the daily energy uptake with consumed major food components (Ah,,,,
food molecules) and dally AEAES%:

EDELF = (Ahmajorfood molecules) X (1 — AEAE %) [2]

The value of Ah o ood molecues Tfers to enthalpy (i.e., internal energy for this
study) of chemical components in the diets and is calculated via Eq. 6 as explained
at the related section in methodology.

Daily internal work performance. Adipose tissue serves mainly as an energy store
and in contrast to muscle carries out no metabolic activity (13). Daily fat-free masses of
groups were calculated by means of daily total body and daily adipose tissue masses
thatwere calculated by LN fit equations in the adipose tissue energy assessment part.
RMR (data adapted from ref. 33) and fat-free mass values of the CR individuals col-
lected at the end of restriction were correlated (P < 0.05, R-square > 0.76).The daily
RMR values of the CR groups were calculated with interpolation from this equation
and the daily fat-free-mass data of CR groups. No relationship between the RMR
and the fat-free-masses was found with the PR mice (R-square > 0.33); therefore,
averages of the RMRs values from the end-of the-restriction period of each group
were employed in those calculations (data adapted from ref. 33). In both CRand PR
groups, the daily RMR values were considered to be equivalent to the total internal
work Wiy, o [i-€., total of Wiy s Wi, Wiy 3 and Wi 4 (Fig. 1))

Daily external work performance. Physical activity (counts per hr) measured
(22) using the VitalView™ telemetry and data acquisition system (MiniMitter)
and corresponding daily distance traveled (m) (Homecage Scan) (35) were used
to generate a linear model equation (P < 0.05, R-square > 0.65). Using this
equation, the daily distance traveled (m), A, of CRand PR animals was calculated
and employed to calculate the external work (W,,,) by using general displacement
work, W, formula:

Wext = WX = FX X AX [3]

Fo=mxg (4]

where F, is the force; m is the body mass of a mouse and g is the gravitational
acceleration.

Daily Ah,y,, of the oxidation reactions of foods. A full component list of the
diet was obtained from the supplier (Research Diets). The standard enthalpy of
formation (Ah°® 44 15¢) of each major food component was obtained either from
the literature (S/ Appendix, Table S1) or calculated by the group contribution
method as described by Eq. 5 (36):

Ngroups

Aho\‘,298.15K =68.29+ Z ni,groupXAhof,i,group [5]

i=1
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where, ng,q,; is the number of the atomic groups contained in the molecule; n,
is the number of the atomic groups i contained in the molecule and Ah®;; .,
is the enthalpy of the atomic group i. All the values were corrected using Eq. 6
(36) for the daily changing average body temperature, T(22);

Ahyr= (ATXCp,Z‘?B.]SK) + A% 505 15¢ [6]

Some of the specific heat capacities, ¢, at standard temperature, 298.15 K,
are available in the literature (S/ Appendix, Table S1), the others were calculated
by using modified Kopp's rule as previously described (37);

Ni
= ; Ne X G (7]

where ¢ is the specific heat constant of each element of the molecule at liquid
and solid phases as listed (37).

The mole number of each component in the oxidation reactions were calcu-
lated from the stoichiometric balances given in S Appendix, Table S1.They were
multiplied with Ah;; (kJ/mol) at the average daily body temperature. Energy
extracted from the nutrients via cellular metabolism was calculated from Ah
of the oxidation reactions of CR and PR groups as described (38).

Entering energies to cellular metabolism subsystems were calculated after sub-
tracting the fecal energies from Ah of the major molecules of the food consumed.

Ah(ZOQ+H20+urea_ [(Ahmajovfood molecules — Efaeces) + AhOZ] = Ahrxn

AN )
e "

X Ah products Z Abreactants

nn

Energy balance around the cellular metabolism subsystem and the first law
efficiency. The first law of thermodynamics is summarized with Eq. 9;

Z[N(h+ep+ek)]in_ Z[N(h+ep+ek)]out

in out
d[N(u+ep+ek)]System (9]
dq

+ (Qin _Oout ) + (Win _Wout ) =

where theNis the molar flux, h is the specific enthalpy, e, is the specific potential
energy and e, is the specific kinetic energy of a molecule, and ¢y and W are the
heat and work flow through the system boundaries. The right-hand side of Eq. 9
represents energy accumulation within the system boundaries and was neglected
forselected open (a control volume) cellular metabolism subsystem (39). Besides,
e, and e, constituents and Q,, and W, through the selected subsystem were also
neglected. Therefore, energy extracted from the food was considered to be the
same as Ah,,, for this study.

Respiratory quotient (RQ) was assumed as cellular metabolism efficiency.
The actual daily energy inputs to the cellular metabolism were obtained after
multiplying AH,,, with RQ to exclude the unused part of the nutrients from the
calculations. The energy investment to the adipose tissue, E, 4, Was subtracted
from the absolute value of AH,,, that multiplied with RQ (S/Appendix, Fig.S1)to
calculate the net residual energy, which fuels the total work, Wy, (W, 1, W, ;and
W), and the heat, Q,; (Q;,; and Q,,,), flows fueled by the cellular metabolism
subsystem. Ultimately, energy balance (Eq. 9) for this study becomes;

“n

(Ah,, xRQ)— Eadipose = Qpy +Woy [10]

Each term of Eq. 10 was calculated for all the CR and PR groups, for each day
of the experiment and used to calculate daily heat flow, Q,,,, from the cellular
metabolism subsystem through energy balance. The resulting daily Q,, values
were portioned to daily internal (Q;,, 1)) and external (Q,,,) heat flows by using
the corresponding work ratios; Wi el Wout total” 8N " Wey/ Woyt el -

The first law efficiency of cellular metabolism subsystem was defined as the
percentage of the work components fueled only by cellular metabolism, to the

net extracted energy at cellular metabolism for this study:
_ Average(wint,1 +Wmt,3 +Wext)
Average ( (Ah,, XRQ) —Egipose )

%100 [11]

out 70
n

W, % was calculated daily for each group of the CR and PR animals.
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Exergetic Assessments.

Calculation of the Gibbs free energy of formation and chemical exergies of the
molecules. Exergy is the maximum work obtainable from a substance when brought
from the state of the environment to the dead state by means of a process interacting
with the environment (40). In the present study, chemical exergy, ex® g is regarded
as the total exergy of a molecule and can be calculated by using molecule's Gibbs
free energy of formation, Ag’ g 15 value. The Joback method, as summarized (36)
was used to calculate AgQ® g5 aS;

Ngroups
Agof,298.15K =53.88+ Z ni,group X Agof,i,group [1 2]
i=1

where n is the number of the atomic groups contained in the molecule, n; is the
number of the atomic groups i contained in the molecule and Ah%; ., is the
enthalpy of the atomic group and obtained from literature (36). When the ionic
strength, pH, and dilution effects on Gibbs free energy are neglected, Ag® may
be calculated at different temperature as;

T o T 0
Ag = (E X AG°} 59815¢ [1 - ﬂ] X Ah f,298.15K> (13]

where T, is the standard temperature (298.15 K) and Tis the daily changing body
temperature of the animals.

The standard molar chemical exergy of component i, ex° .., , is defined (40) as
the sum of the molar Gibbs free energy change of the compound in the standard
state when synthesized from its constituent elements (Ag°;) and the stoichiomet-
ricsum of the standard chemical exergies of the k number of elements (ny gioments
% X% pem kelement) IN their stable states at temperature Ty and pressure Py:

Nelements

eXOchem,i = (Agof,i ) + < Z

o
nk,element Xex chem,k,element) [1 4]
k=1

After combining Eqs. 13 and 14, chemical exergy of a molecule at a different
temperature, such as atthe physiological temperature, can be calculated with Eq. 15;

T o T °
Xchem1 = <E X AQ°fo0g15¢ + | 1— ﬂ] x Ah f,298.w5K>

Nelements [ 1 5 ]
o
+ Z nk,element Xex chem,k,element

k=1

In the present study, chemical exergies of the elements are obtained from

literature (41). Ultimately, chemical exergies of each components of CR and PR
diets (exer, 1) were calculated for each day at average daily body temperature of
groups and summed up to calculate daily chemical exergy intake with diets of
groups (S/ Appendix, Fig. S3).
Daily chemical exergy intake and oxidation products. The daily chemical exergy
of the molecules of the food consumed was calculated by Eq. 15 at the daily body
temperature (S/ Appendix, Fig. S3) as explained in previous section The mole
numbers of 0,, CO,, H,0 and urea participating in these reactions were calculated
for CR and PR groups from the stoichiometry of the oxidation reactions. Then,
those mole numbers were used in the calculations of daily chemical exergies of
these molecules changing with daily average body temperature of each group.
Daily chemical exergy lost with feces. Energetic proportion and daily exergy
intake with diets were used to calculate the daily exergy of the feces:

Total daily Ah of the major metabolizable food molecules  Total daily exergy of major metabolizable food molecules

Exergy balance around the cellular metabolism subsystem and second law
efficiency. The exergy concept is often applied in engineering to compute the max-
imum available energy that can be obtained from a system to produce useful work
(2). The computation of exergies of all system components (e.g., molar flux with
chemical molecules and heat and work fluxes) enables an exergy balance to be
estimated around each selected system and correspondingly find discarded waste
energy (i.e., the energy that could not be transferred to work due to irreversibilities),
which is called exergy destruction.

In the current study, exergy balance was established around the cellular
metabolism subsystem to calculate the daily exergy destruction (Eq. 17):

N N Ts Q R - d[N EX] system
;[Nex]m—g‘[Nex]om—Z 1_TT,1 W_W_ExdestzT
[17]

Thefirsttermin Eq. 17 refers to the exergy (ex) of the entering mole fluxes (N) (food
and oxygen). This daily exergy input to the cellular metabolism was corrected after
multiplying with the RQ values as similar to energetic assessment part. The second
term refers to the total exergy of the leaving mole fluxes (carbon dioxide, water vapor,
urea, and feces) and the exergy expense for adipose tissue increment. The third term in
Eq. 17 is the exergy of heattransfer (Q,), where the T; is the surrounding temperature
(298.15K)andT, is the boundary temperature, that equals daily body temperature in
this study. The exergy of work flow, W, equals to itself, in accordance with the meaning
of the "exergy," e.g., useful work. The last term on the left side of the equation refers
to the exergy destruction (Ex,). i.e., the lost exergy. The term at the right side of
Eq. 17 refers to the exergy accumulation in system boundaries. Similarly, with the
energy balance, it was assumed that there is no exergy accumulation for open
(acontrol volume) cellular metabolism subsystem. The energy that cannot be utilized
in useful work, Ex, causes increasing disorder in the system. The calculated exergy
destruction values can be used to calculate entropy generation as will be explained
in the next section.

Inthe second law efficiency assessments, the measure of actual performance
is compared to the best possible performance under the same conditions. In
other words, the second law efficiency measures the system performance rel-
ative to its performance under reversible conditions (2). In the present study,
the second law efficiency, ,, of the cellular metabolism subsystem is defined
as the ratio of work fueled only by cellular metabolism to the maximum the-
oretical useful exergy:

(7) _ Wint,1 + Wint,3 +Wext ~ ,I 00
e Z(Nex)in_ 2(Nex)out [18]

Daily entropy generation and approximate lifespan prediction. To understand
the relationship between the restriction level and lifespan, entropy generation
values, which can be found by using exergy destruction values, can be considered
as a scale in computational predictions. Daily entropy generation of CR and PR
groups were calculated by using the conversion equation which includes exergy
destruction (Ex,,,) and the standard temperature (T);

E‘Xdest = TOSgen [1 9]
In the current study, the highest daily average entropy generation was

observed in the 24AL group, therefore, the approximate total lifespan entropy
generation for 24AL group was estimated by multiplying the total lifespan (720

Daily energy loss with faeces

Calculation of daily chemical exergy of the adipose tissue. Fatty acid composition
of adipose tissue of 8 to 10-wk-old wild C57BL/6 male mice given in the study of
Canadietal.(42) and fatty acid composition of standard diet used in the current study
were proportioned, and these ratios were employed to calculate the approximate
mole numbers of the fatty acids in the adipose tissue of CR and PR animals. These
mole numbers were then used to calculate (Eq. 15) daily adipose tissue chemical
exergy investmentand expense of the CR and PR mice at daily body temperatures.

PNAS 2023 Vol.120 No.37 e2300624120

1
Daily exergy loss with faeces 6]

d) with the average daily entropy generation (0.1028 kJ/K). The approximate total
lifespan entropy generation which may be reached by the 24ALC57BL/6 mice was
estimated as 74.051 kJ/K with a similar calculation approach in previous studies
(10,43,44).The approximate lifespans of CRand PR groups may be estimated by
dividing that value to the average daily entropy generation values of each group.

In both CR and PR experiments, 12AL groups were fed with the same diet, which
equals to 9.6% restriction compared to 24AL group's food intake in the final week of
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restriction (31). Forthat reason, all of the calculated results of 9.6%restriction groups
in CR and PR studies were expected to be close to each other. Although it was not
significant, there was a difference in both of the experimental and computational
results of these two groups which might be due to some biological variations.

The summary for energy and exergy assessments methodology is also given
as flowchart at S/ Appendix, Figs. S7 and S8.

Data, Materials, and Software Availability. All the data generated in this
work are in the paper or have been previously published.
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