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ABSTRACT

In developing countries the rise of obesity and obesity-related metabolic disorders, such as cardiovascular
diseases and type 2 diabetes, reflects the changes in lifestyle habits and wrong dietary choices. Dietary
restriction (DR) regimens have been shown to extend health span and lifespan in many animal models including
primates. Identifying biomarkers predictive of clinical benefits of treatment is one of the primary goals of
precision medicine. To monitor the clinical outcomes of DR interventions in humans, several biomarkers are
commonly adopted. However, a validated link between the behaviors of such biomarkers and DR effects is
lacking at present time. Through a systematic analysis of human intervention studies, we evaluated the effect
size of DR (i.e. calorie restriction, very low calorie diet, intermittent fasting, alternate day fasting) on health-
related biomarkers. We found that DR is effective in reducing total and visceral adipose mass and improving
inflammatory cytokines profile and adiponectin/leptin ratio. By analysing the levels of canonical biomarkers of
healthy aging, we also validated the changes of insulin, IGF-1 and IGFBP-1,2 to monitor DR effects. Collectively,

we developed a useful platform to evaluate the human responses to dietary regimens low in calories.

INTRODUCTION

Aging and wrong lifestyle choices, including inadequate
dietary patterns, increase the risk of developing several
diseases such as obesity and its-related chronic
degenerative diseases. Interestingly, the aging program
can be accelerated by obesity [1]. It is thus likely that
obesity reduces life- and health span and plays a
predominant role in the onset of age-related diseases
[2]. In fact, the prevalence of obesity is globally
increasing in populations and has become a burden for
healthcare systems. Several studies suggest that dietary
restriction (DR) regimens (e.g. intermittent fasting,
calorie restriction, low calorie diet) reverse obesity and
improve health in human by promoting the same
molecular and metabolic adaptations that have been
shown in animal models of longevity. In particular, DR
in humans ameliorates several metabolic and hormonal
factors that are implicated in the pathogenesis of an array
of age-associated chronic metabolic diseases [3, 4].

At present it is difficult to evaluate the effectiveness of
DR on lifespan in humans, so that several works
proposed predictive non-invasive  biomarkers  to
evaluate the geroprotective role of DR. However, a
miscellaneous of biomarkers is investigated in human
intervention studies limiting the statistical robustness of
the data. Whether a “biomarker-based” approach could
be suitable for evaluating the effectiveness of DR still
remains a matter of debate.

Precision medicine is a medical model that proposes the
customization of healthcare, with the identification of
predictors that can help to find the effectiveness of
health-promoting dietary interventions. Biomarkers
represent potentially predictive tools for precision
medicine but, although affordable ‘'omics'-based
technology has enabled faster identification of putative
biomarkers [5], their validation is still hindered by low
statistical power as well as limited reproducibility of
results.
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Herein, through meta-analysis we have evaluated the RESULTS
effect size of DR regimens on adipose mass and well-

recognized biomarkers of healthy aging. Overall Effects of DR on total and visceral adipose mass
findings provide the geroprotective footprint of DR in
humans and highlight a useful platform to validate or DR regimens are effective in slowing aging, and
monitor the efficiency of dietary treatments to preserve maintaining healthy status in animals [6, 7]. Adipose
and improve health span and longevity. mass quickly and dynamically responds to nutrient/
Study name Subgoup within study
Std diff
in means p-Value
Agzueda 2012 FatMaszs, otal 0.774 0.000 0=
Belobrjdie, 2010 FatMass, otal 4,355 0.000 cad
Bhutany, 2013 FatMass, ptal 0.686 0.059 ——
Cangemi, 2010 FatMass, total -2.473 0.000 ——
Clessens, 2009 FatMass, ptal -5.094 0.000 <
Clifton, 2004 FatMass, total -1,115 0.004 e B
Das, 2007 FatMass, ptal -1,682 0.000 b ™
DeLuis, 2012 FatMass, otal -0.334 0.146 —r
Foataz 2009 FatMass, ptal 2,436 0.000 —0—
Fontana 2006 FatMaszs, otal -1,353 0.000 e e
Fontna 2004 FatMass, otal -2.754 0.000 ——
Fontna 2008 FatMass, otal -2,930 0.000 ——
Halbarg, 2005 FatMaszs, potal 0305 0.400 —T10—
Harvie, 2010 FatMass, wotal -1,667 0.000 —0—
Harvie, 20100 FatMass, otal -1.143 0.000 =
Haugzard, 2009 FatMass, otal -1.658 0.000 -0
Johaston, 2004 FatMass, ptal -0.906 0.044 e —
Kazzim, 2009 FatMass, otal -0.820 0.019 —t—
Klkiner, 2006 FatMass, ptal 0.150 0.654 e
Layman, 2003 FatMass, otal -2,274 0.000 —_—Llr—
Layman, 2005 FatMass, otal -2.437 0.000 e
L=2, 2008 FatMass, ptal 0.567 0.002 —{—
Lzjeuns, 2004 FatMaszs, ptal 0.635 0.000 Ry
Melznson, 2012 FatMass, ptal -1.280 0.000 —r—
Redman, 2008 FatMass, ptal -2,284 0.000 e p—
Soenen, 2012 FatMass, otal 0.613 0.001 T
Svendsen, 2012 FatMazs, ptal -0,696 0.048 —0—
Tapsall, 2009 FatMass, otal -0.624 0.048 e
Walksr, 2008 FatNazs, otal -0.633 0.029 ™
Westerterp, 2004 FatMass, otal 20,612 0.000 o
Wychedey, 2010 FatMass, otal 0,723 0.010 —t—
<0.913 0.000 |
Garcia, 2012 5, visceral 0.119 0.765 e ™ ]
Kkampsl, 2012 s, visceral 0,600 0.034 T
Larson, 2006 8. visceral -1.964 0.000 S P eSS
Nicklas, 2009 233, viscerzl 0.806 0.000 —{—
Pij1, 2001 FatMass, visceral -1,728 0.004 el —
Weiss, 2006 FatMass, visceral -0.891 0.001 ——
Yoshimurz, 2014 FatMass, viscerl -2,500 0.000 ] "
-0.944 0.000 -
0.916 0.000 *
-4.00 -2,00 0.00 2,00 4,00
REDUCTION INCREASE

Figure 1. Changes of total and visceral adipose mass after DR. Studies were stratified according to the design of the
study. A positive standardized difference in mean (SDM) indicates an increase, whereas a negative SDM indicates the decrease
of fat mass (total or visceral). The empty black square indicates the results of each study, whereas empty blu square shows the
summary results of each subgroup data. The red diamond resumes overall results of the included studies in the forest plot.
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energy fluctuation and its remodelling seems to mediate
the beneficial effects of DR [7]. In this section we
evaluated the effects of DR on adipose mass (Fig. 1).
Interestingly, all studies showed clear evidence on the
efficacy of DR in reducing total adipose mass in human
(SDM -0.913; 95% CI -0.994, -0.832; p<0.000).

Interestingly, we detected higher effectiveness of DR in
healthy than unhealthy subjects (SDM -1.843; 95% CI -
2.144, -1.542 p<0.000 and SDM -0.813; 95% CI -0.897,
-0.728 p<0.000, respectively). Our data reveal that DR
was also effective in reducing visceral fat mass (SDM -
0.944; 95% CI -1.187, -0.700; p<0.000) (Fig. 1)and
identify adipose mass measurement as a feasible
approach to evaluate the efficacy of diets low in
calories.

Effects of DR on adipokines and DHEA

Among adipokines, adiponectin has an anti-
inflammatory function and correlates with healthy
metabolic profile. Reduction of adiponectin production
is often revealed in obese and diabetic subjects [8].
These evidences highlight adiponectin as a good
candidate to monitor healthy status in human. However,
conflicting results emerge from circulating adiponectin
levels in centenarians [9, 10]. Herein we determined
changes of adiponectin levels occurring after DR. As
shown in Fig. 2, DR increased adiponectin levels in
human (SDM 0.427; 95% CI 0.243, 0.612; p<0.000)
independently of healthy status (healthy group: SDM
0.947; 95% CI10.395, 1.499 p<0.001 and unhealthy

Study name Subgroup within study
Std dif
in means p-Value
Belobrmjdie, 2010 Adiponectin 1.00 0.000
Classsens, 2009 Adiponectin 0.742 0.000
Fontana 2009 Adiponectin 0.847 0.001
Kasim, 2009 Adiponactin -1,828 0.000
Klempel, 2012 Adiponectin 2,279 0.000
Layman, 2005 Adiponsctin 0.361 0.226
Weiss, 2008 Adiponectin 0.324 0.181
0.427 0.000
0.427 0.000

group: SDM 0.370; 95% CI 0.155, 0.585 p<0.001). The
“satiety hormone” leptin controls dietary behaviour and
has been strongly associated with adipose mass. Indeed,
reduced leptin levels are associated with diminished
visceral adipose mass. However, unclear are evidences
about its levels in healthy centenarians [9, 10]. Our data
reveal that leptin levels were significantly reduced in
DR group (SDM -1.383; 95% CI -1.511, -1.255;
P<0.000) (Fig. 3).

The hormonal profile of aging includes a marked
decrease in the adrenal hormone dehydroepiandro-
sterone (DHEA) [11]. DHEA is taken up by adipose
tissue and seems to reduce its mass protecting against
obesity [12]. Epidemiologic data in the elderly cohort of
long-living Okinawans (over 65) show relatively high
plasma DHEA levels at older ages than the aged-
matched counterpart [13]. However, as disclosed in
Suppl. Fig. 1, DHEA levels were unchanged after DR
(SDM 0.149; 95% CI -0.342, 0.641 p 0.551). Overall
findings suggest a tight relationship between changes in
circulating adipokines and reduction of adipose mass
occurring after DR. Differently, DHEA modulation
seems to be independent of calorie intake.

Effects of DR on insulin, IGF-1, HOMA Index and
IGBPs

Insulin and insulin growth factors 1 (IGF-1) signalling
is an evolutionary conserved pathway linking nutrient
levels to fat mass and lifespan. Generally, reduced level

-
O
-
—_—
—_——
T
10—
=
+
4,00 -2,00 0.00 2,00 4,00
REDUCTION INCREASE

Figure 2. DR effects on circulating adiponectin. Studies were stratified according to the design of the study. A
positive standardized difference in mean (SDM) indicates an increase, whereas a negative SDM indicates the decrease of
circulating adiponectin. The empty black square indicates the results of each study, whereas empty blu square shows the
summary results of each subgroup data. The red diamond resumes overall results of the included studies in the forest plot.
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of insulin and IGF-1 is associated with increased
longevity from yeasts to mammals [14]. Differently,
levels of insulin and IGF-1 are commonly higher in
subjects affected by age-related diseases or obesity than
lean healthy subjects [15]. In our work, we reported
clear evidence about DR effects on insulin and IGF-1
levels in human (Fig. 4). In particular, we observed a
significant reduction in insulin both in healthy (SDM -
1.019; 95% CI -1.362, -0.675 p<0.000) and unhealthy
subjects (SDM -0.811; 95% CI -0.893, -0.730 p<0.000).
The same trend was detected by analysing the IGF-1
levels (SDM -0.546; 95% CI -0.750, -0.342 p<0.000).
Overall data analyses (SDM -0.779; 95% CI -0.851, -
0.706 p<0.000) confirm decreased insulin/IGF-1 levels
as downstream effect of DR in human.

The Homeostasis Model Assessment (HOMA) Index is
currently a biochemical tool to estimate insulin
sensitivity by matching fasting glycaemia and
insulinemia [16]. A study carried out on centenarians
indicates that they seem to be protected from hyper-
insulinaemia, and their insulin resistance is as low, if
not lower, than that of healthy younger adults [17]. The
correlation between HOMA Index with obesity or aging

Swdyaame Subgronp withia sudy
Std diff

ia mazas p-Valse
Agveda 2012 Loptin 1286 0,000
Bdob=pdie, 2010 Laptia 26,558 0,000
Clzessens, 2009 Loptan $.762 0,000
Foatana 2006 Laptin 1383 0,000
Garcia, 2012 Leptan 1,235 0,004
Haxvis, 2010 Loptin 51,000 0,000
Haxvis, 20100 Leptin 57,500 0,000
K=im 2009 Loptin 1,603 0.000
Klampel 2012 Loptan 43500 0,000
Lzymaa, 2002 Laptia 4,426 0,000
Layasae, 2004 Laptin 1248 0,000
Redmm, 2008 Loptin 1273 0,004
Tapsell, 2009 Leptin 0,624 0,048
Westozarp, 2004 Loptin 1241 0,000
Yoshimua, 2014 Leptin 2322 0,000
1383 0,000
1383 0,000

suggests its prognostic capacity to evaluate the efficacy
of health promoting strategies. Accordingly, we
reported a significant reduction in the HOMA Index
occurring after DR (SDM -0.837; 95% CI -0.990, -
0.750 p<0.000) (Fig. 5) and this effect was stronger if
dietary treatment was longer than 3 months (data not
shown).

The IGF-binding protein 2 (IGFBP2) is known as a
carrier protein for IGF-1 limiting its biological action
[18]. However, there are several characterized IGFBPs,
which seem to improve metabolic status independently
of IGFs binding [19]. Interestingly, some papers
reported that DR regimens increase circulating levels of
IGFBPs [20]. In our work, we analysed the changes in
the levels of the best-known IGFBPs after DR. As
shown in Fig. 6, DR similarly modulated IGFBP-1 and
IGFBP-2 levels (SDM 1.527; 95% CI 1.248, 1.806
p<0.000 and SDM 1.687; 95% CI 1.387, 1.986 p<0.000,
respectively). Differently, DR was ineffective in
increasing IGFBP-3 levels (SDM -0.045; 95% CI -
0.517, 0.427 p=0.853). These results suggest that
IGFBP-1 and -2 are more sensitive to DR than IGFBP-
3.

)

fal

400 2.00 0,00 2,00 400

RECUCTION INCREASE

Figure 3. DR effects on circulating leptin. Studies were stratified according to the design of the study. A positive standardized
difference in mean (SDM) indicates an increase, whereas a negative SDM indicates the decrease of circulating leptin. The empty
black square indicates the results of each study. The red diamond resumes overall results of the included studies in the forest plot.
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Study name Subgroup within study

Std df
in meanz pValus
Fontanz, 2006 IGF-1 -1.566
Harviz, 2010 IGF-1 0.083
Harvie, 20100 IGF-1 -1.471
Pijl, 2001 IGF-1 0,722
0,546
Aguada 2012 Insulin 0,705
Bhutany, 2013 Insulin 9.316
Clazsszans, 2009 Insulin 3,591
Clifion, 2004 Insulin 0.526
Das, 2007 Insulin -1.200
D2 Luis, 2012 Inzulin 0.691
Fontanz, 2009 Insulin -1,378
Fontanz, 2006 Insulin 0,980 0,003
Fontznz, 2004 Insulin 2,429 0.000
Garcia, 2012 Insulin -1,000 0.017
Halberg, 2005 Insulin 0.641 0.09¢9
Harviz, 2010 Insulin 0.917 0.000
Harvis 2010 b Insulin -1.809 0.000
Haugazsd, 2009 Insulin 4.833 0.000
Hwallz, 1899 Inzulin 3.955
Johaston, 2004 Insulin 3,286 0.001
Kasim, 2009 Insulin 90.725
Kleiner, 2006 Insulin 0.019 0.956
Klempsl 2012 Insulin 1,000
Larson, 2006 Insulin 0.384
Laymzn, 2005 Insulin 0.525
L=2 2009 Insulin £.421
Lzjeuns, 2004 Insulin 9.892
Melanson, 2012 Insulin 9.382
Nickts, 2 Insulin 0.920
Pijl, 2001 Insulin 0.812
Redman, 2008 Insulin 0.947
So2nen, 2012 Insulin 9.861
Svendsen, 2012 Insulin 0.590
Tapsall, 2009 Insulin 0.624
Weiss, 2006 Insulin 0.454 0.067
Westerteep, 2004 Insulin 0,712
Wycherley, 2010  Insulin 0.396
Yoshimurz, 2014  Insulin 2,722
0.813
0.779

0.000
0.548
0.000
0,089
0.000
0,000
0.374
0,000
0.102
0.002
0.00
0.000

0.000

0.032

0.000
0.19¢
0.088
0.017
0.000
0.043
0.000
0.062
0.028
0.000
0.085
0.048

0,000
0.127
0.000
0.000
0.000

4,00 -2,00 0.00 2,00 4,00
REDUCTION INCREASE

Figure 4. Changes of circulating insulin and insulin growth factor-1 (IGF-1) after DR. Studies were stratified according to the
design of the study. A positive standardized difference in mean (SDM) indicates an increase, whereas a negative SDM indicates the
decrease of circulating IGF-1 or insulin. The empty black square indicates the results of each study, whereas empty blu square shows
the summary results of each subgroup data. The red diamond resumes overall results of the included studies in the forest plot.

Effects of DR on inflammatory markers

One of the common features of aging and obesity is the
presence of a chronic sterile low-grade inflammatory
status, which contributes to the onset of several
metabolic perturbations [21]. In our work we evaluated
the changes in circulating inflammatory markers observ-

ed after DR (Fig. 7). Interestingly, among the evaluated
inflammatory markers, only CRP and IL-6 displayed a
significant reduction after DR (SDM -0.715; 95% CI -
0.862, -0.568 p<0.000 and SDM -0.316; 95% CI -0.515,
-0.118 p<0.002, respectively). Although IL-1 and TNF-
a are cytokines routinely assayed to monitor systemic
inflammation, our data revealed that their level
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remained unchanged after DR (SDM 0.041; 95% CI - CRP, IL-6, IL-1 and TNF-o levels revealed anti-

181, 0.263 p=0.719 and SDM -0.079; 95% CI-0.264, inflammatory effect of DR in human (SDM -0.351;
0.106 p=0.402, respectively). Overall data regarding 95% CI -0.442, -0.260 p<0.000) (Fig. 7).
Study name Subgroup within study
Std diff
in means p-Value

Agusda, 2012 HOMA-Index 0,501 0,000 O
Belobrzjdie, 2010  HOMA-Index 4,007 0,000 -
Bhutany, 2013 HOMA-Index 0000 1,000 —{—
Classzens, 2009 HOMA-Index 4333 0.000 o
De Luis, 2012 HOMA-Index 0,465 0,048 —O0—
Fontana, 2009 HOMA-Ind2x -1.421 0.000 —0—
Garcia, 2012 HOMA-Index -1,000 0.017 —O
Harvie, 2010 HOMA-Index -1,000 0,000 -0
Harvie, 2010 b HOMA-Index 1,333 0,000 0
Haugaard, 2009 HOMAIndex 4,333 0,000 e
Kasim, 2009 HOMA-Index -1,154 0,003 —_
Kleiner, 2006 HOMA-Index 1,286 0,004 +——
Mealanzon, 2012 HOMA-Index 0,366 0.053 =]
Soenen, 2012 HOMA-Index 22,400 0,000 0
Svendsen, 2012 HOMA-Index 0270 0.401 —_—
Walker, 2008 HOMA-Index 0506 0,078 ——
Yoshimurs, 2014  HOMA-Index 0,714 0,007 e

20,870 0,000 [ |

0,370 0,000 [

4,00 2,00 0,00 2,00 4,00
REDUCTION INCREASE

Figure 5. Changes of HOMA Index after DR. Studies were stratified according to the design of the study. A positive standardized
difference in mean (SDM) indicates an increase, whereas a negative SDM indicates the decrease of HOMA Index. The empty black
square indicates the results of each study. The red diamond resumes overall results of the included studies in the forest plot.

Study name Subzoup within study
Std diff
in means p-Value
Harvie, 2010 IGFBP-1 1,422 0.000 -{=
Harvie, 2010 b IGFBP-1 1,647 0.000 —{H
1,527 0.000 -
Harvie, 2010 IGFBP2 1,382 0.000 ==
Harvie, 2010 b IGFBP2 2,216 0.000 —
1.687 0.000 -
Fontna 2006 IGFBP3 -0.224 0.470 e B
Bijt, 2001 IGFBP-3 0.229 0.549 —{—
-0.045 0.853
1341 0.000 T *
-4.00 -2,00 0.00 200 4,00
REDUCTION INCREASE

Figure 6. Changes of circulating IGFB-1, IGFBP-2 and IGFBP-3 after DR. Studies were stratified according to the design
of the study. A standardized difference in mean (SDM) indicates an increase, whereas a negative SDM indicates the decrease of
IGFB-1, IGFBP-2 or IGFBP-3. The empty black square indicates the results of each study, whereas empty blu square shows the
summary results of each subgroup data. The red diamond resumes overall results of the included studies in the forest plot.
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Swdy name Subgoup within study

Std dif

in means p-Value

Agueda, 2012 CRP -0.183 0.110
Bhutay, 2013 CRP 0.000 1.000
Fontnaz 2006 CRP -2,183 0.000
Garcz, 2012 CRP -0.400 0.31¢9
Harvie 2010 CRP -1.600 0.000
Harviz 20100 CRP -5.000 0.000
Kasim, 2009 CRP -1.170 0.003
Klempel, 2012 CRP -1,155 0.000
Mezlznson, 2012 CRP £0.177 0.345
Yoshimue 2014 CRP -4.000 0.000
20,715 0.000

Aguedz, 2012 -1 0.041 0.719
0.041 0.719

Agueda, 2012 IL-§ 0.105 0.354
Fonenz 2009 IL-§ -0.785 0.004
Yoshizue, 2014 IL-§ -1,.854 0.000
20.316 0.002

Aszuadz 2012 TNF=lphz 20.027 0.809
Weiss, 2006 TNF=zlphz £0.406 0.008
Yoshimue, 2014  TNF=alpha 0.000 1,000
-0.079 0.402

£.351 0.000

4,00 -2,00 0.00 2,00 4,00

Figure 7. Changes of inflammatory markers after DR. Studies were stratified according to the design of the study. A
positive standardized difference in mean (SDM) indicates an increase, whereas a negative SDM indicates the decrease of CRP,
IL-1, IL-6 or TNF-alpha. The empty black square indicates the results of each study, whereas empty blu square shows the
summary results of each subgroup data. The red diamond resumes overall results of the included studies in the forest plot.

DISCUSSION

Aging is commonly defined as a physiological decline
of biological functions in the body. Aging strongly
remodels adipose depots by reducing subcutaneous
adipose in favour of visceral depots enlargement [22].
Aging and visceral adipose tissue expansion act in
synergy in inducing a chronic low grade of
inflammatory status, which triggers a systemic
metabolic decline in human [21, 23]. DR is a promising
and feasible strategy that ameliorates body metabolic
and inflammatory profile increasing lifespan through
evolutionary-conserved mechanisms [4, 22, 24, 25].
Herein we included all studies evaluating the impact of
DR on several healthy-associated markers in human
including adipose mass. Increased visceral adiposity
leads to chronic inflammation, which is often associated
with a number of comorbidities (e.g. hyperinsulinemia,
hypertension, insulin resistance, glucose intolerance)
and reduced life expectancy [26, 27]. Through this
meta-analysis approach, we confirmed the capacity of

DR to reduce total and visceral adipose mass and,
interestingly, we observed a more effective visceral
adipose mass reduction after DR regimens (-20% in
DR: SDM -1.081; 95% CI -1.242,-0.921 p<0.000) (-
30/40% in DR: SDM -0.893; 95% CI -1.050, -0.737
p<0.000 and >-40% in DR: SDM -0.678; 95% CI -
0.800, -0.555 p<0.000). These findings suggest that to
obtain a more effective adipose mass loss, 20% in
calorie reduction could be an elective strategy. Central
or visceral adiposity perturbs systemic inflammation in
animal models and human and relatively to this, the
healthy effects of DR could be mediated by visceral
adiposity reduction. Indeed, DR significantly diminish-
ed the markers of inflammation, highlighting the central
role of DR-mediated adipose tissue remodelling in
improving inflammatory profile in human. Furthermore,
DR also increased adiponectin/leptin ratio, which is
commonly associated with ameliorated insulin
sensitivity in human. In line with this effect, we
demonstrated that DR was successful in reducing
insulin, IGF-1 and HOMA index.
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subgroups because it was difficult to collect a good
number of subjects.

In conclusion, by a meta-analysis approach we have
provided evidences about DR efficiency on key
hallmarks of aging (Fig. 8) and built a useful platform
to evaluate the responses of human to dietary regimens
low in calories (Fig. 9).

MATERIALS AND METHODS
Search strategy and included studies

In our work we analysed human intervention studies
and evaluated the impact of DR regimens on adipose
mass and some biomarkers of healthy aging
(Geromarkers). The Geromarkers included in our meta-
analysis were described in Table 1. Two investigators,

Geroprotective Footprint
(Biomarkers for Healthy Aging)

Effect Size

Fixed or Random
effect model

PRECISION MEDICINE

Figure 9. Algorithm development for biomarkers validation of dietary restriction in human. CR: calorie restriction;
VLCD: very low calorie diet; IF: intermittent fasting; ADF: alternate-day-fasting.

The insulin growth factor binding proteins (IGFBPs) are
a family of proteins that bind to insulin-like growth
factors limiting their biological actions [28]. IGFBP-2 is
the most abundant among circulating IGFBPs and its
anti-diabetic role as well as direct ability to limit
adipogenesis has been demonstrated [29, 30]. Actually,
high serum levels of IGFBP-2 appear to protect against
obesity and type 2 diabetes [30]. IGFBP-1 showed an
inverse relation with insulin and BMI in human [31].
Differently, unclear are the evidences about the link
between IGFBP-3 and adipose mass. In accordance with
the data described above, we observed a strong
responsiveness in circulating levels of IGFBP-1 and -2
occurring after DR. However some limitations emerge
from this meta-analysis. In particular, statistical
analyses on IL-1 and IGFBPs were carried out only
evaluating the results obtained from few studies [32-
35]. Moreover, it was not possible to evaluate the
efficiency of DR in gender or time of treatment

EG and D.L.B., independently carried out study
selection and included both studies with an
experimental design (EXP) and quasi-experimental
design (Q-EXP). EXP studies were randomized with a
control group and a parallel or crossover design;
whereas Q-EXP included observational studies (pre-
and post-intervention or pre- and post-data), non-
randomized or uncontrolled studies [36]. Q-EXP studies
were pooled together with EXP studies only after
assessing whether they were in agreement with EXP
studies [37]. Candidate studies were searched in
PubMed (finalized February 30, 2016) using the terms
‘calorie or caloric or dietary restriction’, ‘fasting or
intermittent fasting or alternate day fasting and ‘adipose
tissue or fat mass or fat tissue’’. Inclusion criteria were
as follows: human intervention studies with long-term
study design (> 3 months); healthy and unhealthy (e.g.
dyslipidaemia, obesity, metabolic syndrome) subjects;
numerically analysable information about results, study
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duration and calories reduced in the study. Studies were
excluded when: only abstracts were available; duration
time of the study was lesser than 3 months; data
presentation was incomplete; information about the DR
was incomplete. When necessary, efforts were made to
contact investigators for clarification or additional data.
This research strategy produced a total of 201 studies.
Furthermore, a manual research of references from
clinical studies and reviews identified 42 additional
studies, for a total of 243 studies to be evaluated, 9 of
which are reviews [38-46]. A first screening allowed
discarding 147 articles whose titles or abstracts were
evidently irrelevant to our aim. Of the remaining 96
studies, 53 were rejected whenever: they presented
incomplete data; DR was coupled with  physical
exercise; there were no reported data on adipose mass;
they only presented data on weight and fat mass without
other parameters (Fig. 10). Therefore, from 243 initial
candidates, the 43 studies available for a formal meta-

analysis had the following charac-teristics: they were
written in English; they had a period of intervention of
at least two weeks; they were carried out exclusively on
human subjects. Among the considered studies, 12 were
on females [32, 34, 35, 47-55], 4 on males [56-59], and
the rest mixed [60-62, 33, 63-85]. Moreover, 30 studies
were intervention studies evaluating the efficacy of
calorie restriction [33-35,47-49, 51-53, 56, 58-60, 63-
67, 69, 71-73, 75, 76, 79-82, 84, 85]; 4 were
intervention studies evaluating the efficacy of
intermittent fasting [50, 57, 61, 70]; 9 were intervention
studies evaluating the efficacy of low or very low
calorie diets [32, 54, 55, 62, 68, 74, 77, 78, 83]. The
selected studies included human groups with different
BMI. In particular, 10 were studies on obese [34, 35,
48, 50, 53, 54, 58, 61, 64, 68], 16 on overweight [51,
52,57,59, 62,63, 65,69, 71-73,77-79, 82, 85], 12 on

both obese and overweight [32, 47, 49, 55, 60, 62, 74,

75, 80, 81, 83, 84], 5 on both normal weight and over-

Table 1. Selected biomarkers and number of the studies

included in meta-analysis.

Biomarkers n. of the studies
Fat Mass (total and visceral) 38
Adipokines (adiponectin and leptin) 22
IGFBPs (IGFBP-1, -2, -3) 6
IGF-1 4
HOMA-Index 17
Insulin 34
Inflammation (TNFa, IL-1, IL-6, CRP) 17
DHEA 5

n=243 potentially relevant
publications identified and
screened for retriev

n=147 publications were excluded on the basis of the
title or abstract

First selection

Nporar =43 publications
included for the analysis

n=>53 publications were excluded for the following
(n=96) reasons:

L €XeIC1se

included incomplete data;

reported no data on fat mass:

included only data on weight and/or fat mass
without other parameters;

dietary restriction was coupled with physical

Figure 10. Flow chart of the study identification and selection.
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weight [33, 66, 67, 70, 76]. Finally, the studies were on
healthy subjects, with the exception of few articles in
which subjects were affected by the following
pathologies: chronic osteoarthritis [64]; metabolic
syndrome [59]; hyperinsulinemia [58, 72], polycystic
ovary syndrome [49], type 2 diabetes [84]. Hence, the
meta-analysis was based on 43 studies and analysed a
total of 2094 subjects. Before analyses, all studies

random effect model was selected following evaluation
of heterogeneity between studies based on the I* test for

heterogeneity. When I° values were low, we selected a
fixed effects model, whereas random effects model was

selected for /* values higher than 75%.
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Table 2. Characteristics of the included studies for the meta-analyses.

. Gender Healthy Status .
Study Design Stratification Stratification Time of Treatment
. Randomized or Randomized Cross- Brief Long-Term
Unrandomized Controlled and Controlled | Sectional Yes No Yes No (<3 months) (>3 months)
4 14 23 2 16 27 36 2 26 16
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Abstract: Calorie restriction (CR) inhibits inflammation and slows aging in many animal species, but in rodents housed in
pathogen-free facilities, CR impairs immunity against certain pathogens. However, little is known about the effects of long-
term moderate CR on immune function in humans. In this multi-center, randomized clinical trial to determine CR’s effect
on inflammation and cell-mediated immunity, 218 healthy non-obese adults (20-50 y), were assigned 25% CR (n=143) or an
ad-libitum (AL) diet (n=75), and outcomes tested at baseline, 12, and 24 months of CR. CR induced a 10.4% weight loss over
the 2-y period. Relative to AL group, CR reduced circulating inflammatory markers, including total WBC and lymphocyte
counts, ICAM-1 and leptin. Serum CRP and TNF-a concentrations were about 40% and 50% lower in CR group, respectively.
CR had no effect on the delayed-type hypersensitivity skin response or antibody response to vaccines, nor did it cause
difference in clinically significant infections. In conclusion, long-term moderate CR without malnutrition induces a
significant and persistent inhibition of inflammation without impairing key in vivo indicators of cell-mediated immunity.
Given the established role of these pro-inflammatory molecules in the pathogenesis of multiple chronic diseases, these CR-
induced adaptations suggest a shift toward a healthy phenotype.

INTRODUCTION of multiple age-associated chronic diseases and in the

biology of aging itself [4]. Serum concentrations of C-
Calorie restriction (CR) without malnutrition is the most reactive protein (CRP, a highly specific systemic marker
powerful intervention to increase lifespan in simple of inflammation) and TNF-a (a powerful pro-
model organisms and rodents [1]. CR decreases inflammatory cytokine) are both associated with an
inflammation, which is believed to protect against age- increased risk of developing insulin resistance, type 2
associated diseases [2, 3]. Low-grade chronic diabetes (T2D), cardiovascular disease (CVD) and cancer
inflammation is deeply implicated in the pathogenesis [5-8]. Excessive adiposity is associated with increased
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adipose tissue TNF-a expression [9] and serum TNF-a
levels [10], which are reduced by weight loss [9, 11].
However, concerns exist regarding the potential
immunosuppressive effects of CR, because some studies
have shown a detrimental effect on cell-mediated
immune responses in monkeys [12] and increased
susceptibility to infection in rodents [13, 14]. On the
contrary, other studies in aging mouse and monkeys
show that CR can enhance the T cell receptor diversity
suggesting improved immune —surveillance [15, 16].

In humans, CR including a restriction of protein and
essential nutrients impairs cell-mediated immune
responses [17] and increases susceptibility to morbidity
and mortality from infectious diseases. However, little is
known about the long-term effects of moderate CR with
adequate intake of nutrients on inflammatory markers
and cell-mediated immune response of healthy adults.

A purpose of this 2-year multicenter randomized
controlled trial (RCT) was to evaluate the effects of a
25% CR diet on inflammatory markers [WBC count,
high sensitivity CRP (hs-CRP), pro-inflammatory
cytokines, adhesion molecules], and in vivo measures of
cell-mediated immunity [antibody response to 3 vaccines,

and delayed-type hypersensitivity skin response (DTH)
to three recall antigens] in a large number of healthy,
non-obese young and middle-aged individuals. Self-
reported infections, allergies and related medications
were documented.

RESULTS
Participants and baseline characteristics

As described previously [18], 1,069 interested individuals
were invited to an in-person screening evaluation, 238
started baseline testing and 220 were randomized. Two
CR participants dropped prior to randomization, resulting
in an ITT cohort of 218 (Figure 1 and Table 1). Thirty
participants withdrew from the study [4 (5.3%) in the AL
and 26 (18.2%) in the CR group (p= 0.01)]. Three CR
participants continued the study evaluations beyond
withdrawal and were included in analyses. There were no
differences at baseline between AL and CR groups in
biometric and demographic variables including body
weight, body mass index (BMI) and other body
composition and demographic variables, blood glucoseor
lipid profile (Table 1) or for any of the immune and
inflammatory outcomes.

[ Enrollment ]

238 Eligible |

18 Dropped During Baseline
* Withdrew Consent (n=5)
* Found ineligible (n=10)

[ Allocation ]

o Anemia (n=2)
o Low BMD (n=8)
= Other (n=3)

'

| Randomized (N=220) |

.

25% CR (n=145)
Started intervention (n=143)
* Withdrew Consent (n=1)
* Work Related Issues (n=1)

.

Ad Libitum (n=75)
Started intervention (n=75)

I

Follow-up

117 Completed Intervention
26 Stopped Intervention:
* 3 women became pregnant
* 6 moved away from study site
» 3 withdrawn for safety
* 8 withdrew consent
* 6 personal and other reasons

] A 4
J

71 Completed Intervention
4 Stopped Intervention:
* 3 women became pregnant
* 1 withdrew consent

Figure 1. CONSORT diagram. Two hundred and thirty eight individuals were eligible and 220 individuals were randomized. Two
individuals, both assigned to the calorie-restricted (CR) group, dropped out prior to starting the intervention, resulting in an intention-to-
treat cohort of 218 participants; 75 in the ad libitum (AL) control and 143 in the CR group (Table 1). Thirty participants were withdrawn or
dropped from the intervention prior to completion including 4 (5.3%) in the AL control group and 26 (18.2%) in the CR group (p=0.01).
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Table 1. Demographic, anthropometric and clinical characteristics at baseline for the 218 participants

who started the 2-year intervention *

Calorie Restriction (n=143)+

Ad Libitum (n=75)%

Race
White, n (%) 111 (77.6%) 57 (76%)
African American, n (%) 15 (10.5%) 11 (14.7%)
Other, n (%) 17 (11.9%) 7(9.3%)
Sex (F/M) 99F/44M 53F/22M
Age,y 38.0(7.2) 37.9 (6.9)
Height, cm 168.9 (8.6) 168.4 (8.3)
Baseline Weight, kg 71.8 (9.2) 71.3 (8.6)
Baseline BMI, kg/m’ 25.1(1.7) 25.1 (1.6)
Body Fat, % 33.6 (6.6) 32.9(6.1)
Blood pressure
SBP, mmHg 112 (9.9) 111 (9.9)
DBP, mmHg 72.1 (7.5) 71.2(7.1)
Laboratory Values
Glucose, mg/dL 81.9 (5.6) 83.6 (6.1)
Insulin, uIU/mL 5.8(0.3)
HDL-C, mg/dL 49.1 (13.3) 49.2 (11.7)
LDL-C, mg/dL 98.0 (26.5) 105.6 (28.6)
Tg, mg/dL 103.5 (50.5) 106.8 (59.7)

triglycerides.
* Values represent mean (SD).

Abbreviations: AL, ad libitum control group; CR, 25% calorie restriction group; SBP, systolic blood pressure; DBP,
diastolic blood pressure; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; Tg,

+ No significant between group differences for all listed variables.

Intervention adherence and body composition

Participant adherence and changes in body composition
in response to CR have been published elsewhere [19].
Energy intake was reduced by 19.5 (0.8) % (480 kcal/d)
during the first 6-months of CR, and by an average of
9.1 (0.7) % (234 kcal/d) for the remaining 18-mo
(p<0.0001 vs. AL). CR induced significant reduction in
body weight [8.3 (0.3) kg (11.5%) at 1-y and a net
change of 7.6 (0.3) kg (10.4%) at 2-y (p<0.001)], BMI
and % body fat [19]. No significant change was
observed in energy intake or body composition in the
AL group. Measured by DEXA, CR induced a 6.1%

(0.2) kg change in Fat Mass at 1-yr and 5.3 (0.3) kg at
2-yr, but did not change in the AL group.

Moderate CR impacts white blood cell profile

Complete blood count and differentials (CBC-Diff)
stayed within normal ranges in both groups. However,
compared to AL, CR significantly reduced the number
of WBC at month 12 (p=0.03), and 24 (p=0.002)
(Figure 2A). There was a trend for a correlation
between changes in BMI from baseline to 24 months
and that of WBC number (r=0.14, p=0.07) when both
CR and AL groups were combined.
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Figure 2. Change in the number of white blood cells and lymphocytes following 2
years of calorie restriction in humans. Panel (A) baseline values of white blood cells for ad
libitum (AL) and calorie-restricted (CR) groups were 5.9 x 103/ul and 6.0 x 103/ul, respectively.

Panel (B) baseline values of lymphocytes for both AL and CR groups were 1.8 x 103/ul. Data are
mean (SE). The P value comparisons are for AL and CR groups at indicated time points.

Compared to AL, CR significantly reduced the number
of lymphocytes at month 24 (p=0.0001) (Figure 2B).
The difference in the change in lymphocytes between
CR and AL group was -0.106 at 12 months (p=0.09)
and -0.207 at month 24. (p<0.0001. A significant
correlation between changes in BMI from baseline to
month 24 and that of lymphocytes (r=0.20, p=0.006)
was observed when both CR and AL groups were
combined.

While a significant difference in change in monocytes
was observed between the two groups, this was mainly
due to an increase in the AL group. The decrease in
neutrophils in the CR group at month 24 in comparison
to the AL group tended to be significant (p=0.067)
(Supplemental Table 1). No significant differences in

the eosinophils or basophils were observed (Both
groups showed a small but significant increase in
basophils; these numbers stayed within normal ranges
(Supplemental Table 1).

Moderate CR reduces circulating inflammatory
markers

CRP (natLog) decreased significantly in the CR
compared to AL group at both months 12 and 24
(p=0.001) (Figure 3A). The correlation between change
in BMI and change in the natural logarithm of CRP
trended toward significance (r=0.15, p=0.05).

Plasma TNF-a decreased significantly in both AL and
CR groups at month 12 (-0.34 vs. -0.30 pg/mL;
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p=0.012, p=0.0024 for AL and CR, respectively);
further declines in the CR group between month 12 and
24 (p=0.018) resulted in a significantly higher decrease
in TNF-a in CR compared to AL group at month 24
(p=0.025) (Figure 3B). A significant correlation
between changes in BMI from baseline to 24 months
and that of TNFa (r=0.15, p=0.04) was observed when
both CR and AL groups were combined.

Compared to AL group, there was a significant decline
in serum ICAM-1 levels in the CR group from baseline
to month 12 (P<0.0001), however, ICAM levels in the
AL group decreased significantly between month 12
and 24 (P<0.0001) resulting in a non-significant
difference between the AL and CR groups at month 24
(P=0.14) (Figure 3C). A significant correlation between
change in BMI from baseline to 24 months and that of
ICAM-1 (r=0.17, p=0.02) was observed when both CR
and AL groups were combined.

A Changes in CRP

Change in CRP (pg/ml)

No. of participants
Ad libitum (AL) 74 70
Calorie-restricted (CR) 143

C Changes in ICAM-1

P =0.0001

Change in ICAM-1 (ng/ml)

No. of participants
Ad libitum (AL) 74 70
Calorie-restricted (CR) 143

The change in leptin level was significantly greater in
CR compared to AL group at both month 12 and 24
(p<0.0001) (Figure 3D). In addition, a significant
correlation was observed between changes in BMI from
baseline to month 24 months and changes in leptin
when both CR and AL groups were combined (r=0.60,
p=0.001).

No significant changes were observed for IL-6, IL-8,
and MCP-1 (data not shown).

Response to vaccine

Antibody responses to vaccines were measured at the
end of the intervention. Three vaccines, Hepatitis A
(HEP-A) (primary T cell-dependent), tetanus/diphtheria
(TD) (secondary T cell-dependent) and pneumococcal
(B cell dependent) (PN) were administered at month 17.
A booster shot for HEP-A was administered at month

B Changes in TNF-a

E

k)
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O

[T

zZ

-

£ ~

o ~

o -0.8 1 ——AL +

8 -m-CR

o -1 T )
0 12 24

No. of participants Month
Ad libitum (AL) 74 70 70
Calorie-restricted (CR) 143 129

D Changes in Leptin
2500

0
-2500
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Change in Leptin (pg/ml)

-12500

No. of participants
Ad libitum (AL) 74 70 70
Calorie-restricted (CR) 143 120

Figure 3. Change in plasma concentrations of inflammation markers following 2 years of calorie restriction in
humans. Panel (A) baseline values of C-reactive protein (hs-CRP) for ad libitum (AL) and calorie-restricted (CR) groups were
1.1 and 1.5 pg/mL, respectively. Panel (B) baseline values of tumor necrosis factor-alpha (TNF-a) for AL and CR groups were
3.1 and 3.5 pg/ml, respectively. Panel (C) baseline values of intercellular adhesion molecule-1 (ICAM-1) for AL and CR
groups were 165.4 and 165.0 ng/ml, respectively. Panel (D) baseline values of leptin for AL and CR groups were 17.7 and
16.9 ng/ml, respectively. Data are mean (SE). The P value comparisons are for AL and CR groups at indicated time points.
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23. Blood for antibody response was collected at month
17 (before vaccination), 18, and 24 (after vaccination)
for all vaccines, and 23 for before HEP-A booster.
There was no significant difference between AL and CR
groups in pre-vaccination (month 17 and 23) or post-
vaccination (month 18 and 24) levels of antibodies to
Hepatits A HEP-A, TD), or any of the PN IgG serotypes
(1,2,3,4,5,6,7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B,
17F, 18C, 19A, 19F, 20, 22F, 23F, 33F) (Supplemental
Table 3).

For HEP-A antibody level, the majority of subjects
within both AL and CR groups had levels above the

detection limit and thus quantitative values could not be
obtained. However, there were no differences between
AL and CR groups in % participants who had values
above the detection limit at any time point for HEP-A or
other vaccines.

DTH

There was no significant difference at baseline between
AL and CR groups in the diameter of induration at 24 or
48 h for individual antigens or for total diameter of
induration (Table 2), nor in number of positive antigens.

Table 2. Effect of calorie restriction on delayed-type hypersensitivity skin response at 48 hours*

Time point
Variable Baseline Month 12 Month 24
Trichophyton (diameter of induration, mm)
AL 0.9 (0.3) 2.2(0.6) 3.1(0.8)
CR 1.5(0.4) 1.1(0.5) 1.8 (0.7)
p-value 0.79 0.294 0.381
Tetanus (diameter of induration, mm)
AL 12.1 (1.1) 10.5(1.3) 9.7(.Dt, &
CR 13.5 (1.0) 10.5 (1.0)F 8.0 (0.9)1
p-value 0.812 1 0.407
Candida (diameter of induration, mm)
AL 7.5(0.9) 9.2(1.3) 9.4 (1.2)
CR 9.5(0.8) 10.0 (1.0) 8.7(0.9)
p-value 0.167 1 1
Total Diameter of Induration (mm) for all observed values
AL 20.5(1.7) 20.6 (2.2) 21.5(1.9)
CR 244 (1.4) 21.2 (1.6) 18.2 (1.6)1, §
p-value 0.127 1 0.353
Number of Positive Responses (> S5Smm)
AL 1.48 (0.09) 1.64 (0.11) 1.72 (0.13)
CR 1.59 (0.07) 1.69 (0.08) 1.59 (0.07)
p-value 0.392 0.737 0.361
Abbreviations: AL, ad libitum control group; CR, 25% calorie restriction group.
* Results are mean (SE). Predicted values based on statistical analysis.
1 Significantly different from baseline within each treatment group at p<0.05.
1 p<0.016 for response to Tetanus toxoid.
§ p<0.001 for total diameter of induration.
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There were no significant main effects of treatment or
time and their interaction or in the change during 2-
years in the total number of positive antigens or total
diameter of induration for positive responses (=5mm) or
all observed responses at 24 or 48 hours between CR
and AL groups. A significant within CR group change
from baseline to month 24 (p=0.001) in total diameter
of induration (Table 2) was observed and both groups
showed a significant decline in the diameter of
induration for positive responses (values >5mm) to
Tetanus toxoid (p=0.016). The reason for this decline is
not clear and cannot be explained by any
methodological inconsistency, changes in participants’
health status, timing of administration of DTH, or
timing of tetanus vaccination.

Infection

Incidence of total infections or organ-specific
infections, allergies and associated medications as well
as severity of infections and allergies over the 24-month
follow-up did not significantly differ between AL and
CR groups (Supplemental Tables 3A and B). This was
true for the annualized rate of infection and allergies
with the exception of lower respiratory (CR group
tended to have a lower rate 0.046 vs 0.015; p=0.058)
and eye infections (CR group had a higher rate 0.00 vs
0.019; p=0.036) (Supplemental Table 3A).

DISCUSSION

This is the first RCT to test the long-term effects of
moderate CR without malnutrition in a large sample of
young and middle-aged non-obese individuals using a
variety of inflammatory and immune outcomes. We
show that 25% CR for 24 mo persistently reduced
circulating inflammatory markers including WBC
count. Serum concentrations of CRP and TNF-a were
about 40% and 50% lower in the CR group,
respectively. Furthermore, despite a major reduction in
body fat and circulating leptin levels, a significant
impairment in key in vivo measures of adaptive immune
function with CR was not observed in our study and this
finding is supported by the lack of clinically significant
differences in self-reported infection rate between CR
and AL groups.

Low-grade chronic inflammation is implicated in the
pathogenesis of multiple age-associated chronic
diseases and in the biology of aging itself [4]. On the
other hand, research on rodents housed in pathogen-free
facilities and data from undernourished children and
adults living in third world countries suggest that a
chronic reduction in energy intake may impair adaptive
immunity against pathogens by lowering leptin and

other nutrient-sensing pathways [17, 20] While data
from animal and observational human studies show that
CR without malnutrition inhibits inflammation [3, 20-
22], this RCT is the first to show a causal relationship in
humans. The WBC count has been broadly used as a
non-specific marker of systemic inflammation [23],
with higher levels, even when within the clinical
reference range, associated with an increased risk of
developing insulin resistance, T2D [24], hypertension
[25], CVD [26], and cancer [27]. Moreover, the relative
risk of CVD and cancer mortality increases in a dose-
dependent manner with increasing WBC count,
independent of other risk factors [28]. Data from
previous weight loss studies in obese individuals have
shown that CR reduces total WBC count, IL-1p, IL-6,
and TNF-a [29]. We found that CR induced a
significant reduction in total WBC, lymphocyte and
monocyte count, as well as a strong trend (p=0.067) for
a decrease in neutrophils, suggesting that CR has
metabolic benefits even in non-obese individuals. The
anti-inflammatory effect of CR is further supported by
the CR-induced decrease in serum levels of CRP, TNF-
a, ICAM-1, and leptin [30]. However, in our study the
serum concentrations of other pro-inflammatory
cytokines and chemokines (IL-6, IL-8, MCP-1) were
not significantly altered by CR, probably because our
volunteers were healthy, young to middle-aged and non-
obese, with relatively low levels of visceral adiposity
[31]. Since obesity-associated increase in circulating IL-
6 is mainly contributed by increased output from the
visceral adipose tissue [31], it is possible that a
reduction in visceral fat mass would lead to more
pronounced IL-6-lowering effect in an obese individual
relative to their non-obese counterpart with an already
low IL-6 level.

The mechanisms underlying the anti-inflammatory
effect of CR are not entirely clear. It is hypothesized
that the reductions in fat mass and leptin largely explain
the beneficial effect of CR on inflammation. However,
our findings suggest that other metabolic and molecular
factors may play a role, because peak reduction in
circulating leptin levels at month 12 were not
accompanied by a significant reduction in serum TNF-a
levels. Thus, the significant reduction in CRP and TNF-
o concentrations observed at 24 months may be due to
CR-induced alterations of the neuroendocrine system
through the down-regulation of nutrient-sensing
pathways that impact mitochondrial function, redox
status and inflammatory gene activation [32-35].

A major finding of this study is the lack of significant
negative effects of CR on key in vivo indicators of cell-
mediated immunity. There is controversy in the
literature regarding the impact of CR on cell-mediated
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immunity. Although some animal studies indicate that
age-associated impairment of immune function may be
improved by CR, and short-term CR in a small number
of subjects improved T cell-mediated function [36],
others have raised concern regarding the potential
adverse impact of CR on cell-mediated immunity and
resistance to pathogens. For example, CR mice were
shown to have lower natural Kkiller cell activity,
decreased survival, and delayed viral clearance
compared to ad-libitum fed mice [13, 14], which can be
reversed by re-feeding [37]. CR also caused higher
mortality from polymicrobial sepsis [38] and West Nile
Virus [39], and more susceptibility to the intestinal
parasite (Heligmosomoides bakeri) infection [40] in
mice. In this study, despite a ~57% decrease in leptin,
CR did not exert any detrimental effect on the two best
available in vivo indicators of acquired (specific)
immunity, i.e., antibody production to vaccines and
DTH to recall antigens. This difference might be due to
moderate level of CR (25%) administered in the current
study compared to that used in several animal studies
which can be as high as 40%. Taken together, these
results suggest that moderate CR without malnutrition is
safe and does not adversely affect immune response to
pathogens, which is also supported by the lack of
clinically significant differences in self-reported
infection rate between CR and AL groups. It will be
interesting to determine if lower than 25% CR would be
effective in reducing inflammation.

In conclusion, data from this unique RCT showed that
moderate long-term CR without malnutrition decreases
inflammation in non-obese, healthy adults, as
demonstrated by reduced number of WBC,
lymphocytes, and neutrophils in blood, as well as
reduced circulating levels of CRP, leptin, TNF-a, and
ICAM-1, with no significant adverse effect on key in
vivo indicators of cell-mediated immunity. These CR-
induced changes suggest a shift toward a healthy
phenotype, given the established role of these pro-
inflammatory molecules as risk markers in the
development of metabolic syndrome and age-related
chronic diseases, in particular CVD, T2D and cancer.

METHODS

Overview. The Comprehensive Assessment of Long-
term Effects of Reducing Intake of Energy (CALERIE)
Phase 2 Study was a two-year, multi-center, parallel-
group, single-blind RCT of healthy  individuals
receiving an intervention to reduce energy intake by
25% (CR) or maintain habitual ad libitum intake (AL-
control) group. Clinical outcomes were assessed every
6-mo as detailed elsewhere [19, 41]. The study protocol
(ClinicalTrials.gov ID:NCT00427193), was approved

by the institutional review boards at all research sites,
and participants provided written informed consent.
Exclusion criteria for administration of vaccine and/or
DTH included history of allergic reactions, infection or
exposure to antibiotics in the previous two-weeks, non-
steroidal anti-inflammatory drugs within 72 h,
vaccination within last 6-wk, steroids >10 mg/d, or any
immunosuppressive medication. For Hepatitis A only
participants were screened out of the vaccination testing
if they had previously received a vaccination.

Baseline testing was conducted over six weeks and
included evaluations of health status and doubly labeled
water (DLW) measurements of energy expenditure to
individualize the 25% CR prescription. Fasting blood
samples were collected for immune parameters. DTH
and vaccines were administered as indicated below.

Following  Dbaseline  testing, participants were
randomized to either AL or CR in a 2:1 allocation in
favor of CR. Randomization was stratified by site (3
sites), sex, and BMI (normal weight, overweight).

The intervention targeted an immediate and sustained
25% CR [42, 43]. Control participants were advised to
continue their current diets. No specific level of
physical activity was recommended. Percent CR was
calculated and adherence evaluated from DLW
measurements at months 12 and 24 [43]. Participants
(both CR and AL) received a multivitamin and mineral
supplement (Nature Made Multi Complete, Pharmavite,
Mission Hills, CA) plus a calcium supplement (1000
mg/d, Douglas Laboratories, Pittsburgh, PA) to ensure
current recommendations for micronutrients were met
regardless of the intervention allocation.

Outcome assessments. Participants were weighed in a
pre-weighed hospital gown after an overnight fast
(Scale Tronix 5200, White Plains, NY). Height was
measured twice using a wall-mounted stadiometer.
Percent body fat, lean mass, and bone were measured
by dual X-ray absorptiometry (DXA; Hologic Inc.,
Bedford, MA) and analyzed using Hologic software
version Apex 3.3.

As part of safety testing, participants record signs,
symptoms, adverse events, and medication use in a
diary and hematology, serum chemistry and urinalysis
were monitored every 3-mo [41]. Self-reported
infection, allergy, and antibiotic use and duration were
recorded throughout the study and coded for severity
(mild, moderate, and severe) by the Coordinating
Center in accordance with MedRA version 14.1 and
WHO Drug Dictionary Enhanced-March 2012
guidelines.
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Immune and inflammatory markers. Inflammatory
markers were measured in fasting blood at baseline,
month 12 and 24, and analyzed at the University of
Vermont. Hs-CRP was measured using particle-
enhanced immunonephelometric assay (BN II, Siemens,
Deerfield, IL; CV=3.2 + 2.5%); TNF-a, monocyte
chemoattractant protein-1 (MCP-1), leptin, IL-1p, and
IL-8 wusing the multiplex immunoassay (Human
Adipokine Panel B, Millipore, Billerica, MA; Bio-Plex
200, Bio-Rad  Laboratories, Hercules, CA;
CV=6.1+£1.7%, 6.4£2.1%, 4.3£1.5%, 8.0+4.4% and
8.7£3.9%, respectively); and IL-6 and intracellular
adhesion molecule-1 (ICAM-1) using ELISA (R&D
Systems, Minneapolis, MN; CV=7.94+3.1% and
8.2+1.2%, respectively). Complete blood count and
WBC differential (CBC-Diff) were assayed using
automated methods (Esoterix Inc., a LabCorp
Company, Cranford, NJ).

In vivo cell-mediated immunity was assessed using
delayed type hypersensitivity skin response (DTH) and
antibody response to 3 vaccines. DTH, which
determines ability of immune response to antigens to
which it has been previously exposed, was assessed
using Mantoux test. Three recall antigens [Tetanus
toxoid (Aventis Pasteur), Candida albicans (Candin;
Allermed Laboratories, San Diego, CA), and
Trichophyton species (Trichophyton mentagrophytes in
conjunction with Trichophyton rubrum; Hollister-Stier
Labs, Spokane, WA)] and a negative control (0.9%
normal saline) were used. Antigens were employed in a
standard volume of 0.1 mL except Tetanus toxoid
[0.025 mL (0.2 limit of flocculation units per dose)] and
were injected intradermally on the volar surface of the
forearm by trained research staff. Vertical and
horizontal diameters of induration after 24 and 48 h
were measured, and mean values >5 mm were
considered positive. Total diameter of induration was
calculated from sum of the means of the 3 antigens.

Antibody responses to vaccines were measured at the
end of the intervention. Three vaccines, Hepatitis A
(HEP-A) (primary T cell-dependent), tetanus/diphtheria
(TD) (secondary T cell-dependent) and pneumococcal
(B cell dependent) (PN) were administered at month 17.
A booster shot for HEP-A was administered at month
23. Blood for antibody response was collected at month
17 (before vaccination), 18, and 24 (after vaccination)
for all vaccines, and 23 for before HEP-A booster. Anti-
HEP-A virus (anti-HAV) antibodies (total immuno-
globulin, IgM and IgG) were measured by chemi-
luminescent immunoassay (Elecsys, Roche Diagnostics,
Indianapolis, IN; CV=1.9 + 1.4%), anti-diphtheria, and
anti-tetanus toxoid IgG antibodies by EIA, and anti-
Streptococcus pneumonia 1gG antibodies (23 serotypes)

by microsphere photometry at Mayo Medical
Laboratories, Rochester, MN.

Complete blood count with differentials(CBC). CBC
and white cell differential were assayed using
automated methods employed by Esoterix Inc.
(A LabCorp Company, Cranford, NJ)

Infection, asthma, allergies and antibiotic use. Self-
reported infection, and asthma, allergy and antibiotic

use, and their start and end date were recorded
throughout the intervention period and coded based on
severity (mild, moderate and severe) by the
Coordinating Center in accordance with MedRA
version 14.1 and WHO Drug Dictionary Enhanced-
March 2012 guidelines.

Statistical methods. Methods for the overall CALERIE
study have been described elsewhere [19]. Briefly,
intention-to-treat analysis was performed by including
all available observations. For continuous outcomes
(CBC-Diff and inflammatory markers) repeated Mixed
models analysis [44-46] were used to examine change
from baseline, controlling for site, sex, BMI stratum,
and the baseline value for the outcome of interest.
Significant between-group differences at each time
point were tested at 0=0.05. Bonferroni correction was
applied where appropriate [47] for between group p
values while within group changes p-values were
always protected by a Bonferroni correction.

For values beyond the limits of detection of the assay
for antibody response, a parametric regression model
used in survival analysis [48] was applied. Values
above or below detection limits were considered
censored at those points. Between-group tests were
performed using the lognormal distribution for the
outcome adjusting for site, sex, and BMI stratum.

For the three DTH antigens, individual positive values
were analyzed using the generalized estimating equation
model [49] with the logit link and the Bernoulli
variance. The number of positive antigens (0, 1, 2 or 3)
was treated as a binomial outcome and analyzed in a
similar manner. The induration diameters were treated
as continuous and were analyzed using the repeated
measures model described above.

The annualized infection, allergy, and associated
medication rates were derived as the total number of
episodes (or drugs) divided by the amount of follow-up
time. For any outcome, a between-group comparison
was performed using a generalized linear model [50]
with the /n link and the Poisson variance, adjusting for
site, sex and BMI stratum; the natural logarithm of the
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amount of follow-up time contributed by each
participant was included as an offset. The incidence of
any infection was treated as a binary outcome, and
analyzed using the same /n-Poisson model with the
modification suggested by Zou [51].

All analyses were performed by the statistical unit at
Duke University Clinical Research Institute (DCRI,
Durham, NC) using SAS software version 9.2 (SAS
Institute Inc., Cary, NC).
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SUPPLEMENTAL DATA

Appendix Table 1. Effect of calorie restriction on white blood cells*
Treatment Group
Variable (time) CR AL p-value §
Total monocytes (10°/uL)
Baseline 0.33 (0.01) 0.32 (0.01)
Mo. 12 0.32 (0.01) 0.37 (0.01) T 0.004
Mo. 24 0.32 (0.01) 0.35(0.01) 0.034
Total Neutrophils (10%/uL)
Baseline 3.68 (0.11) 3.60 (0.13)
Mo. 12 3.41(0.12) 3.71 (0.16) 0.106
Mo. 24 3.24 (0.10) 3.54 (0.14) 0.067
Total Eosinophils (10%/uL)
Baseline 0.14 (0.01) 0.11 (0.01)
Mo. 12 0.14 (0.01) 0.12 (0.01) 0.095
Mo. 24 0.13 (0.01) 0.15 (0.01) 0.102
Total Basophils (10°/uL)
Baseline 0.01 (0.001) 0.02 (0.002)
Mo. 12 0.021 (0.002) T 0.025 (0.002) T 0.378
Mo. 24 0.020 (0.002) T 0.024 (0.002) T 0.443
* Results are mean (SE) and reflect predicted values at months 12 and 24 based on intention-to-treat (ITT) statistical
analysis, p-values reflect the ITT analyses for changes from baseline at each time point.
1 Significantly different from baseline within the same treatment group.
1 Values reflect difference in change from baseline between treatment groups at each time point.
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Appendix Table 2. Effect of calorie restriction on antibody response to Hepatitis A, Tetanus/Diphtheria and
Pneumococcal vaccines
Median (IQR)* % with detectable values
Time (Mos.) 17 | 18 | 24 17 | 18 | 24
Hepatitis A (IU/L)
AL 9.7(7.8,11.7) | 41.7 (29.5, NA 42.9% 27.5% 0%
53.7)
CR 8.6(7.5,10.3) | 37.3(26.0, 28.5 (16.4, 28.0% 23.2% 5.1%t
53.0) 40.7)
p-value 0.601% 0.983% NA 0.670 0.832 0.332
Tetanus (IU/mL)
AL 243 (1.8,3.5) | 495(3.8,59) | 3.31(2.6,4.1) 90.2% 51.7% 79.3%
CR 2.56(1.7,3.9) | 437(3.3,5.7) | 3.70(2.6,5.0) 93.1% 52.9% 79.4%
p-value 0.675 0.775 0.940 0.499% 0.876% 0.992%
Diphtheria (IU/mL)
AL 0.36 (0.2, 0.7) 1.1(0.7,1.9) | 0.77(0.4,1.1) 100% 93.3% 98.3%
CR 0.35(0.2,0.7) 1.1(0.7,1.5) | 0.75(0.4,1.3) 98% 87.3% 100%
p-value 0.350 0.644 0.901 0.273 0.416 0.196
Pneumonia IgG Serotype 1 (ng/mL)
AL 1.5(0.8,4.5) 10.0 (3.7, 8.1(3.1,30.5) 85.7% 95.1% 100%
35.4)
CR 1.7(0.8,3.9) | 7.0(2.5,23.7) | 6.3(2.9,21.3) 77.9% 96.1% 94.6%
p-value 0.604 0.474 0.233 0.356 0.624 0.314
Pneumonia IgG Serotype 2 (ng/mL)
AL 0.65 (0.4, 1.3) 55(22,93) | 43(2.1,125) 88.9% 94.3% 100%
CR 0.70(0.4,1.5) | 3.7(1.7,10.7) | 3.5(1.4,9.9) 80.4% 100% 98.8%
p-value 0.437 0.553 0.296 0.185 0.448 0.456
Pneumonia IgG Serotype 3 (ng/mL)
AL 1.0 (0.5, 2.8) 3.8 (1.6, 8.0) 29(1.1,7.7) 90.5% 98.4% 98.1%
CR 1.2 (0.5, 2.8) 3.2(1.8,7.1) 2.5(1.2,6.6) 88.3% 99.0% 98.9%
p-value 0.853 0.973 0.599 0.971 0.702 0.676
Pneumonia IgG Serotype 4 (ug/mL)
AL 0.5(0.2,1.6) 1.3 (0.5, 3.6) 1.1(04,3.9) 76.2% 100% 100%
CR 0.4 (0.2,1.0) 1.7(0.9,4.2) 1.2(0.7,3.2) 78.8% 98.1% 97.8%
p-value 0.856 0.158 0.598 0.498 1.00 1.00
Pneumonia IgG Serotype 5 (ug/mL)
AL 2.8(1.0,5.2) | 47(2.6,134) | 4.1(2.3,11.3) 96.8% 100% 100%
CR 30(1.2,5.1) | 45(2.0,12.8) | 49(2.1,11.5) 95.2% 100% 100%
p-value 0.788 0.792 0.944 0.611 0.611 0.611
Pneumonia IgG Serotype 8 (ng/mL)
AL 1.1 (0.6, 2.6) 3.5(1.8,7.5) 3.0(1.5,6.9) 100% 100% 100%
CR 1.1 (0.5, 2.6) 26(1.2,64) 2.6(1.3,5.3) 99.0% 99.0% 98.9%
p-value 0.511 0.433 0.357 0.436 0.444 0.455
Pneumonia IgG Serotype 14 (ug/mL)
AL 32(1.3,52) 11.7 (4.3, 13.6 (4.2, 74.6% 93.4% 86.5%
30.6) 29.4)
CR 2.2(1.2,4.8) | 9.7(2.8,31.7) | 9.5(3.0,27.8) 72.1% 90.4% 90.3%
p-value 0.423 0.357 0.908 0.726 0.498 0.487
Pneumonia IgG Serotype 20 (ug/mL)
AL 0.8(04,1.8) | 3.0(1.0,11.9) | 2.5(0.9,5.3) 79.4% 98.4% 96.2%
CR 0.8 (0.5,1.8) 2.2(0.9,7.6) 2.1(0.7,5.9) 75.0% 94.2% 93.5%
p-value 0.777 0.215 0.514 0.723 0.503 0.910
Pneumonia IgG Serotype 6B (ng/mL)
AL 25(1.2,52) | 51(238,11.9) | 43(2.3,10.2) 85.7% 93.4% 92.3%
CR 2.7(1.4,48) | 52(3.0,12.7) | 53(2.8,11.9) 82.7% 96.2% 92.4%
p-value 0.876 0.401 0.564 0.854 0.187 0.630
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Pneumonia IgG Serotype 7F (ug/mL)
AL 30(1.7,6.8) | 52(2.6,11.4) | 4.8(2.5,9.6) 98.4% 96.7% 98.1%
CR 2.8(1.5,53) | 48(2.3,10.1) | 4.8(2.7,9.3) 95.2% 95.2% 97.8%
p-value 0.395 0.639 0.910 0.280 0.385 0.927
Continued to next page
Median (IQR)* % with detectable values
Time (Mos.) 17 | 18 | 24 17 | 18 | 24
Pneumonia IgG Serotype 9N (nug/mL)
AL 1.3(0.7,3.2) 24(1.2,8.0) 2.5(1.2,6.5) 90.5% 100% 100%
CR 1.4 (0.6, 3.5) 2.8(1.2,6.0) 2.7(1.2,6.3) 77.9% 95.1% 95.7%
p-value 0.140 0.633 0.674 0.083 0.734 0.457
Pneumonia IgG Serotype 9V (nug/mL)
AL 2.1(1.0,4.0) | 39(1.3,11.2) | 43(1.7,9.1) 95.2% 96.7% 96.2%
CR 1.9 (1.0,4.7) 3.4 (1.6,8.2) 3.5(1.6,84) 92.3% 96.2% 96.8%
p-value 0.636 0.162 0.215 0.461 0.851 0.845
Pneumonia IgG Serotype 10A (ug/mL)
AL 1.9(09,5.0) | 34(1.6,13.9) | 2.8(1.3,8.0) 85.7% 88.5% 92.3%
CR 2.7(0.9,5.0) 3.8(1.3,9.9) 3.0 (1.1, 8.0) 76.9% 89.4% 89.2%
p-value 0.393 0.681 0.325 0.168 0.859 0.551
Pneumonia IgG Serotype 11A (ug/mL)
AL 1.1(0.5,2.2) 3.4(1.9,8.8) 2.9(1.5,6.8) 87.3% 98.4% 100%
CR 1.2(0.5,4.2) 4.1 (2.0, 8.6) 3.6 (1.6, 8.1) 94.2% 100% 98.9%
p-value 0.093 0.799 0.905 0.118 0.194 0.455
Pneumonia IgG Serotype 12F (ug/mL)
AL 0.4 (0.2,1.0) 0.6 (0.3, 2.0) 0.7 (0.3,2.5) 81.0% 91.8% 90.4%
CR 0.6 (0.3,2.1) 1.2 (0.4,3.9) 1.0 (0.4,4.1) 74.0% 92.3% 89.2%
p-value 0.626 0.211 0.395 0.308 0.908 0.830
Pneumonia IgG Serotype 15B (ng/mL)
AL 0.8(04,1.6) | 3.7(1.7,13.7) | 3.0(1.5,11.9) 84.1% 98.4% 100%
CR 0.8(04,2.0) | 4.1(1.6,13.0) | 4.0(1.6,10.4) 84.6% 98.1% 96.8%
p-value 0.577 0.650 0.672 0.933 0.452 0.192
Pneumonia IgG Serotype 17F (ug/mL)
AL 32(1.5,64) 12.1 (4.7, 10.3 (4.0, 85.7% 98.4% 100%
21.9) 19.8)
CR 3.0 (1.6, 6.0) 11.1 (5.0, 10.8 (5.7, 89.4% 98.1% 97.8%
24.8) 19.4)
p-value 0.739 0.785 0.897 0.476 0.896 0.289
Pneumonia IgG Serotype 18C (nug/mL)
AL 0.6(03,14) | 3.5(1.0,10.2) | 3.4(1.1,9.4) 68.3% 98.4% 92.3%
CR 0.8(0.5,2.0) | 44(1.510.8) | 4.3(1.3,8.6) 71.2% 98.1% 97.8%
p-value 0.239 0.303 0.344 0.693 0.896 0.109
Pneumonia IgG Serotype 19A (ug/mL)
AL 4.7 (2.6,12.5) | 8.5(3.6,24.8) 11.3 (4.8, 76.2% 88.3% 86.3%
23.7)
CR 43(23,94) 13.0 (5.7, 12.9 (4.8, 79.4% 89.0% 89.9%
38.0) 39.2)
p-value 0.798 0.451 0.581 0.628 0.611 0.957
Pneumonia IgG Serotype 19F (ug/mL)
AL 2.7(1.3,5.1) | 52(2.6,16.6) | 3.9(2.0,13.8) 74.6% 86.9% 90.4%
CR 2.9(1.5,5.6) | 84(2.9,18.0) | 59(2.5,12.0) 84.6% 91.3% 93.5%
p-value 0.063 0.228 0.256 0.062 0.200 0.254
Pneumonia IgG Serotype 22F (ng/mL)
AL 42(2.1,8.0) | 52(2.7,10.2) | 49(2.5,10.6) 96.8% 95.1% 98.1%
CR 3.3(1.6,8.8) | 3.6(2.0,10.1) | 4.5(2.0,9.0) 91.3% 96.2% 95.7%
p-value 0.165 0.413 0.379 0.031 0.503 0.453
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Pneumonia IgG Serotype 23F (ug/mL)

AL 7.8(3.2,16.4) | 8.8(3.3,20.0) | 8.1(3.4,21.0) 95.2% 93.4% 96.2%

CR 7.5(2.8,16.2) | 9.3(3.7,21.0) | 9.6 (3.5,18.8) 92.3% 94.2% 93.5%

p-value 0.532 0.726 0.505 0.461 0.524 0.511
Pneumonia IgG Serotype 33F (nug/mL)

AL 1.2(0.6,29) | 43(1.3,13.0) | 44(1.5,11.2) 85.7% 100% 98.1%

CR 0.9(0.5,2.4) 5.0(.8,9.6) | 42(1.8,12.5) 89.4% 96.2% 97.8%

p-value 0.363 0.636 0.980 0.285 0.444 0.441

* Based on observations within detectable range. IQR, Inter-Quartile Range
1 For Hepatitis A values reflect those above the detectable range.
I p-values are from statistical analysis accounting for censoring.

NA: Since majority of values were beyond the detectable range quantitative analysis could not be performed.

Appendix Table 3A. Annualized Rate of Infections, Allergies and Associated Medications Over the 24-Month Follow-up

AL (N=75) CR (N=143)
Total Total
No. Average Annualized No. Average Annualized

Event Episodes* No. DaysT Ratel Episodes* No. Days+ Rate p-value§
All Infections 156 14.5 1.032 239 9.8 0.897 0.2838

Total respiratory 115 11.9 0.761 169 7.2 0.635 0.2099
infections

Upper respiratory 108 10.9 0.715 165 6.9 0.620 0.3684
infections

Lower respiratory 7 1.0 0.046 4 0.2 0.015 0.0583
infections

GI infections 7 0.2 0.046 18 0.4 0.068 0.3602

Skin infections 9 0.7 0.060 7 0.2 0.026 0.1161

Urinary track infections 6 0.5 0.040 11 0.4 0.041 0.9154

Ear infections 4 0.3 0.026 2 0.1 0.008 0.1420

Eye infections 0 0.0 0.000 0.1 0.019 0.0357

Oral dental infections 6 0.3 0.040 19 0.9 0.071 0.1445
Allergies 36 1.3 0.238 47 1.2 0.176 0.1912
OTC Medication Use 190 145.0 1.257 346 229.9 1.299 0.7120
Allergy Medication Use 82 55.5 0.543 138 50.8 0.518 0.7871
Antibiotics Medication 71 35.6 0.470 139 33.9 0.522 0.4516
Use

* Total number of distinct episodes summed across participants in that treatment arm.
1 The total number of days during which the event was prevalent across participants in that treatment arm, divided by the number of
participants in that treatment group
I Total number of distinct events divided by the total amount of follow-up time in that treatment arm, standardized to 365 days in a

calendar year.

§ The p-value is derived from the Poisson regression model comparing the number of distinct episodes between the two groups.
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Appendix Table 3B. Distribution of the Severity of the Events, Pooled Across all Events Among Participants Who Experienced the Event at Least

Once
AL (N=75) CR (N=143)
No. Pts
No. Pts >=1 >=1
Event event® Mildt Moderate Severe event® Mild+¥ Moderate Severe
All Infections 53 70 (44.9%) 64 (41.0%) 22 89 99 (41.4%) 111 (46.4%) 29 (12.1%)
(14.1%)

Total respiratory 48 51 (44.3%) 51 (44.3%) 13 79 71 (42.0%) 77 (45.6%) 21 (12.4%)
infections (11.3%)

Upper respiratory 46 49 (45.4%) 47 (43.5%) 12 79 70 (42.4%) 74 (44.8%) 21 (12.7%)
infections (11.1%)

Lower respiratory 5 2 (28.6%) 4 (57.1%) 1 (14.3%) 4 1 (25.0%) 3 (75.0%) 0
infections

GI infections 7 2 (28.6%) 1 (14.3%) 4 (57.1%) 14 6 (33.3%) 8 (44.4%) 4 (22.2%)

Skin infections 7 6 (66.7%) 3(33.3%) 0 7 3 (42.9%) 3 (42.9%) 1 (14.3%)

Urinary track infections 4 2 (33.3%) 3 (50.0%) 1 (16.7%) 8 1(9.1%) 10 (90.9%) 0

Ear infections 3 0 1 (25.0%) 3 (75.0%) 2 0 0 2

(100.0%)

Eye infections 0 0 0 0 4 3 (60.0%) 2 (40.0%) 0

Oral dental infections 4 3 (50.0%) 3 (50.0%) 0 10 (52.6%) 8 (42.1%) 1(5.3%)
Allergies 16 27 (75.0%) 6 (16.7%) 3(8.3%) 23 28 (59.6%) 13 (27.7%) 6 (12.8%)
* Number of participants who experienced the event at least once in that treatment arm.

+ The frequency and percent of all such events pooled across all events across all participants who experienced that event at least once.
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Abstract: Caloric restriction and genetic disruption of growth hormone signaling have been shown to counteract aging in
mice. The effects of these interventions on aging are examined through age-dependent survival or through the increase in
age-dependent mortality rates on a logarithmic scale fitted to the Gompertz model. However, these methods have
limitations that impede a fully comprehensive disclosure of these effects. Here we examine the effects of these
interventions on murine aging through the increase in age-dependent mortality rates on a linear scale without fitting them
to a model like the Gompertz model. Whereas these interventions negligibly and non-consistently affected the aging rates
when examined through the age-dependent mortality rates on a logarithmic scale, they caused the aging rates to increase
at higher ages and to higher levels when examined through the age-dependent mortality rates on a linear scale. These
results add to the debate whether these interventions postpone or slow aging and to the understanding of the
mechanisms by which they affect aging. Since different methods yield different results, it is worthwhile to compare their
results in future research to obtain further insights into the effects of dietary, genetic, and other interventions on the aging
of mice and other species.

INTRODUCTION stress and damage [2, 3]. Disruption of growth hormone

signaling is a genetic intervention, whereby the

Extensive experiments have demonstrated that caloric
restriction and genetic disruption of growth hormone
signaling can profoundly counteract aging in mice [1].
Caloric restriction — or dietary restriction — is an
environmental intervention, whereby the usual ad
libitum dietary intake is limited to an intake of 30-40%
less. Mice subjected to caloric restriction can live up to
60% longer, suffer less often and at higher ages from
age-associated disorders, and exhibit less molecular

production of growth hormone-releasing hormone,
growth hormone, or the receptor of growth hormone is
impaired, so that the effects of growth hormone are
annulled. Mice with disrupted growth hormone
signaling can live up to 70% longer, suffer less often
and at higher ages from age-associated disorders, have
youthful metabolic characteristics such as a higher
insulin sensitivity, and have an enhanced resistance
against molecular-genetic stress and damage [4-7].
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A population’s aging is defined as an increase in the risk
of death with increasing age [8, 9]. Following this
definition, the effects of caloric restriction and genetic
disruption of growth hormone signaling on aging are
generally examined through age-dependent survival or
age-dependent mortality. Age-dependent survival can
easily be determined and depicted for relatively small
populations and reveals the effects on life expectancy.
However, since age-dependent survival and life
expectancy do not reveal at which ages and to what
extent the risk of death increases, they conceal the effects
on aging [10-12]. Age-dependent mortality reveals the
effects on aging when it is expressed as an age-dependent
mortality rate, which describes the age-dependent risk of
death. Age-dependent mortality rates are generally fitted
to the Gompertz model, after which they increase linearly
with age on a logarithmic scale. The linear increase of
such a modeled mortality rate is classically interpreted as
an aging rate [8, 10]. However, the use of the Gompertz
model constrains mortality rates to increase linearly on a
logarithmic scale, which may not correspond with the
increases in the crude age-dependent mortality rates,
especially in relatively small populations [13, 14].
Moreover, it has been demonstrated theoretically and
empirically that the linear increase in a mortality rate on a
logarithmic scale, as modeled by the Gompertz model, is
an inaccurate measure of the aging rate [15-18].
Therefore, alternative methods are needed to accurately
examine the effects of interventions such as caloric
restriction and genetic disruption of growth hormone
signaling on age-dependent mortality rates.

We have validated a method to derive aging rates from
the increase in a mortality rate with age on a linear scale
instead of a logarithmic scale [16, 17]. We have
substantiated elsewhere that aging is measured more
accurately on a linear than a logarithmic scale [18]. This
method can be applied without the need to fit the
mortality rates to the Gompertz model or any similar
model [14]. In this manner, the method does not assume
mortality rates to conform to any specific age pattern,
but is sensitive to changes in the crude mortality rates at
all ages and is solely based on and closely aligns with
the definition of aging as an increase in the risk of death
with age. As an advantageous consequence, the method
is applicable to populations of any species and of
relatively small sizes. Here we compare this method
with the classically used method in order to examine the
effects of caloric restriction and genetic disruption of
growth hormone signaling on murine aging.

RESULTS

We derived aging rates from age-dependent mortality
rates in two study populations of mice, referred to as

Population A and Population B. Both populations
included four groups of mice subjected to caloric
restriction, disruption of growth hormone signaling,
both, or none of these interventions. In Population A,
caloric restriction entailed an intake of 30% less than
the ad libitum dietary intake and growth hormone
signaling was disrupted by knockout of the growth
hormone receptor gene Ghr/Ghrbp [19]. In Population
B, caloric restriction entailed an intake of 40% less than
the ad libitum dietary intake and growth hormone
signaling was disrupted by knockout of the growth
hormone-releasing hormone gene Ghrh [20]. The sizes
and life expectancies of the four groups of mice in each
population are given in Table 1.

Figures 1A and 1B show the age-dependent survival of
the groups of mice in both study populations. These two
figures have been published previously [19, 20] and are
given here as references. In Population A, the mice
subjected to caloric restriction, disruption of growth
hormone signaling, or both survived longer than the
mice not subjected to these interventions. In Population
B, the mice subjected to both caloric restriction and
disruption of growth hormone signaling survived
longest, the mice subjected to either of these
interventions had intermediate survival, and the mice
not subjected to these interventions survived shortest.
Aging rates cannot be discerned from these figures.

Figures 1C and 1D show the age-dependent mortality
rates of the groups of mice in both study populations on
a logarithmic scale. In Population A, the mice subjected
to caloric restriction, disruption of growth hormone
signaling, or both had similar mortality rates that were
lower at all ages than that of the mice not subjected to
these interventions. In Population B, the mice subjected
to both caloric restriction and disruption of growth
hormone signaling had the lowest mortality rate, the
mice subjected to either of these interventions had
intermediate mortality rates, and the mice not subjected
to these interventions had the highest mortality rate. The
mortality rates of all groups of mice in both populations
increased in a linear manner.

The linear increase in mortality rate with age on a
logarithmic scale is classically interpreted as an aging
rate. This linear increase is most accurately — and
therefore most often — measured using the Gompertz
model or a similar model [21]. We measured the linear
increase in the mortality rate of each group of mice in
both populations by fitting each age-dependent
mortality rate to the Gompertz model. The aging rates
estimated by this classical method did not differ
consistently between the groups of mice in both study
populations, as reported in Table 2.
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Figure 1. Three methods to examine the effects of caloric restriction and/or genetic disruption of growth hormone
signaling on aging in mice. In Population A, caloric restriction entailed an intake of 30% less than the ad libitum dietary intake and
growth hormone signaling was disrupted by knockout of the growth hormone receptor gene Ghr/Ghrbp [19]. In Population B, caloric
restriction entailed an intake of 40% less than the ad libitum dietary intake and growth hormone signaling was disrupted by knockout of
growth hormone-releasing hormone gene Ghrh [20]. (A, B) Age-dependent survival of the groups of mice in Population A (A) and
Population B (B) depicted as Kaplan-Meier curves. These two figures have been published previously [19, 20] and are given here as
references. The copyright of Figure 1A is with the National Academy of Sciences of the USA; the copyright of Figure 1B is with the authors
of the original publication [20]. (C, D) Age-dependent mortality rates of the groups of mice in Population A (C) and Population B (D) given
on a logarithmic scale. The mortality rates are expressed in deaths per 10,000 mice per day. The linear increase in mortality rate on a
logarithmic scale is classically interpreted as an aging rate. (E, F) Age-dependent aging rates of the groups of mice in Population A (E) and
Population B (F). Contrary to the aging rates estimated by the classical method in Table 2, these aging rates were calculated without
modeling the age-dependent mortality rates, describe the increases in the mortality rates on a linear scale, and are dependent on age
themselves. The aging rates are expressed in deaths per 10,000 mice per day per day, which equals the change in mortality rate per day.
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Alternatively to the aging rates estimated by the classi-
cal method, we calculated aging rates as the increases in
the mortality rates with age on a linear scale without
fitting the mortality rates to the Gompertz model or any
similar model. Figures 1E and 1F show these aging
rates for the different groups of mice in both study
populations. The aging rates of all groups of mice in
both populations increased with age in an exponential
manner. In Population A, the aging rates of the mice
subjected to caloric restriction, disruption of growth
hormone signaling, or both increased at higher ages and
to higher levels than that of the mice not subjected to

these interventions. In Population B, the aging rate of the
mice subjected to both caloric restriction and disruption
of growth hormone signaling increased at the highest
ages to an intermediate level, the aging rates of mice
subjected to either of these intervention were similar and
increased at intermediate ages to the highest levels, and
the aging rate of mice not subjected to these interventions
increased at the lowest ages to the lowestlevel.

We repeated our analyses after stratifying male and
female mice, which yielded similar results (data not
shown).

Table 1. Life expectancies of mice subjected to caloric restriction and/or genetic disruption of

growth hormone signaling.

Caloric restriction - + - +
Disruption of growth hormone - - + +
signaling

Population A

Number of mice 41 43 38 39
Median life expectancy 903 1127 1181 1188
Increase in median life expectancy Ref. 25% 31% 32%
Maximal life expectancy 1275 1395 1379 1462
Increase in maximal life expectancy Ref. 9% 8% 15%
Population B

Number of mice 108 105 97 102
Median life expectancy 634 794 931 1056
Increase in median life expectancy Ref. 25% 47% 67%
Maximal life expectancy 1171 1307 1308 1537
Increase in maximal life expectancy Ref. 12% 12% 31%

Median and maximal life expectancies are given in days. Increases in median and maximal life
expectancies are given relative to the mice not subjected to caloric restriction or disruption of growth

hormone signaling (Ref.).
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Table 2. Aging rates of mice subjected to caloric restriction and/or genetic disruption of growth
hormone signaling according to the classical method.

Caloric restriction - + - +
Disruption of growth - - +

hormone signaling

Population A 6.1 (4.6t07.5)

4.5(3.8105.3)

49 (3.6106.2)
3.9 (3.2 t0 4.6)

7.6 (5.6 t0 9.6)
5.7 (4.8 10 6.6)

6.4 (4.9 t0 8.0)

Population B 45(3.8t05.2)

Aging rates estimated by the classical method are given with 95% confidence intervals and are shown x 1000 for
legibility. These aging rates are expressed in units per day. These aging rates were estimated using the
Gompertz model, equal the Gompertz model’s parameter y, and describe the linear increases in the mortality

rates on a logarithmicscale.

DISCUSSION

This study aims to examine the effects of caloric
restriction and genetic disruption of growth hormone
signaling on murine aging by comparing a method that
calculates an aging rate as the increase in a mortality
rate with age on a linear scale without the need to fit the
mortality rate to the Gompertz model or any similar
model with the classically used model that estimates an
aging rate as the increase in a mortality rate with age on
a logarithmic scale modeled with the Gompertz model.
It shows that the methods yield different results.
According to the classical method, these interventions
negligibly and non-consistently affected the aging rates
(Table 2). By contrast, according to the alternative
method studied here, the aging rates of mice subjected
to caloric restriction or disruption of growth hormone
signaling increased at higher ages and to higher levels
as compared with mice not subjected to these
interventions (Figures 1E and 1F).

A key question in research on aging is whether
increases in life expectancy reflect a postponement or a
slowing of aging. The answer to this question is pivotal
to gain insight in the mechanisms of aging, to identify
interventions that modulate these mechanisms, and to
predict the effects of such interventions on aging [22].
However, with respect to caloric restriction and
disruption of growth hormone signaling, a clear answer
to this question is lacking. While caloric restriction has
long been assumed to slow aging, it is debated whether
it postpones aging instead [3, 9, 23, 24]. Likewise, some
presume that genetic disruption of growth hormone
signaling slows aging [4], whereas others pose that it
rather postpones aging [10].

Research on the effects of caloric restriction and
disruption of growth hormone signaling — and other
interventions — on aging is hampered by the variety of
methods that measure aging through the increase in the
risk of death with age [8, 9, 15, 16, 18]. The
examination of age-dependent survival is unsuitable to
reveal the effects of the interventions on aging and to
distinguish between postponed and slowed aging [9-11,
23]. The classically used method, which fits age-
dependent mortality rates to the Gompertz model and
interprets their linear increases on a logarithmic scale as
aging rates, suits this purpose. It identifies a slowing of
aging as a flattening of a mortality rate’s linear increase
and identifies a postponement of aging as a lowering of
a mortality rate while its linear increase remains
unaltered [8, 10, 24]. However, the validity of the
classical method has been disputed [15-17].

According to the classical method, caloric restriction
and disruption of growth hormone signaling did not
affect the aging rates, but would be interpreted to
postpone aging. The alternative method studied here, by
contrast, yields age-dependent aging rates that allow for
a more variegated assessment beyond the question of a
mere postponement or slowing of aging. This method
interprets these interventions to affect the aging rates in
an age-dependent manner: aging was slowed at lower
ages, postponed until higher ages, but quickened at
higher ages. Such a pattern resembles a compression of
aging, whereby aging is postponed as well as
intensified, reflected by a risk of death that increases
sharply at a high age [25]. A compression of aging also
becomes apparent from the life expectancies of the mice
(Table 1): these interventions bring about an increase in
median life expectancy that is two to four times larger
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than the increase in maximal life expectancy, indicating
a sharper increase in the risk of death at a higher age.
This effect was shared by caloric restriction and genetic
disruption of growth hormone signaling. When both
interventions were applied jointly, their effects were
mutually reinforced only in Population B — subjected
to a caloric restriction of 40% of the ad libitum dietary
intake and knockout of the growth hormone-releasing
hormone gene — but not in Population A — subjected
to a caloric restriction of 30% of the ad libitum dietary
intake and knockout of the growth hormone receptor
gene. These results are in line with previous
observations in these populations of mice (Figures 1A
and 1B) [19, 20].

The classical method has been employed intensively to
study the effects of caloric restriction on murine aging.
It has yielded inconsistent results in individual studies
[3, 9, 23, 26]. When these individual studies are
compiled, it has yielded the conclusions that caloric
restriction both postpones and slows [27] or only slows
aging in mice [21], while disagreement exists over the
correct application of the classical method [21]. Since
the alternative method studied here yields different
conclusions about the effects of these interventions on
murine aging, it calls for a reevaluation of the previous
studies with the use of this method.

The effects of caloric restriction and genetic disruption
of growth hormone signaling on murine aging are not
universally equal. They differ, for example, between
sexes and genetic backgrounds of mice [5, 6, 26, 28,
29]. We found similar effects in male and female mice
in two genetically distinct populations. More research is
warranted to establish whether the alternative method
studied here finds similar effects in other study
populations of mice or, if different effects are found,
which of the populations’ characteristics explain the
differences in the results. Moreover, the method
explored here can be used to examine the effects on
aging of other interventions and in other species.

This study explores the different methods to examine
the effects of caloric restriction and genetic disruption
of growth hormone signaling on murine aging. It is
beyond the aim of this study to discuss the mechanisms
through which these interventions influence aging; these
mechanisms are elaborately discussed in other
publications, such as those referenced here. Still, the
alternative method studied here may provide insight
into these mechanisms. The question whether caloric
restriction and disruption of growth hormone signaling
postpone or slow aging is often related to the
accumulation of physical damage that is thought to
underlie aging, for example due to oxidative stress.

While a postponement of aging is regarded to reflect an
improvement of health at all ages, only a slowing of
aging is regarded to reflect a decreased pace at which
damage accumulates or an increased ability with which
the damage can be repaired [3, 9, 23, 24]. In addition,
the age at which mortality rates start to increase is
related to the pace at which damage accumulates [30].
As the alternative method points to a compression of
aging, it suggests that the accumulation of damage is
modulated differently at different ages and suggests that
aging is modulated through more complex mechanisms
than a simple increase or decrease of the pace at which
damage accumulates.

In conclusion, this study shows that, depending on the
method that is used, different effects are found of
caloric restriction and genetic disruption of growth
hormone signaling on murine aging. Whereas these
interventions negligibly and non-consistently affect
aging rates according to the classical method to
calculate aging rates, they slow aging at lower ages and
quicken aging at higher ages according to the alternative
method that has been wvalidated previously. This
conclusion warrants a reevaluation of previous studies
on the effects of these interventions on murine aging
with the use of the alternative method. Moreover, the
alternative method can be applied in future research to
obtain further insights into the effects of dietary,
genetic, and other interventions on aging of mice and
other species.

METHODS

Mice. Data on the mortality of mice subjected to caloric
restriction and with genetic disruption of growth
hormone signaling were derived from two previous
studies. Mice without a receptor of growth hormone and
growth-hormone binding protein were developed by
targeted disruption of the Ghr/Ghrbp gene in 129/0Ola
mice and provided by Dr. Kopchick at Ohio University
[31]. These mutant mice do not express the receptor of
growth hormone and are consequently resistant to
growth hormone. Their phenotypically normal siblings
served as controls. Both the mutant and wild-type mice
were divided in two groups, of which one was fed ad
libitum and the other was subjected to caloric restriction
from 56 days of age onward. Caloric restriction was
gradually introduced with an intake of 10% less than the
ad libitum dietary intake in the initial week, 20% less in
the second week, and 30% less throughout the
subsequent weeks [19]. We refer to this population of
mice as Population A.

Mice without production of growth hormone-releasing
hormone were developed by targeted disruption of the
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Ghrh gene in mice with a mixed C57BL/6 and 129/Sv
background and provided by Dr. Salvatori at Johns
Hopkins University School of Medicine [32]. These
mutant mice do not secrete growth hormone-releasing
hormone and consequently do not secrete growth
hormone. Their phenotypically normal siblings served
as controls. Both the mutant and wild-type mice were
divided in two groups, of which one was fed ad libitum
and the other was subjected to caloric restriction from
84 days of age onward with an intake of 40% less than
the ad libitum dietary intake [20]. We refer to this
population of mice as Population B.

All mice were bred and housed at Southern Illinois
University School of Medicine under controlled
temperature (20-23 °C) and light conditions (12-hours
light/12-hours dark cycles) and were fed Lab Diet
Formula 5001 (Nestl¢ Purina, St. Louis, MO). Regular
testing for bacterial and viral infections was negative.
Few mice appearing near death, having a tumor that
bled, or having a tumor that approached 10% of the
body weight were euthanized. All animal protocols
were in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health and were approved
by the Animal Care and Use Committee of Southern
[llinois University School of Medicine.

Mortality rates. Mortality rates were calculated per group
of mice per interval of 150 days of age. Mortality rates
were calculated by dividing the number of mice thatdied
by the number of days lived by all mice in the age
interval of interest. If only one mouse died in the last age
interval, the corresponding mortality rate was excluded.

The age-dependent mortality rate of each group of mice
was fitted to the Gompertz model using Stata/SE 12.1
(StataCorp, College Station, TX) in order to obtain
estimates of the Gompertz model’s parameters. The
Gompertz model describes mortality rate m at age ¢ by
m(f) = a e”, where a and y are the model’s parameters.
The linear increase in a mortality rate with age on a
logarithmic scale is described by y and classically
interpreted as an aging rate.

Aging rates. Alternatively to the classically estimated
aging rates, aging rates were derived from age-
dependent mortality rates per group of mice per interval
of 150 days of age without fitting the mortality rates to
the Gompertz model or any similar model. The aging
rate in each age interval was calculated as the absolute
difference in mortality rate between the age interval of
interest and the subsequent age interval divided by the
difference in age between both age intervals, as
described previously in more detail [14].
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Abstract: For people in their 40s and 50s, lifestyle programs have been shown to improve metabolic health. For older
adults, however, it is not clear whether these programs are equally healthy. In the Growing Old Together study, we
applied a 13-weeks lifestyle program, with a target of 12.5% caloric restriction and 12.5% increase in energy
expenditure through an increase in physical activity, in 164 older adults (mean age=63.2 years; BMI=23-35 kg/m’). Mean
weight loss was 4.2% (SE=2.8%) of baseline weight, which is comparable to a previous study in younger adults. Fasting
insulin levels, however, showed a much smaller decrease (0.30 mU/L (SE=3.21)) and a more heterogeneous response
(range=2.0-29.6 mU/L). Many other parameters of metabolic health, such as blood pressure, and thyroid, glucose and
lipid metabolism improved significantly. Many *H-NMR metabolites changed in a direction previously associated with a
low risk of type 2 diabetes and cardiovascular disease and partially independently of weight loss. In conclusion, 25%
reduction in energy balance for 13 weeks induced a metabolic health benefit in older adults, monitored by traditional
and novel metabolic markers.

INTRODUCTION it in a highly heterogeneous fashion [2]. Hence, there is

an urge to stimulate healthy ageing among the
Worldwide, the proportion of older and highly aged increasing group of older adults. Metabolic health can
people in the population is rising fast [1]. Metabolic and successfully be improved by lifestyle changes, such as
physical health generally decline among older adults, be dietary restriction and/or increased physical activity [3-
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9], thereby reducing the risk for cardiovascular disease
(CVD). An example of a lifestyle intervention showing
this metabolic improvement in young adults (28-45
years of age) is the CALERIE study, a 6-month lifestyle
intervention reducing energy balance by 25% in 12
overweight individuals (body mass index (BMI) 25-30
kg/m®) [6]. As yet, it is unclear whether a 25%
reduction in energy balance likewise improves
metabolic health in older adults and is feasible in this
age group.

Poor metabolic health is generally marked by high
levels of total cholesterol, glucose, insulin, triglycerides,
and blood pressure and low levels of HDL cholesterol,
free triiodothyronine (fT3), and adiponectin [10-13],
except in highly aged individuals (above 75 years)
[14,15]. Remarkably, the majority of parameters of poor
metabolic health inversely associate with familial
longevity, as shown by comparison of middle-aged
offspring of long-lived subjects and their spouses [16-
19]. Besides clinical markers, metabolic health can also
be monitored by novel technologies, such as Nuclear
Magnetic Resonance (NMR), which are able to measure
large numbers of metabolites in an affordable and
standardized way. Distinct profiles of metabolites have
been demonstrated to associate with intake of specific
food components [20,21], (future) type 2 diabetes
(T2D) [22-24] and CVD [18,25,26], showing the
potential of metabolomics to monitor metabolic health.
However, it has not yet been established which optimal
set of markers monitors the metabolic effects of a
lifestyle change in older adults.

In the Growing Old TOgether (GOTO) study we
investigated the effect of a lifestyle intervention in older
adults by both clinical and metabolomic profiles.
Participants reduced energy balance by 25% for 13
weeks, targeted by 12.5% reduction in caloric intake
and 12.5% increase in physical activity, corresponding
to one of the three intervention conditions previously
applied in the CALERIE study [6]. In CALERIE, 12
participants received this intervention. The GOTO study
consisted of 164 individuals (mean age 63.2 years) with
a BMI of 23-35 kg/m’ which are mostly couples of
whom one was member of a longevity family and the
other their spouse. Since fasting insulin was one of the
markers that showed a reduction within three months in
the CALERIE study [6], this parameter was used as our
primary outcome. In addition, we measured the
response to the intervention by other established
markers of metabolic health, state-of-the-art metabolic
profiles measured with Hydrogen-1 NMR ('H-NMR),
and quality of life (QoL).

RESULTS

Longevity family members and controls are largely
similar on baseline

Of the 164 individuals who started the intervention
study, one dropped out prior to completion of the study
(Fig. 1). A selection of the clinical baseline
characteristics of the participants according to familial
background, i.e. longevity family member or control, is
depicted in Table 1 (complete clinical baseline
characteristics are provided in Supplementary Table
1A). Baseline characteristics of 'H-NMR metabolites
are shown in Supplementary Table 1B. Gender
differences were observed for many parameters. In
contrast to the Leiden Longevity Study as a whole, in
which many metabolic parameters differ significantly
between longevity family members and controls
[16,18,19], we observed only few significant
differences in the parameters at baseline between the
small groups included in the GOTO study. Therefore,
we studied the effects of the intervention in both groups
combined.

Intervention improves body composition and
metabolic health

The effect of the 13-weeks lifestyle change on clinical
parameters is depicted in Table 2 and Supplementary
Table 2A. For the primary outcome, i.e. fasting insulin,
a minor mean (SE) decrease of 0.30 mU/L (3.21 mU/L)
and a considerable heterogeneity (range -11.5-10.5
mU/L) was observed (Supplementary Fig. 1). Measures
of body composition generally improved, as shown by a
mean weight loss of 3.3 kg (0.18 kg), i.e. 4.2% (2.8%)
of baseline weight (Fig. 2), a body fat mass decrease of
11.7% (8.9%), and a fat free mass decrease of 0.7 kg
(0.1 kg). Measures of health and functioning showed a
significant decrease of 4.3 mmHg (1.0 mmHg) in
systolic and 1.7 mmHg (0.6 mmHg) in diastolic blood
pressure. We noted that the changes in weight and
systolic blood pressure (Fig. 3), but not in insulin levels,
were dependent on baseline levels.

Resting energy expenditure (REE) significantly
decreased with 49.2 kcal/day (8.0 kcal/day). Hand grip
strength was not changed by the lifestyle change, but
physical functioning, mental QoL in women, and the
Framingham Risk Score improved. The diagnostic
measures showed a significant decrease in total and
LDL cholesterol, HDL cholesterol in women, fT3, and
leptin levels and an increase in adiponectin levels in
men.
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1,050 invited by letter

318 ineligible:
e Lost to follow-up (N=56)
® Not reached before completion of inclusion (IN=262)

732 assessed for eligibility

554 Excluded

® 226 Ineligible:
e Age (N=4)
e BMI out of range/weight instability (N=97)
e Medical conditions or medication (N=78)
e Partner not willing or excluded (N=9)
e Already dieting (N=8)
e Other (deaf, memory complaints, other

research, weak-sighted, badly reachable,
second thoughts, deceased) (N=30)

e 328 Withdrew during screening process

178 screened

6 Ineligible after screening

e BMI out of range (N=5)
® Diabetes type 2 (N=1)
8 Withdrew after screening

164 included in study

1 Withdrew because of knee surgery

163 included in analysis

Figure 1. Flow chart of participants in the trial.

Plasma metabolite profile changes due to 3 months
lifestyle intervention

To determine the overall effect of the intervention on the
'H-NMR  metabolites, we performed Principle
Component Analysis. This analysis indicated that a major
part of the variation in the metabolites (PC1, explaining

32.4% of the total variance) could be attributed to the
effects of the lifestyle intervention (Fig. 4). As shown in
Supplementary Fig. 2, the intervention effect, as
represented by PCI, coincides with many of the
measured 'H-NMR metabolites. The effects of the
intervention on the single 'H-NMR metabolites in fasting

blood are depicted in Fig. 5 and Supplementary Table
2B. Multiple amino acids levels changed significantly
and include a decrease of the branched-chain amino acid
leucine and the aromatic amino acid tyrosine. In addition,
the levels of multiple glycolysis-related metabolites,
ketone bodies, fatty acids, metabolites involved in fluid
balance and inflammation, apolipoproteins, lipid
concentrations, and lipoprotein particle sizes showed a
significant decrease. Citrate levels, large HDL cholesterol
concentrations, and HDL particle size, on the otherhand,
increased after the lifestyle change. For several HDL-
related metabolites we observed an opposite effect of the
intervention in men and women.
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Table 1. Baseline characteristics of parameters of body composition, health and functioning, and diagnostic

measurements.
Characteristic n  Longevity family members n  Controls
Women, n (%) 39 (43.3) 42 (56.8)
Age, mean (SD) [range], years 90 63.4(5.4)[49.1-75.1] 74 62.4(6.1) [46.7-73.5]
Body composition, mean (SD) [range]
Weight, kg 89 79.8 (9.6) [62.5-105.7] 73 79.0(10.2) [60.5-102.4]
Men 50 84.3(8.0)[67.2-105.7] 31 85.4(8.1)[70.1-102.4]
Women 39 74.1(8.4)[62.5-95.4] 42 74.1(8.9) [60.5-100.4]
BMI, kg/m’ 89 27.0(2.6) [22.9-34.2] 73 26.9(2.4) [22.9-33.5]
Waist circumference, cm 90 96.2(7.9)[74-122] 74 96.1(8.2) [77-112]
Men 51 98.1(7.4) [80-122] 32 100.1(6.4) [89-112]
Women 39 93.6(7.9)[74-112] 42 93.0(8.1)[77-111]
Health and functioning, mean (SD) [range]
Systolic blood pressure, mm Hg" 65 135.4(15.9)[111-196] 48 137.8 (17.1) [101-173]
Diastolic blood pressure, mm Hg" 65 83.5(7.4)[64-101] 48 84.7(9.2) [65-108]
Medication use, n (%)
Lipid-lowering agent 90 11(12.2) 74 18 (24.3)
Antihypertensive agent 90 23 (25.6) 74 26(35.1)
Diagnostic measurements, mean (SD) [range]
Fasting glucose, mmol/L 90 5.0(0.5)[3.6-6.5] 74 5.0 (0.6) [4.0-7.6]
Fasting insulin, mU/L" 90 9.4 (5.1)[2.0-29.6] 74 9.0 (3.9) [2.0-22.6]
HOMA-IR 88 1.2(0.6)[0.4-3.8] 72 1.2(0.5)[0.4-2.7]
Total cholesterol, mmol/L° 79 5.5(1.0)[3.3-8.6] 56 5.5(1.0)[3.2-8.0]
HDL cholesterol, mmol/L* 79 1.6 (0.4)[0.6-3.1] 56 1.4(0.4)[0.6-2.3]
Men 43 1.4(0.3)[1.0-2.0] 23 1.1(0.2)[0.6-1.6]
Women 36 1.7 (0.5)[0.6-3.1] 33 1.6(0.3)[1.2-2.3]
LDL cholesterol, mmol/L* 79 3.5(0.8)[1.8-6.4] 56 3.4(0.9)[1.6-6.0]

®Individuals using antihypertensive agents were removed before analysis.

b .
Natural log transformed parameter was used for analysis.

¢ Individuals using lipid-lowering agents were removed before analysis.
Parameters were analysed separately in men and women if there was a significant gender-difference at baseline. BMI, body
mass index; HOMA-IR, homeostatic model assessment - insulin resistance; HDL, high density lipoprotein; LDL, low density

lipoprotein.

Effects of lifestyle intervention at old age (partly)
independent of weight loss

To investigate whether the observed response mainly
coincides with the change in weight, we adjusted for
weight loss. For most of the parameters of health and

functioning, diagnostic measurements, and 'H-NMR

metabolites, adjustment for weight loss reduced the
effects of the intervention. However, the changes in T3,
total, VLDL, LDL, and IDL cholesterol, as well as those
in phosphoglycerides, cholines, sphingomyelines, and
some glycolysis intermediates, remained largely
unchanged after this adjustment (Table 2, Supplementary
Table 2A and Supplementary Table 2B).
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Finally, the beneficial effects on physical functioning and Hence, the effect of the lifestyle change on many of the
mental QoL in women were also largely independent of metabolic parameters and well-being in this study occurs
weight loss (Table 2 and Supplementary Table 2A). partly or fully independent of the observed loss in weight.

Table 2. Effects of the intervention on parameters of body composition, health and
functioning, and diagnostic measurements.

Characteristic, mean (SE) n Difference P-value®

Body composition

Weight, kg 161 -3.34 (0.18) <0.001
Men 80 -3.42 (0.27) <0.001
Women 81 -3.25(0.23) <0.001
BMI, kg/m’ 161 -1.13 (0.06) <0.001
Waist circumference, cm 163 -4.3(0.4) <0.001
Men 82 -4.4 (0.6) <0.001
Women 81 -4.2 (0.6) <0.001
Body fat, % 161 -2.26 (0.16) <0.001
Men 80 -2.22(0.23) <0.001
Women 81 -2.29(0.21) <0.001
Fat free mass, kg’ 161 -0.67 (0.10) <0.001
Men 80 -0.83 (0.16) <0.001
Women 81 -0.51 (0.13) <0.001
Health and functioning
Systolic blood pressure, mm Hg" 113 -4.33 (0.98) <0.001*
Diastolic blood pressure, mm Hg" 113 -1.66 (0.61) 0.007
REE, kcal/day 126 -49.2 (8.0) <0.001*
Men 65 -46.59 (11.76) <0.001
Women 61 -51.94 (10.79) <0.001%*
Handgrip strength, kg 153 0.38 (0.32) 0.25
Men 76 0.24 (0.53) 0.65
Women 77 0.51 (0.38) 0.18
Physical functioning 159 0.14 (0.05) 0.008*
Physical quality of life 157 -0.18 (0.61) 0.77
Men 82 -0.72 (0.83) 0.39
Women 75 0.42 (0.92) 0.65
Mental quality of life 157 0.9 (0.70) 0.19
Men 82 -1.13(0.84) 0.18
Women 75 3.13(1.12) 0.005%*
FRS, % 163 -0.51 (0.23) 0.03
Men 82 -0.65 (0.43) 0.13
Women 81 -0.37 (0.15) 0.01
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Table 2. Effects of the intervention on parameters of body composition, health and
functioning, and diagnostic measurements. (continued).

Characteristic, mean (SE) n Difference P-value®
Diagnostic measurements
Fasting glucose, mmol/L 163 -0.06 (0.04) 0.16
Fasting insulin, mU/L® 163 -0.05 (0.03) 0.04
HOMA-IR 153 -0.03 (0.03) 0.33
Total cholesterol, mmol/L® 135 -0.29 (0.06) <0.001"
HDL cholesterol, mmol/L* 135 -0.01 (0.02) 0.49
Men 66 0.04 (0.02) 0.11
Women 69 -0.06 (0.03) 0.02*
LDL cholesterol, mmol/L* 135 -0.26 (0.05) <0.001"
Triglycerides, mmol/L® 135 -0.04 (0.03) 0.11
fT3, pmol/L 163 -0.14(0.03) <0.001"
fT4, pmol/L 163 -0.07 (0.09) 0.44
TSH, mU/L* 163 -0.04 (0.03) 0.17
DHEAS, nmol/L¢ 163 -0.02 (0.01) 0.20
Men 82 -0.01 (0.02) 0.47
Women 81 -0.02 (0.02) 0.28
Leptin, pg/L° 163 -0.26 (0.03) <0.001*
Men 82 -0.29 (0.04) <0.001*
Women 81 -0.23 (0.03) <0.001%*
Adiponectin, mg/L" 163 0.04 (0.01) 0.005
Men 82 0.09 (0.02) <0.001
Women 81 -0.01 (0.02) 0.76
IGF-1, nmol/L 163 0.10 (0.24) 0.67
Men 82 0.36 (0.31) 0.24
Women 81 -0.17 (0.35) 0.64
IGFBP-3, mg/L 163 -0.05 (0.05) 0.37
IGF-1:1GFBP-3 163 0.004 (0.003) 0.21
Men 82 0.009 (0.006) 0.14
Women 81 -0.001 (0.003) 0.82
CRP (high-sensitivity), mg/L* 163 -0.11 (0.07) 0.09

* p_value < 0.05 after adjustment for weight loss. * P-value < 0.001 after adjustment for weight loss.
?P-value refers to difference between baseline and end.

® Individuals using antihypertensive agents were removed before analysis.

“Natural log transformed parameter was used for analysis.

Individuals using lipid-lowering agents were removed before analysis.

Parameters were analysed separately in men and women if there was a significant gender-difference at
baseline. BMI, body mass index; REE, resting energy expenditure; FRS, Framingham risk score; HOMA-IR,
homeostatic model assessment - insulin resistance; HDL, high density lipoprotein; LDL, low density
lipoprotein; fT3, free triiodothyronine; fT4, free thyroxine; TSH, thyroid stimulating hormone; DHEAS,
dehydroepiandrosterone-sulfate; IGF-1, insulin-like growth factor 1; IGFBP-3, insulin-like growth factor
binding protein 3; CRP, C-reactive protein.

WWW.aging-us.com 45

AGING



2 — —o0— g
) ’
— -2 I
g ki
X
8 -+ — .
m %
B —
O s
¥ oo
-8 — % 8
o ¢
-10 — o
-12
MALES FEMALES

Figure 2. Effect of the intervention on weight by gender.
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Figure 3. Effect of the intervention on systolic blood pressure
by baseline systolic blood pressure.
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Figure 4. Effect of age, gender, and intervention on "H-NMR
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magnitude of the effect, while the P-value is mentioned
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DISCUSSION

A 13-weeks lifestyle change among older adults aimed
at combining 12.5 % decreased energy intake and
12.5% increased physical activity improved parameters
of body composition, relevant clinical markers, such as
fasting insulin, our primary endpoint, blood pressure,
glucose, lipid and thyroid metabolism, and "H-NMR
metabolites. In addition, physical functioning and
mental QoL in women improved. For most of the
parameters, the improvements were, at least partly,
independent of weight loss, indicating that we
monitored aspects of metabolic health additional to
weight loss.

The GOTO study shows that one of the intervention
conditions previously pioneered by the CALERIE study
in younger and more overweight subjects [6] seems
generally feasible, since only one drop-out was
observed and metabolic health was generally improved.
The older adults in GOTO generally lost weight during
the intervention and the mean change in weight was
comparable to CALERIE. The mean change in fasting
insulin, however, was much smaller in GOTO (0.30

mU/L) than in CALERIE (2.06 mU/L) and the
heterogeneity in response was much larger (range -
11.5 — 10.5 mU/L and -8 — 2 mU/L, respectively).
There could be several explanations for this difference.
First, the sample size of the GOTO study is almost 14
times as large as the ‘calorie restriction with exercise’
study group in CALERIE and may have estimated the
effect of the intervention more accurately. Second, the
baseline and response variation in insulin and other
metabolic variables was larger in GOTO than in
CALERIE, which might be caused by the higher mean
age of our population (mean age 63 years (GOTO)
versus 39 years (CALERIE)) and broader range in
baseline BMI. Third, because the intervention in
GOTO was less controlled, the outcome was likely
more heterogeneous. Heterogeneous responses to
lifestyle interventions should be further explored and
carefully monitored in even larger studies of older
adults.

The potential improvement of metabolic health is
reflected in the change of clinical parameters as well as
metabolites. The observed decrease in leucine, tyrosine,
glucose, pyruvate, glycerol, total fatty acids,
monounsaturated fatty acids, a-acid glycoprotein, lipid
concentrations, and VLDL particle size and increase in
fatty acid chain length and citrate imply a decreased
future CVD risk based on a previous prospective study,
including older adults, using the same 'H-NMR assay
[26]. This would correspond with reduced FRS in
women after the lifestyle change. In addition, the
observed decrease in leucine, tyrosine, glucose, 3-
hydroxybutyrate, and creatinine and increase in glycine
is considered beneficial with respect to (risk of) T2D
[22-24]. The observed gender difference in HDL
metabolites in response to the intervention may be due
to the fact that women already displayed more
beneficial levels at baseline as compared to men, while
the observed decrease in HDL metabolites in men may
be caused by a decrease in alcohol intake [27].

Unlike insulin, blood pressure levels, and the
Framingham Risk Score, parameters indicative of lipid
and thyroid metabolism, as well as several 'H-NMR
metabolites, changed largely independent of the
reduction in body weight. Such changes may point at
the occurrence of metabolic shifts in response to dietary
changes and increase in physical activity, exemplified
by decreased fT3 levels, which were also observed in
the CALERIE study after 3 months [6]. Basically, our
data suggest that the effects of the intervention on
metabolic health can be monitored by a combination of
weight, fT3 levels, and a single '"H-NMR metabolite
assay.
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Next to metabolic health, we observed an improvement
of mental health status in women, which was
independent of weight loss. The positive effect of social
interaction by participating in a trial may underlay this
improvement. However, physical activity has also been
described to improve mental health [28,29]. This effect
was not observed in men, which may be explained by
their better mental health at baseline. Mental health
improvements may stimulate compliance to a lifestyle
change over time. In our study, an additional
questionnaire showed that 66% of the participants
indicated that they maintained their new lifestyle one
year after the intervention, possibly contributed by a
‘buddy’ effect for these older adult couples.

In conclusion, reducing energy balance by 25% for 13
weeks by a modest change in dietary habits and
physical exercise seemed generally feasible in older
adults (mean age 63 years) and resulted in a weight
change comparable to younger adults. Despite a
considerable heterogeneity in response, metabolic
health was generally beneficially influenced, as
reflected by most markers of body composition, blood
pressure, physical functioning, glucose, lipid, and
thyroid metabolism, and a range of metabolites that
could be measured with a well-standardized "H-NMR
assay. We conclude that monitoring of the response to
an intervention among elderly is optimized by applying
metabolomics assays in addition to clinical markers of
metabolic health. The response to the lifestyle
intervention applied in GOTO, as measured by
metabolomics profiles and parameters of wellbeing, can
be used as reference for more specific dietary
interventions that the ageing field is planning [30].

METHODS

Study population. Participants for the GOTO study were
recruited from the Leiden Longevity Study (LLS), a
longitudinal cohort consisting of 421 families of long-
lived Caucasian siblings, together with their offspring
and the partners thereof [31]. For the current
intervention couples consisting of offspring from the
long-lived siblings and their current partners were
included. In case one of the two was not eligible to
participate, single offspring or controls were included to
obtain the required sample size. Individuals of ages
between 46 and 75 years and having a BMI >23 <35
kg/m® were recruited between February and October
2012. Potential participants underwent a telephonic
screening and a screenings home visit. Exclusion
criteria were: type I or type II diabetes (on diabetic
medication); fasting blood glucose level >7.0 mmol/L;
weight change >3 kg over the past 6 months;
engagement in heavy/intensive physical activity (top

sport or physically heavy work); any disease or
condition that seriously affects body weight and/or body
composition including active types of cancer; heart
failure (NYHA I1/VI), COPD (GOLD III/VI); recent
(<3 months prior to intervention) immobilisation for >1
week; psychiatric or behavioural problems; use of
thyroid medication, immunosuppressive drugs (e.g.
prednisone, methotrexate, biologicals (TNF-alpha
antagonists); concurrent participation in any other
intervention study or weight management program, or
not having a general practitioner. The Medical Ethical
Committee of the Leiden University Medical Center
approved the study and all participants signed written
informed consent. All experiments were performed in
accordance with relevant and approved guidelines and
regulations. This trial was registered at the Dutch Trial
Register (http://www.trialregister.nl) as NTR3499.

Intervention. The intervention comprised 13 weeks of
25% lowered energy balance by 12.5% reduction in
energy intake and 12.5% increase in physical activity.
Baseline energy intake and expenditure were assessed by
an online version of a 150-item food frequency
questionnaire (FFQ) [32] and by the International
Physical Activity Questionnaire- Short Form (IPAQ-SF)
[33]. The IPAQ-SF collects information on time spent
walking, in moderate and vigorous physical activity, and
sitting over the last seven days to estimate the total
metabolic equivalent (MET) in minutes per week.

Individual guidelines were prescribed by respectively a
dietician and physiotherapist in consultation with the
participant to match the subjects’ preferences and
physical capabilities. The dietary guidelines were as
much as possible according to the ‘Dutch Guidelines for
a healthy diet’ [34]. Participants were advised to
increase the amount of physical activity in such a way it
fitted in their daily life pattern, as couple or alone, by
walking, cycling, adjusted activities in and around the
house and participation in local sport activities and
facilities.

During the intervention participants had weekly contact
with the dietician and physiotherapist by phone, email
or at the participants home (alternating schedule) to
check and stimulate adherence to the intervention and to
discuss practical problems and solutions. To optimally
guide the participants, both dietician and physio-
therapist combined elements from the Attitude, Social
influence and self-Efficacy model (ASE) [35], the
Stages of Change Model [36] and Motivational
Interviewing [37].

Participants daily recorded their eating behaviour and
physical activity in a diary. To quantitatively assess
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dietary intake two telephonic 24-h recalls were
performed during the first month and two during the last
month of the intervention. Days of the recall were
unannounced to the participant and randomized to
obtain a good distribution of the different days of the
week, including weekend days. During the monthly
home visits body weight and body composition were
measured. To quantitatively determine physical activity
prior to the intervention and at the end of the
intervention accelerometers worn at home during seven
days on wrist and ankle (GENEActiv, Activinsights,
Kimbolton, UK) were used.

Anthropometrics. Height and weight were measured to
the nearest 0.1 cm and 0.1 kg, respectively (Seca Clara
803, Seca Deutschland, Hamburg, Germany), with the
person dressed in light clothing and without shoes.
Waist circumference was measured to the nearest cm at
the midpoint between the lowest rib and the top of the
iliac crest with a non-elastic tape in standing position
without shoes. Fat free mass and fat mass were
measured using the In-Body 720 body composition
analyser (Biospace, Cerritos, CA, USA).

Blood pressure. Trained staff members measured blood
pressure in sitting position after a 10-minute rest on the
dominant arm using a validated blood pressure device
(Maxi-Stabil 3, Welch Allyn, Leiden, the Netherlands).
Blood pressure was measured 4 times, twice in the first
part of the afternoon and twice at the end of the
afternoon. Systolic and diastolic blood pressures were
calculated as the average of the four measurements.

Energy metabolism. Resting metabolic rate was
measured 65 minutes after a standardized meal by
indirect calorimetry, using a ventilated hood system
(Care Fusion Canopy Jaeger Oxycon Pro, CareFusion
Germany, Hoechberg, Germany). The standardized
meal was 500 kcal and consisted of one raisin bun, one
whole-wheat bun with margarine and 20 grams of
Gouda cheese and a cup of tea without milk or sugar.
Participants were lying on a bed under the ventilated
hood in a quiet, temperature controlled room for 30
minutes. The initial 5 minutes of the measurement were
not used for the analysis. VO2 and VCO2 were
measured every minute. Resting energy expenditure
(REE) and respiratory quotient (RQ) were calculated
using the formulas:

REE=3.91 VO2 +1.10 VCO2 — 1.93N.
RQ=VCO2/VO0O2

To exclude outliers in energy expenditure, the degree of
variation based on the coefficient of variation (CV) was
examined based on the mean and the SD of five data

points that were used. Data per 5 consecutive minutes
was included if the RQ data over these 5 minutes had a
CV <5%.

Physical performance. Physical performance was
assessed by the short physical performance battery
(SPPB), which consisted of three components: balance,
gait speed, and chair rise ability [38]. Handgrip strength
was determined by three consecutive measures using a
hand dynamometer (Jamar, Lafayette Instrument,
Lafayette, IN, USA) at both hands.

Quality of life. Quality of life was assessed using the
Short Form Health Survey-12 (SF-12). This
questionnaire [39] distinguishes physical and mental
health, each assessed by six items.

Framingham risk score. The Framingham risk score
(FRS), which estimates the 10-year risk for developing
coronary heart disease, was calculated using the criteria
proposed by the Expert Panel on Detection, Evaluation,
and Treatment of High Blood Cholesterol in Adults
[40]. The score is based on the age, gender, total and
HDL cholesterol serum level, smoking status, and
systolic blood pressure of an individual.

Diagnostic measurements. All measurements were
performed in fasted serum collected by venipuncture.
Cholesterol, free thyroxine (fT4), glucose, high-density
lipoprotein (HDL) cholesterol, triglycerides, high-
sensitivity C-reactive protein (hsCRP), and thyroid
stimulating hormone (TSH) were measured on the
Roche/Hitachi Modular P800 analyzer (Roche
Diagnostics, Almere, The Netherlands). Dehydro-
epiandrosterone sulfate (DHEAS), insulin, insulin-like
growth factor 1 (IGF-1), and insulin-like growth factor 1
binding protein 3 (IGF-BP3) were assessed on the
Immulite 2000 XPi (Siemens, Eschborn, Germany).
Adiponectin and leptin were determined using Human
Adiponectin and Leptin RIA kits (EMD Millipore
Corporation, Billerica, MA, USA). Free triiodothyronine
(fT3) was determined using the ARCHITECT Free T3
assays (Abbott Laboratories, Abbott Park, IL, USA) on
the Hitachi Modular E170 analyzer (Roche Diagnostics).
Coefficients of variation for all laboratory analyses were
<8%. Low-density lipoprotein (LDL) cholesterol was
calculated using the Friedewald formula [41], while the
homeostasis model  assessment-estimated  insulin
resistance (HOMA-IR) was calculated using the
publically available HOMA calculator
(https://www.dtu.ox.ac.uk/homacalculator) [42].

Hydrogen-1 Nuclear Magnetic Resonance metabolites.

'H-NMR metabolites were measured using a previously
described platform [43]. For our analysis we used the
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total lipid concentrations, fatty acid composition, and
low-molecular-weight metabolites, including amino
acids, glycolysis-related metabolites, ketone bodies and
metabolites involved in fluid balance and immunity. All
metabolite concentrations were natural log-transformed
and scaled to standard deviation units before analysis.

Statistical analysis. Baseline differences between
longevity family members and controls were calculated
using a linear mixed model adjusted for age, gender
(fixed effects), and household (random effects). The
effects of the intervention were determined using a
linear mixed model adjusted for age, gender, status
(longevity family member or control) (fixed effects),
household, and individual (random effects). Parameters
were analyzed separately in men and women if there
was a significant gender-difference at baseline. For
additional analyses, weight was added to the model to
determine weight loss-independent effects.

Principle Component Analyses and the following
association analyses with age, gender and intervention
were performed in R [44]. Principle Components (PCs)
were computed using the function prcomp of the stats
package [44]. Association analyses with the obtained
PCs were performed using mixed linear models,
function Ilmer, of package I[merTest [45]. Heatmaps
were drawn to visualize the magnitude of the statistics
from the association analyses using labeledHeatmap of
the WGCNA package [46].

Sample size calculation was based on fasting insulin as
primary end point, whereby we assumed a decrease of
21% (9.75 to 7.69 ulU/mL), since this was observed
after 3 months in the calorie restriction with exercise
group of the CALERIE study [6], which is comparable
to our study. As the mean fasting insulin levels
(uIU/mL) in longevity family members and controls in
the complete LLS cohort were 6.93 (SD=4.3) and 8.70
(SD=6.6), respectively, and a correlation of 0.6 between
repeated insulin measurements was assumed [47], we
based our power calculation on an expected mean
decrease of 1.65 plU/mL, SD 4.9. With a power of 80%
and an o of 5% this translates in a required sample size
of 72 individuals. In a recent large meta-analysis,
genetic background did not influence the association of
healthy diet with fasting glucose or insulin [48].
Nevertheless, we doubled the sample size of our study
to account for potential differences between longevity
family members and controls in response to the
intervention. Taking into account a dropout rate of 10%,
we aimed to include 80 couples in the intervention.

All statistical analyses were performed with STATA/SE
11.2 (StataCorp LP, College Station, TX, USA) and

SPSS Statistics v20 (IBM Corp, Armonk, NY, USA)
and a P<0.05 was considered significant.
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Abstract: Caloric restriction (CR) without malnutrition is one of the most consistent strategies for increasing mean and
maximal lifespan and delaying the onset of age-associated diseases. Stress resistance is a common trait of many long-lived
mutants and life-extending interventions, including CR. Indeed, better protection against heat shock and other genotoxic
insults have helped explain the pro-survival properties of CR. In this study, both in vitro and in vivo responses to heat
shock were investigated using two different models of CR. Murine B16F10 melanoma cells treated with serum from CR-fed
rats showed lower proliferation, increased tolerance to heat shock and enhanced HSP-70 expression, compared to serum
from ad libitum-fed animals. Similar effects were observed in B16F10 cells implanted subcutaneously in male C57BL/6 mice
subjected to CR. Microarray analysis identified a number of genes and pathways whose expression profile were similar in
both models. These results suggest that the use of an in vitro model could be a good alternative to study the mechanisms
by which CR exerts its anti-tumorigenic effects.

INTRODUCTION

Aging is a complex multifactorial process, whereby
organisms undergo major cell degeneration and loss of
function. During aging, irreversible and deleterious
processes are triggered by accumulation of damaged
cellular macromolecules [1, 2]. Several theories have
been proposed to explain these processes [3, 4], but the
exact molecular mechanisms behind aging remains
unknown. Cellular damage may result from oxidative
stress, toxic metabolic byproducts, endoplasmic
reticulum stress and mitochondrial unfolded protein
responses, or exposure to heat stress, among others.
Several heat shock proteins (HSP) function as molecular

chaperones by preventing misfolding and aggregation of
other proteins. This induction of cytoprotective responses
promotes longevity [5, 6]; conversely, aging is associated
with down-regulation in HSP expression in neuronal
tissue, skeletal and cardiac muscle, and the liver [7, 8].
Stimulation of HSP synthesis has been suggested as a
viable strategy to counteract the negative effects of aging
and eliciting a ‘low-grade’ stress response may help
organisms live longer and improve their survival [9].

More than 8 decades ago, McCay and colleagues
observed that severe reduction in calorie intake while
maintaining sufficient micronutrient levels for optimum
health resulted in lifespan extension [10]. Since then,
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numerous studies have reported that lifelong caloric
restriction (CR) extends mean and maximum lifespan
and delays age-associated diseases in a wide variety of
species [11, 12]. Many of the beneficial effects of CR
are mediated by altering the expression of several HSPs,
notably Hsp70, and the activation of heat shock
transcription factor 1 [13-15]. In this context, our group
has demonstrated that exposure of HepG2 cells to
human serum from CR participants conferred
significant cytoprotection against heat stress [7].
Moreover, cells treated with human serum from CR
volunteers trigger a transcriptional up-regulation of
numerous genes and pathways implicated in stress
resistance through activation of the transcription factor
NF-E2-related factor (NRF2) [16]. NFR2 plays a key
role in maintaining homeostasis during oxidative stress
and exposure to carcinogens by coordinately regulating
the expression of antioxidants and detoxification
enzymes [17] that boost protection against cancer [18].

The anti-tumorigenic properties of CR on spontaneously
arising tumors and in experimental cancer models are
well-documented [19]. For example, 15 days of 40% CR
significantly reduces the growth of brain tumors in mice
by reducing angiogenesis and increasing tumor cell
apoptosis [20]. The combination of fasting and
chemotherapy retards the growth of human breast cancer
tumors in mice [21] and delays the progression of
pancreatic cancer lesions in a mouse model [22]. The use
of the mouse as an experimental tool in cancer research is
cumbersome, time-consuming and expensive, and,
therefore, has compelled us to explore an alternative
approach to study anti-cancer therapies.

In this manuscript we present a new approach to
investigate a central mechanism by which CR activates a
stress response pathway to combat tumorigenesis. The
stress response of murine B16F10 melanoma cells
maintained in culture medium supplemented with serum
from rats fed CR and ad libitum (AL) diet was evaluated
and compared to that of mice injected with B16F10
melanoma cells and maintained on either CR or AL. In the
latter experimental model, mice were subjected to heat
stress followed by the monitoring of a melanoma-specific
Hsp70 reporter expression. These results combined with
microarray analysis illustrated alteration of a common set
of cancer-related genes using in vitro and in vivo testing.

RESULTS
Growth rate and heat shock response of B16F10
melanoma cells maintained in serum from CR-fed

animals

Proliferation of B16F10 melanoma cells was carried out

in the presence of serum from rats fed either AL or CR
diet. A significant reduction in cell growth was
observed following incubation with CR serum as
compared to AL serum controls (Fig. 1a). Exposure of
B16F10 cells to heat stress (45°C) for 1 h caused a
significant difference in survival depending on whether
these cells were maintained in CR or AL serum (Fig.
1b). Our observations that CR serum decreased heat-
dependent cellular cytotoxicity support previously
published results from this laboratory [23].
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Figure 1. Caloric restriction slows cellular growth and
improves response to heat shock. (A) B16F10 melanoma
cells were maintained in culture with serum from AL- and CR-
fed rats over a period of 96 h. The number of cells was
counted at 24-h intervals. (B) Percent of cells surviving a 1-h
treatment at 45°C when maintained in culture with serum
from either AL- or CR-fed rats. Data are represented as the
mean + SEM. *, p< 0.05.

Reduction in the number and size of tumors in mice
on caloric restriction

To evaluate the effect of CR on tumor growth in vivo,
mouse B16F10 melanoma cells that were stably
transfected with Hsp70-GFP plasmid, were implanted
subcutaneously in male C57BL/6 mice fed either a CR
or AL diet. A significant decrease in the size and weight
of tumors was observed in CR-fed mice along with
delayed tumor growth both in the periscapular region
and lower back area (Fig. 2).
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Figure 2. Caloric restriction decreased melanoma
tumor growth in vivo. In AL- and CR-fed mice, mouse tumor
xenografts were formed by implanting B16F10 melanoma
cells, at the periscapular region (proximal area) and in the
lower back over the hip (distal area). Tumor area (mmz) (A)
and individual tumor weight (g) (B) were determined after 14
days. Data are represented as the mean + SEM. n=10/per
group. ¥, p< 0.05, **, p<0.01, *** p<0.001.
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Heat stress-mediated induction of Hsp70 expression
both in in vitro and in vivo models

Changes in HSP expression play an important role in the
ability of cells to respond to environmental stressors.
Earlier work has shown an elevation in Hsp70 expression
in B16F10 melanoma cells cultured with serum from CR-
fed animals [23]. Here, we compared the effects of CR
alone, heat shock alone or the combination ‘CR + heat
shock’ using B16F10 melanoma cells stably expressing
GFP-tagged Hsp70 construct under the control of rat
hsp70.1 promoter [24]. The results indicate that the heat-
mediated induction of Hsp70 expression was
significantly higher when B16F10 cells and tumor-
bearing animals were subjected to CR (Fig. 3).

Microarray analysis of B16F10 melanoma cells used
in in vitro and in vivo settings

DNA microarray analysis was performed to compare
the global transcriptional effect of CR in B16F10
melanoma cells either grown in culture or implanted in
mice. Principal Component Analysis (PCA) revealed
inherent in vivo and in vitro differences that must be
taken into account when comparing the impact of CR in
gene expression profile. Nevertheless, Venn diagram
indicated that both models shared 55 up-regulated and
17 down-regulated transcripts, which were significantly
enriched in the CR versus AL pairwise comparisons
(Fig. 4a, Supplemental Table 1). Among these shared
transcripts, MAP Kinase Interacting Serine/Threonine

Figure 3. Caloric restriction improves protection
against heat shock through increased
expression of Hsp70. (A) B16F10 melanoma cells
stably transfected with a plasmid encoding GFP-
tagged Hsp70 construct were maintained in medium
supplemented with 10% serum from AL- or CR-fed
rats and then subjected or not to heat shock stress
for 45 min. Bars represent fluorescence intensity per
10° cells. Cell culture experiments were performed
as three or more replicates. (B) B16F10 tumor
xenografts from mice fed either AL or CR diet were

subjected to heat shock stress for 45 min and
sacrificed after 4h. Bars represent fluorescence
intensity per mg of tumor proteins; n=10 per group.
Data, obtained by fluorimetery, are represented as
the means + SEM. *, p <0.05 vs. AL group; #, p<0.05
vs. CR group. (C) Images of B16F10 cells and (D)
tumor cells depicting GFP fluorescence were
detected by confocal microscopy. White bar, 20 um.
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Figure 4. Gene expression profiling in response to
caloric restriction. (A) Venn diagram showing the overlap of
gene transcripts with significant change in expression in the
CR versus AL pairwise comparisons by both B16F10 melanoma
cells growing in culture (in vitro) and as tumor xenografts (in
vivo). (B) Effect of CR on the expression of a select group of
transcripts. (C) Venn diagram showing the overlap of gene sets
with significant change in expression in the CR versus AL
pairwise comparisons.

Kinase 2 (Mknk2) [25], polo-like kinase 3 (Plk3) [26]
and LIM Domains Containing 1 (Limdl) [27] are
implicated in tumorigenesis, whereas Spr and Semp3,
which encode for Sepiapterin Reductase and
SUMO1/Sentrin/SMT3  Specific Peptidase 3, are
involved in stress response [28, 29]. DUSP2 is an
important member of the dual-specificity protein
phosphatase subfamily, which is implicated in
inflammatory response and reported to be upregulated
both with CR and heat shock [30]. Moreover, there is an
increased expression of Minppl, which encodes for
Multiple Inositol Polyphosphate Phosphatase 1. This
phosphatase is induced in response to heat shock,
osmotic and oxidative stress conditions, thereby
contributing to the regulation of ER stress and apoptosis

[31]. Finally, upregulation of Smpdl (Sphingomyelin
phosphodiesterase 1, also known as ASM) was also
observed in both experimental models with CR (Fig.
4Db). Its activity is expressed at high levels in cancer
cells under the control of an inducible expression of
hsp70.1 protein [32]. Using parametric analysis of gene
set enrichment, 26 gene sets were identified whose
expression levels were significantly altered in the same
direction by CR in both experimental models (Fig. 4c,
Supplemental Table S2).

DISCUSSION

The aging process involves multiple physiological
mechanisms and represents one of the main risk factors
for several human pathologies, such as cancer, diabetes,
and cardiovascular disease. Dietary CR retards the
aging process and age-related disease pathogenesis [33,
34], and many studies have tried to elucidate the exact
mechanism(s) by which CR acts (reviewed in [35]). Our
work demonstrates that CR significantly decreases
tumor cell proliferation, in agreement with previous
studies [36, 37], and this phenomenon takes place
whether B16F10 melanoma cells were cultured with
serum from CR-fed animals or these tumor cells were
implanted in CR-fed mice. Moreover, the process of
tumorigenesis was significantly decreased in CR-fed
animals after heat stress. Hsp70 is one of several heat-
shock proteins implicated in the regulation of cancer
cell growth. HSPs sustain tumor survival and drive
tumor growth [38]; however, induction of Hsp70 family
members results in cellular protection against un-
favorable environmental conditions, including elevated
temperatures, oxidative stress, exposure to heavy
metals, proteasome inhibitors, and infection [39]. CR
has been previously shown to restore the ability of cells
to mount a heat shock response through increase in
Hsp70-mediated thermotolerance [40], an observation
that was confirmed in the present study. Moreover,
B16F10 melanoma cells subjected to heat shock stress
showed greater survival when maintained in CR serum
as compared to serum from AL-fed animals. It would
appear that heat stress and CR acted cooperatively to
enhance cell survival, possibly via activation of the
deacetylase SIRT1 [40, 41]. It is interesting to note that
the combination of heat stress with CR caused a
synergistic increase in Hsp70-GFP expression when
compared to either condition alone both in vitro and in
vivo.

Microarray results reinforce the idea that despite
significant genome-wide gene expression variation
between the two experimental models, the expression
profile of several transcripts implicated in tumorigenesis
and stress response exhibited a comparable pattern,
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whether B16F10 melanoma cells were cultured in CR
serum or implanted in mice fed a CR diet. Although this
in vitro model is quite distant from a physiological
setting, it displayed a number of molecular pathways
similar to the ones observed in vivo.

In conclusion, our findings indicate that the impact of
CR on the regulation of several pathways implicated in
tumorigenesis on an in vivo model of heat stress
response can be replicated in vitro using tumor cells
incubated with serum from CR-fed animals. The idea
that hormones and nutrients present in serum, whose
levels are altered during CR, are involved in
homeostasis control mechanisms, including the aging
process, has been suggested [7, 16, 23]. These results
support the notion that in vitro testing may be well
suited for the study of molecular aspects of CR that
have not been elucidated yet.

MATERIALS AND METHODS

Animals and dietary manipulation. The mice were
single-housed in duplex caging in a room maintained at

a constant temperature (20-22 °C) and humidity (30-
70%) in a light:dark 12:12-h schedule, according to
established animal protocols and NIH guidelines. Male
C57BL/6 mice (3 month old) were fed on a standard
purified mouse diet (NIH-31) ad libitum (AL; n=10) or
maintained on a 40% calorie restriction regimen (CR;
n=10) during six weeks. Body weight and food intake
was recorded weekly (supplemental figure 1 a, b).

Cell culture. BI6F10 melanoma cells (ATCC® CRL-
6475"") were purchased from American Type Culture
Collection (Manassas, VA); they were cultured in
Dulbecco's Modified Essential Medium (DMEM)
supplemented with 10% fetal bovine serum and
penicillin/streptomycin  (Gibco, Gaithersburg, MD)
under standard cell culture conditions. Cells were
incubated in media with 10% serum from AL- or CR-
fed rats (as described previously [23]). Briefly, serum
was obtained from overnight fasted, anesthetized 6-
month-old male Fisher 344 rats from three different
cohorts. The blood collection took place between 7-
11:00 a.m. After a 1-h incubation in a water bath at
45°C, cells were trypsinized, washed twice with
phosphate-buffered saline (Invitrogen, Grand Island,
NY), and then seeded at 1.5x10° cells/well in 96-well
plates. Cell proliferation assays were carried out
during 96 h by the addition of a tetrazolium salt
solution, WST-8, to each well according to the
manufacturer's protocol (Dojindo, Indianapolis, IN).
The absorbance of the formazan dye formed was
measured at 450nm using the Perkin Elmer HTS 7000
Plus BioAssay reader.

Heat shock treatment of B16F10 melanoma xenografts
in vivo. One month into the study, mice were injected
with 1x10° B16F10 melanoma cells stably transfected
with a plasmid containing GFP gene linked to rat stress-
inducible Asp70.1 gene promoter [24] in the
periscapular region (proximal) and in the lower back
over the hip (distal area). After a two-week period, five
mice were randomly chosen from each group and
placed in a tumor hyperthermia induction chamber
(THIC) constructed in our facility. Mice were
anesthetized with isoflurane droplets in a closed
chamber prior to being placed in the THIC and
maintained under anesthesia for the reminder of the
experiment. Two membranous tubes filled with pre-
warmed water were placed over the proximal (45°C)
and distal (27°C) tumors of the anesthetized mice
(supplemental figure 1 c, d). The water temperature was
maintained throughout the duration of the experiment.
After a 45-min heat treatment, the mice recovered for 4
h and then euthanized by cervical dislocation, according
to the AAALAC guidelines.

Melanoma tumor growth in vivoe. Tumor xenografts
were formed by implanting murine B16F10 melanoma
cells at the periscapular region and in the lower back of
AL- and CR-fed mice. Fourteen days later, animals
were euthanized and tumors were excised for the
determination of the tumor area using a caliper. Tumor
weight was also recorded.

GFP fluorescence detection. Experiments were carried
out as indicated, using B16F10 melanoma cells stably
expressing a plasmid encoding GFP-tagged Hsp70 that
were either maintained in culture or used as tumor
xenografts in mice. GFP fluorescence was monitored
using both a confocal microscope (Axiovert-200, Zeiss
LSM 510) to obtain images and a fluorimeter (Perkin-
Elmer LS-55 and HTS 7000 Plus BioAssay reader) to
accurately quantify GFP expression levels, which were
normalized per 10° cells (in culture) or mg of tumor
proteins.

Microarray analysis. RNA was isolated from B16F10
melanoma cells maintained in culture and as tumor
xenografts. For microarray analysis, RNA was
processed, reverse transcribed, labeled and hybridized
to Mouse 15K cDNA arrays and read on an Illumina
BeadArray 500GX reader. Raw data were subjected to
7 normalization to ensure compatibility using the
formula: z(raw data)=[In (raw data) — avg(In(raw
data))]/[std dev(In (raw data))], where In is natural
logarithm, avg is the average over all genes of an array,
and std dev is the standard deviation over all genes of
an array (Cheadle et al., 2003). The Z ratio (between
treatment A and B) is given by z(A)-z(B)/std dev.

WWW.aging-us.com 58

AGING



Individual genes with Z ratio > 1.5 in both directions, P
value < 0.05, and false discovery rate > 0.3 were
considered significantly changed. All raw data were
deposited in the NCBI Gene Expression Omnibus under
accession number GSE67430.

Statistical analysis. Statistical analyses were performed
using Microsoft Excel software (Microsoft Corp.,
Redmond, WA). Unpaired t-tests were used for all
analyses. Statistical significance was established at
p<0.05. Data are expressed as means + standard error of
the mean (SEM).
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Abstract: The cumulative effects of cellular senescence and cell loss over time in various tissues and organs are
considered major contributing factors to the ageing process. In various organisms, caloric restriction (CR) slows ageing and
increases lifespan, at least in part, by activating nicotinamide adenine dinucleotide (NAD®)-dependent protein deacetylases
of the sirtuin family. Here, we use an in vitro model of CR to study the effects of this dietary regime on replicative
senescence, cellular lifespan and modulation of the SIRT1 signaling pathway in normal human diploid fibroblasts. We
found that serum from calorie-restricted animals was able to delay senescence and significantly increase replicative
lifespan in these cells, when compared to serum from ad libitum fed animals. These effects correlated with CR-mediated
increases in SIRT1 and decreases in p53 expression levels. In addition, we show that manipulation of SIRT1 levels by either
over-expression or siRNA-mediated knockdown resulted in delayed and accelerated cellular senescence, respectively. Our
results demonstrate that CR can delay senescence and increase replicative lifespan of normal human diploid fibroblasts in
vitro and suggest that SIRT1 plays an important role in these processes. (185 words).

INTRODUCTION

senescence, which is characterized by irreversible
growth arrest and secretion of senescence-associated

The multifactorial process of ageing is thought to
involve the cumulative effects of cell loss in various
tissues and organs throughout life due in part to cellular
senescence [1-9]. Age-associated cell loss and the
consequent generation of hostile microenvironments are
believed to render the elderly susceptible to various
stresses, e.g. overloading cholesterol and oxidative
stress [10-15]. These age-associated metabolic
dysfunctions further contribute to fragility of otherwise
healthy older cells and organs, exacerbating the ageing
process. Normal human diploid somatic cells cultured in
the laboratory, recapitulate the senescence process
observed in ageing cells by displaying a finite
replicative lifespan [3,6,16]. After a limited number of
cellular divisions, these cells enter a state of replicative

bioactive factors like matrix metalloproteinases
(MMPs) [17,18].

In a wide range of organisms ranging from yeast to
mammals, calorie restriction (CR) has proven to be a
highly reproducible intervention for extending lifespan
as well as effectively retarding the onset and reducing
the incidence of age-related diseases [19-25]. Several
beneficial CR-associated effects are due to decreased
levels of oxidative stress and maintained metabolic
homeostasis [26-28]. Nicotinamide adenine dinucleo-
tide (NAD')-dependent protein deacetylases of the
sirtuin family are induced by CR in all experimental
systems studied and have been postulated to be at the
core of most of these effects [29-32]. In Saccharomyces
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cerevisiae, Caenorhabditis elegans and Drosophila
melanogaster increased Sir2 levels have been directly
associated with lifespan extension [33-37] and the
mammalian SIRT1 protein is regarded as one of the
candidate mediators of the longevity effect of CR in
rodents [38-40]. Supporting this notion, it has been
shown that over-expression of SIRT1 in transgenic mice
results in physiologic responses that resemble CR
treatments [41], and pharmacological interventions with
molecules that activate SIRT1 (e.g. resveratrol) extend
the lifespan of mice fed a high fat diet [42,43].

We have previously described an in vitro model of CR
using cell cultures grown in medium supplemented with
serum from animals on CR diets [44]. Many of the
features of CR, including reduced cellular proliferation,
enhanced stress responsiveness and changes in gene
expression could effectively be reproduced in this
system. In particular, CR serum leads to increased SIRT1
protein levels in cultured cells [38]. Thus, several effects
of CR appear to be mediated by circulating factors in the
sera of the animals subjected to the dietary regimen and
can be recapitulated in vitro. In this study we investigated
the effects of CR on replicative senescence. To this end,
we cultured normal human diploid fibroblasts in vitro in
the presence of serum from rats fed on CR (40%) versus
ad libitum (AL) diets, and assessed the consequences on
replicative capacity, cellular lifespan and modulation of
the SIRT1 signaling pathway.
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RESULTS

CR serum delays the onset of senescent phenotypic
changes and extends the replicative lifespan of
normal human diploid fibroblasts in vitro

Normal human diploid cells grown in vitro exhibit a
restricted population doubling potential and eventually
enter an irreversible growth-arrested state known as
replicative senescence, which has been proposed to
reflect cellular ageing [45,46]. To determine whether
CR can affect senescence entry and lifespan of normal
human diploid fibroblasts in vitro, three independent
normal human fibroblast cell lines were subpassaged in
media supplemented with either 10 % CR rat serum or
10% AL rat serum, and analyzed until they reached
senescence. Figure 1A shows the growth curves under
these conditions for the three cell lines tested, namely
IMR-90 (190-79) (left panel), IMR (190-26) (middle
panel), and WI-38 (AG06814N) (right panel). Exposure
of cultured IMR-90 (190-79) and WI-38 cells to CR
serum induced a significant increase in population
doubling levels (PDL) and all three cell lines showed a
profound delayed in the onset of senescent growth
arrest. The average lifespan (cumulative PDL time) of
these cells in the presence of CR serum was markedly
increased when compared to that of cells grown in
medium containing AL serum.

0 20 40 60 0
Days

25 50 75 100

Days

Days

0 20 40 60 80 100

Figure 1. CR serum delays senescence and extends
the lifespan of normal human diploid fibroblasts. (A)
human
fibroblast lines cultured in medium containing 10% of either
AL (red lines) or CR (blue lines) rat serum. Data obtained
with IMR-90 (190-79) (left panel), IMR-90 (190-26) (middle
panel) and WI-38 (right panel) are shown. PDL, population
doublings (B) Representative photomicrographs of early
passage IMR-90 cells (PDL 25) grown in medium with 10%
FBS (upper panel) and after undergoing serial subpassages in
the present of AL (left panels) or CR (right panels) rat serums

Cumulative growth curves of various normal

are shown. Original magnification: X100.
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To examine phenotypic changes during serial cultivation,
fibroblast morphology was assessed throughout the
study. Early passage IMR-90 fibroblasts (PDL 25) grown
in 10% FBS displayed a typical spindle-shaped
fibroblastic phenotype, grew to confluency, and were
contact-inhibited (Fig. 1B, upper panel). Subsequent
subpassage of these cells for 60 days in medium
supplemented with 10% AL rat serum resulted in
dramatic morphological changes, such as enlarged and
flattened cell shapes as well as low saturation densities,
both typical manifestations of senescence (Fig. 1B, lower
left panel). In contrast, CR rat serum-treated cells during
the same time period retained fibroblastic morphology
and attained higher saturation densities, indicating that
CR serum was able to delay the passage-induced
senescent phenotype (Fig. 1B, lower right panel).

CR serum treatment reduces SA-B-gal activity in
normal human diploid fibroblasts

Senescent cells contain elevated levels of senescence-
associated B-galactosidase (SA B-gal), an endogenous B-
galactosidase that is active at pH 6.0 [47]. To determine

whether CR serum affected the level of SA B-gal
activity in normal human diploid fibroblasts, IMR-90
and WI-38 cells were grown in the presence of various
sera, fixed at different passage numbers and stained
with a P-gal substrate for microscopic analysis. As
shown in Figure 2A, IMR-90 fibroblasts cultured in
normal DMEM medium supplemented with 10 % FBS
displayed a 15.8 fold increase in the percentage of SA
B-gal-positive cells from PDL 21 to PDL 55. Similarly,
the percentage of SA B-gal-positive WI-38 fibroblasts
cultured in DMEM supplemented with 10% FBS
showed an 8.3 fold increase from PDL 24 to PDL 40
(Fig. 2B). When IMR-90 cells grown in the presence of
rat sera were analyzed, we found that at PDL 37, the
percentage of SA B-gal-positive fibroblasts cultured in
DMEM containing 10 % CR serum was reduced more
than 8 folds compared to that of cells of the same
passage number grown in 10% AL serum (Fig. 2C). A
similar but more modest effect was also observed in
WI-38 cells at PDL 36 (Fig. 2D). Thus, CR serum was
able to significantly reduce the amount of passage-
induced SA-B-Gal activity in two independent lines of
normal human diploid fibroblasts.
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Figure 2. CR serum reduces SA-B-gal activity in normal human diploid fibroblasts. (A and B) Representative photomicrographs
of SA-B-gal staining (left panels) of IMR-90 fibroblasts at PDL 21 and 55 (A) and of WI-38, fibroblasts at PDL 24 and 40 (B). Data were
obtained from cells cultured in medium supplemented with 10% FBS. Original magnification: X100. Graphs on the right show the average
percentage of B-gal positive cells shown in left panels, and represent the average -/+ SEM from three independent experiments. * =
statistically significant (p<0.05) for early vs. late passage. (C and D) Representative photomicrographs of SA-B-gal staining (left panels) of
IMR-90 (PDL37) fibroblasts (C) and WI-38 (PDL36) cells (D) cultured for one week in the presence of AL (upper panels) or CR serum (lower
panels). Original magnification: X100. Graphs on the right show the average percentage of B-gal positive cells shown in left panels. Data
represent the average -/+ SEM from three independent experiments. * = statistically significant (p<0.05) CR vs. AL.
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CR serum treatment significantly decreases the
senescence-associated activation of MMP-2 in
normal human diploid fibroblasts

Cells undergoing replicative senescence contain
elevated levels of secreted matrix metalloproteinase
type-2 (MMP-2) activity. Full enzymatic activity of
MMP-2 requires that the enzyme be cleaved by
membrane-tethered MT-MMPs, in particular membrane
type-1 matrix metalloproteinase (MT1-MMP)[48-51].
To assess the effects of CR serum on the activation of
MMP-2, we performed gelatin zymography studies. As
shown in Figure 3A, increasing passage numbers of
normal human fibroblasts in DMEM 10 % FBS led to a
significant increase in MMP-2 processing and activity
in both IMR-90 cells (passaged from PDL 30 to PDL
36; left panel) and WI-38 cells (passaged from PDL 33
to PDL 39; right panel). When the levels of MMP-2
activity in IMR-90 (PDL 35) fibroblasts grown in
medium containing either rat AL or CR serum were
analyzed, we found that CR treatment significantly
reduced MMP-2 activation Fig. 3B). Similar results
were observed when WI-38 (PDL 36) cells exposed to
AL or CR serum were examined Fig. 3B).

A
IMR-90 Wi-38
<+ pro-MMP-2 < pro-MMP-2
<+ 2
MMP-2 ‘ Leiiis
30 36 (PDL) 33 39 (PDL)
B

E
<4+ pro-MMP-2
<+ MMP-2

35 36 (PDL)

Figure 3. CR treatment reduces MMP-2 activity in normal
human diploid fibroblasts. (A) Gelatin zymograms of protein
extracts from IMR-90 cells at PDL 30 and 36 (left panel), and
from WI-38 cells at PDL 33 and 39 (right panel) are shown.
These cells were cultured in DMEM with 10% FBS prior to
processing. (B) Gelatin zymograms of protein extracts from
IMR-90 at PDL 35 and WI-38 at PDL 36 that were cultured in
the presence of sera from AL or CR rats, as indicated, are
shown. The unprocessed pro-form of MMP-2 (pro-MMP-2)
and the mature, cleaved form of MMP-2 (MMP-2) are
indicated. MMP-2 standard control (STD) and negative control
sample (-) are shown.

SIRT1 protein expression is downregulated in
normal human fibroblasts during senescence and
CR serum-treatment delays this effect

At the cellular level, CR treatment is believed to
enhance resistance to various forms of stress at least in
part via the upregulation of sirtuins [38,52-54]. Since
CR serum had such a profound effect on the
development of a senescent phenotype in human
fibroblasts (Figs. 1 and 2), we first analyzed the levels
of SIRT1 protein in IMR-90 and WI-38 cells at
different passage numbers to determine whether its
expression was modulated during the senescence
process. As shown in Figures 4A and B, the amount of
SIRT1 protein in IMR-90 fibroblasts grown in the
presence of 10% FBS progressively declined with
increasing cumulative PDL (left panels). Specifically,
between PDL 20 and PDL50 cells underwent a dramatic
50% reduction in SIRT1 protein levels. Similarly, the
amount of SIRT1 in WI-38 fibroblasts was significantly
decreased from PDL 24 to PDL 40 (Fig.4A and B, right
panels). These results indicate that as human fibroblasts
are passaged in vitro and progress toward replicative
senescence, SIRT1 protein expression is significantly
downregulated.

IMR-90 fibroblasts grown in the presence of 10% rat AL
serum also showed a marked decline in SIRTI1 levels
from early (PDL 32) to late (PDL 45) passages Fig. 4C
and D, left panels). Interestingly, despite the fact that
IMR-90 fibroblasts grown in the presence of 10% rat CR
serum also experienced a reduction in SIRT1 levels from
PDL32 to PDLA45, the overall SIRT1 protein levels in
these cells were much higher than those observed in AL
serum-treated controls. Specifically, the amount of
SIRT1 protein found in IMR-90 fibroblasts grown in the
presence of CR serum at PDL45 was 15-20% higher than
that present in IMR-90 fibroblasts grown with AL-serum
at PDL32 Fig. 4C and D, left panels). CR rat serum also
preserved SIRT1 protein levels in WI-38 fibroblasts
when compared to AL rat serum treatment at an
intermediate (PDL 37) passage number Fig. 4C and D,
right panels). These results indicate that CR serum
treatment  significantly prevents the senescence-
associated SIRT1 downregulation displayed by normal
human fibroblasts in vitro.

Senescence in normal human fibroblasts is delayed
by SIRT1 overexpression

The correlation between increased SIRT1 levels and
senescence retardation displayed by normal human
diploid fibroblasts treated with CR-serum suggested that
SIRT1 may play an important role in this process. To
investigate the effects of SIRT1 modulation on
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Figure 4. SIRT1 protein levels in normal human diploid fibroblasts
decrease with increasing passage number and CR treatment retards
this effect. (A) Representative immunoblots for SIRT1 (upper panels)
and B-actin (lower panels) proteins from IMR-90 cells (left panel) and
WI-38 cells (right panel) at different passage number. (B)
Quantification of SIRT1 protein levels shown in (A), after correction for
B-actin loading controls. Data represent the average -/+ SEM from
three independent experiments; *= statistically significant (p<0.05).
(©) Representative immunoblots of SIRT1 (upper panels) and B-actin
(lower panels) proteins from IMR-90 cells at PDL 32 and PDL 45 (left
panels) and WI-38 cells at PDL 37 (right panels) cultured for one week
in media containing 10% CR or AL serum. (D) Quantification of SIRT1
protein levels shown in (C), after correction for B-actin loading control.
Data represent the average -/+ SEM from three independent
experiments (*and #= statistically significant (p<0.05) for PDL effect
and CR vs. AL effect, respectively).

senescence in these cells, we first induced SIRTI
overexpression in IMR-90 and WI-38 fibroblasts at a
late passage number, and analyzed cells for the
development of a senescent phenotype. To this end,
IMR-90 (PDL 48) and WI-38 (PDL 41) cells grown in
DMEM supplemented with 10% FBS were transfected
with either a plasmid coding for SIRT1 (pSIRT1) or a
control empty plasmid (Vector). As shown in Figure
5A, twenty-four hours after transfection, SIRT1 levels
were significantly increased in pSIRT1-transfected cells
compared to vector-transfected controls. Remarkably,
after two weeks in culture, IMR-90 and WI-38
fibroblasts  overexpressing SIRT1 displayed a
significantly higher cellular density than control cells
Fig. 5B). Thus, overexpression of SIRT1 in late passage
human fibroblasts grown in medium containing FBS
resulted in delayed senescent growth arrest.

A
IMR-90 WI-38
(PDL 48) (PDL 41)
vector pSIRT1 vector pSIRT1
<4 SIRT1
pr—— -— <—B-actin
[— i ——
B

vector pSIRT1

IMR-90
(PDL 48)

WI-38
(PDL 41)

Figure 5. Over-expression of SIRT1 in normal human
diploid fibroblasts delays senescence. (A) Representative
immunoblots for SIRT1 (upper panel) and B-actin (lower panel)
proteins from IMR-90 (PDL 48) and WI-38 (PDL 41) cells 24 hours
after transfection with either pSIRT1 (second and fourth lane) or
a control plasmid (vector; first and third lanes) and cultured in
medium supplemented with 10 % FBS. (B) Representative
phase-contrast photomicrographs of IMR-90 cells (PDL 48) and
WI-38 cells (PDL 41) two weeks after transfection with either
pSIRT1 or vector control. Original magnification: X200.
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Senescence in normal human fibroblasts is
accelerated by siRNA-induced downregulation of
SIRT1 and CR serum partially rescues this effect

We then tested whether downregulation of SIRT1 levels
in normal human fibroblasts could accelerate cellular
senescence. To this end, IMR-90 cells were infected
with Ad-SIRT1-siRNA, an adenoviral vector that has
been shown to efficiently knockdown SIRT1 gene
expression [38]. Immunoblot analysis showed that
forty-eight hours after Ad-SIRTI1-siRNA infection of
IMR-90 (PDL 37), approximately 80% of the SIRT1
protein was downregulated when compared to SIRT1
levels in cells infected with an empty adenoviral control

A B

IMR-90 (PDL 37)
Ad-ctrl  Ad-SIRT1

. e | < SIRTY

-l < p-actin

IMR-90 (PDL 50)

*

P [o2]
o o

n
o

SA B-gal + cells (%)

Ad-ctrl Ad-SIRT1

IMR-90 (PDL 37) + Ad-SIRT1

Fig. 6A). Similar results were observed with later
passage IMR-90 (PDL 50) fibroblasts (data not shown).
Interestingly, after 72 hours in culture in DMEM 10%
FBS, the percentage of senescent IMR-90 (PDL 50)
cells infected with Ad-SIRT1-siRNA was approximate-
ly 4-fold higher than that of cells infected with the
control adenoviral vector, as measured by SA-B-GAL
expression Fig. 6B and C). Interestingly, the knock-
down of SIRT1 in early passage IMR-90 cells (PDL 29)
led to a significant increase in MMP-2 activation Fig.
6D). These results indicate that reduction of SIRT1
protein levels alone can have a significant impact on the
development of senescence manifestations in normal
human fibroblasts.

IMR-90 (PDL 50)

Ad-ctrl Ad-SIRT1

IMR-90 (PDL 29)

< pro-MMP-2
<+ MMP-2

CR AL

Ad-ctrl Ad-SIRT1

Figure 6. SIRT1 siRNA-mediated downregulation exacerbates the development of senescence in normal human
diploid fibroblasts. (A) Representative immunoblots for SIRT1 (upper panel) and B-actin (lower panel) proteins from IMR-90
cells (PDL 37) forty-eight hours after infection with either Ad-SIRT1 or an empty adenoviral vector as negative control (Ad-ctrl).
(B) Representative phase-contrast photomicrographs showing SA B-gal staining of IMR-90 cells at PDL 50 forty-eight hours post-
infection with either Ad-SIRT1 or Ad-ctrl (negative control). Original magnification: X100. (C) Quantification of the percentage of
SA B-gal positive cells shown in (B).( D) Representative zymograms from early passage IMR-90 (PDL 29) cells seventy-two hours
after transfection with Ad-SIRT1 siRNA or Ad-ctrl vector. Representative data from three independent experiments are shown.
(E) Phase-contrast (photomicrographs of IMR-90 at PDL 37 infected with Ad-SIRT1, and subsequently incubated for 72 hours in
media containing 10% of either CR (left panel) or AL (right panel) rat serum. Original magnification: X200.
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When low passage IMR-90 cells (PDL 37) infected with
Ad-SIRT1-siRNA were subsequently exposed to
medium containing 10% CR rat serum for 72 hours,
their growth rate was improved (i.e. they attained higher
cellular density) compared to that displayed by the same
cells treated with medium containing 10 % AL serum
Fig. 6E). Therefore, even in the context of siRNA-
induced SIRT1 downregulation, CR serum treatment
still to some extent retarded the development of a
senescent phenotype in normal human fibroblasts.

Modulation of SIRT1 levels by either over-
expression, knockdown or CR-treatment is
associated with altered p53 levels

The tumor suppressor p53 signaling pathway plays a
major role in the development of senescence
[3,8,55,56], and it has been reported that SIRT1 can
modulate cellular stress responses and survival through
regulation of p53 [38,57-60]. Since CR treatment
delayed senescence and efficiently preserved SIRT1
expression in IMR-90 human diploid fibroblasts with

Figure 7. CR serum and over-expression of SIRT1 decrease
p53 levels whereas SIRT1 knockdown increases them in
IMR-90 cells. (A) Representative immunoblots for SIRT1
(upper panel), p53 (middle panel) and B-actin (lower panel)
proteins of cell extracts from IMR-90 cells (PDL 43) cultured
for 72 hours in media with CR (second lane) or AL (first lane)
rat serum. Right panel shows the quantification of p53 levels
for immunoblots shown on the left after correction for actin
controls (* = p< 0.05 CR vs. AL). (B) Representative
immunoblots for SIRT1 (upper panel), p53 (middle panel)
and B-actin (lower panel) proteins of extracts from IMR-90
cells (PDL 43) transfected twenty four hours prior to lysis
with either pSIRT1 or empty vector. Right panel shows the
quantification of p53 levels for the immunoblots shown on
the left after correction for actin controls (* = p<0.05, pSIRT1
vs. vector). (C) Representative immunoblots for p53 (upper
panel) and B-actin (lower panel) of proteins extracts from
IMR-90 cells (PDL 29) forty-eight hours after infection with
either Ad-SIRT1 or Ad-ctrl (negative control). Data shown in
A, B and C are representative of three independent
experiments per group.

increasing cumulative PDLs, we tested whether p53
levels were also modulated by CR treatment in these
cells. As shown in Figure 7A, we found that CR serum
treatment of IMR-90 fibroblasts at PDL43 was
accompanied by a decrease in p53 protein levels when
compared to AL serum treatment. Specifically, the
amount of p53 present in cells cultured in medium with
CR serum was 1.6-fold lower than that of the same cells
cultured in medium with AL serum (Fig.7A, right
panel). Overexpression of SIRT1 in pSIRT1-transfected
IMR-90 (PDL 43) fibroblasts grown in normal medium
caused a significant decrease in p53 expression levels
(Fig.7B). Conversely, the knockdown of SIRT1 in
early passage IMR-90 (PDL 29) fibroblasts enhanced
p53 expression ( Fig. 7C).

DISCUSSION

Several physiological consequences of CR regimes,
including reduced cellular proliferation and increased
stress resistance in certain cell types, can be reproduced
in vitro by culturing cells with serum obtained from
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animals that were fed CR diets. For instance, FaO cells
(a transformed rat hepatoma cell line) and rat primary
hepatocytes exposed to CR sera from either rats or
Rhesus monkeys have been shown to display enhanced
responsiveness to stresses such as heat shock-induced
toxicity and oxidative stress by hydrogen peroxide
(H202) [44]. A similar observation was recently made
with sera collected from human participants of the
FEAST study, which induced a form of CR by
alternate-day fasting or ADF (i.e. short, regular intervals
of complete caloric deprivation). The study compared
the effects on human hepatoma HepG2 cells of sera
collected from individuals at baseline (before dieting)
versus sera collected from the same individuals at the
end of the dieting period [53]. Interestingly, cells
cultured in sera from participants following the ADF
regime showed decreased proliferation and increased
resistance to heat shock stress.

Other consequences of CR regimes, like their beneficial
effects on the cardiovascular system, appear to be
accompanied by cellular proliferation. Csiszar et al.
reported that human endothelial cells cultured with sera
derived from Macaca mulatta on long-term CR
displayed increased migration, proliferation and
formation of capillary-like structures when compared to
cells treated with sera derived from ad-libitum-fed
control monkeys [61]. These effects were correlated
with upregulated vascular endothelial growth factor
(VEGF) signaling, and suggest that increased
angiogenesis caused by circulating serum factors could
be a potential mechanism by which CR improves
cardiac function and prevents vascular cognitive
impairment in vivo.

While all of the reported CR-mediated effects in vitro
have been observed after incubation of cells for short
periods with CR sera from various species, little is
known about the long-term effects of CR serum
treatment in cultured cells. An important cellular
consequence of the process of ageing is replicative
senescence, whereby cells lose their replicative capacity
and irreversibly exit the cell cycle. Decreased
senescence in vivo is believed to contribute to delayed
ageing and the increased tolerance to stress observed in
organisms subjected to CR regimens [3,8]; however, the
study of this cellular process in vivo (either in animals
or humans) is experimentally challenging. Therefore,
we decided to test the effects of CR serum on cellular
senescence in vitro using normal human diploid
fibroblasts, which undergo replicative senescence after
several passages in culture. Our results clearly show
that CR serum can significantly delay senescence
progression of these cells, resulting in increased
replicative lifespan. This was exemplified by delayed

appearance of senescent morphological changes,
decreased levels of p53 and reduced activity of
senescence markers such as SA [-galactosidase and
MMP-2, with the consequent increased in cumulative
PDL (Figs. 1, 2, 3 and 7).

The molecular mechanisms mediating the health
benefits associated with CR are not fully understood,
and while some may be shared among different target
organs and cell types, others are likely to be cell-type
specific. For instance, it was recently reported that CR
conferred persisting anti-oxidative, pro-angiogenic, and
anti-inflammatory cellular effects in rat cerebro-
microvascular endothelial cells, in part by modulating
the levels and activities of Nrf2, NFkB, and miR-144
[62]. Among the most ubiquitous molecular targets of
CR are the sirtuin proteins, whose levels are increased
in all animal models of CR, suggesting these enzymes
play a major role in CR-induced physiologic activities.
Studies performed in yeast, flies, worms and mice have
shown that increased sirutin activity due to either
protein over-expression or treatment with sirtuin-
activating compounds such as resveratrol, can per se
recapitulate several of the effects mediated by CR [33-
37,41-43]. Importantly, the CR-associated SIRT1
increases observed in animals can be recapitulated in in
vitro models of CR. CR-sera from rats and monkeys as
well as from human participants in the FEAST study
have all consistently induced increased levels of SIRTI
in various cell types exposed to these sera for short time
periods [38,53]. In human cells, CR serum-mediated
induction of SIRT1 leads to the sequestration of
proapoptotic factors and consequent promotion of cell
survival [38]. Here, we show that SIRT1 levels decline
with passage number in vitro as IMR-90 and WI-38
normal human fibroblasts progress toward replicative
senescence (Fig. 4A and B). This is in accordance with
previous reports showing reduced SIRT1 levels in
senescent human and mouse fibroblasts, human smooth
muscle cells (SMC) as well as human endothelial cells
[63-66]. Interestingly, when IMR-90 and WI-38 cells
were repeatedly passaged in the presence of CR rat
serum they displayed much higher levels of SIRT1 than
control cells passaged in AL serum (Fig. 4C and D).
Therefore, CR serum protects cells from SIRT1
decreases associated with the senescence process
throughout long time periods. Furthermore, experiments
where SIRTT1 levels were experimentally manipulated at
different passage numbers suggested that this protein is
important for the proper execution of the senescence
program (i.e. triggering it when eliminated by siRNA-
knockdown and delaying it when over-expressed) (Figs.
5 and 6). Previous studies testing the ability of SIRT1 to
delay senescence and increase replicative lifespan have
produced conflicting results. Over-expression of SIRT1
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in mouse embryo fibroblasts and articular chondrocytes
has been reported to inhibit senescence [67,68], whereas
reduced SIRT1 activity has been shown to induce
senescence in human breast cancer MCF-7 cells,
endothelial cells and articular chondrocytes [64,65,68].
However, others have found that SIRTI over-
expression does not affect the replicative lifespan of
human fibroblasts [69]. Importantly, mouse embryonic
fibroblasts from SIRT1-deficient animals displayed
increased rather than decreased replicative lifespan [70].
Ho et al. have suggested that some of these differences
may be explained by different levels of activity of the
NAD+ salvage pathway under various experimental
paradigms [63]. These authors observed that in SMCs,
SIRT1 over-expression conferred significant extension
of replicative lifespan only when the activity of the
nicotinamide phosphorybosiltransferase (Nampt), a rate-
limiting enzyme for NAD+ salvage, was also increased
[63]. Nampt activity has been shown to decline as cells
progress toward senescence [71-75]. Therefore, it is
possible that in IMR-90 and WI-38 cells the basal
activity of Nampt (and/or other NAD+- generating
enzymes) is sufficiently high to allow SIRT1-mediated
senescence modulation and/or that the sera tested in our
study contain factors that can enhance their function.
Future experiments should test these possibilities. We
observed that CR serum-treatment of early passage
IMR-90 cells undergoing siRNA-induced SIRT1
downregulation (and therefore accelerated senescence)
still had some retarding effect regarding the appearance
of a senescent phenotype Fig. 6E). This result suggests
that in addition to elevating SIRT1 levels, CR treatment
exerts a wider effect on senescence progression in these
cells. Whether results obtained with this in vitro system
are a reflection of the modulation of senescence in
organisms undertaking CR diets remains to be
determined.

Additional effects of CR on the senescence program
likely include the nutrient sensor mammalian target of
rapamycin (mTOR), which is implicated in stimulating
cell growth and an array of cellular functions [76, 77].
Nutrients as well as insulin and other growth factors
activate mTOR, which can lead to accelerated cellular
senescence [78, 79, 80]. Conversely, Rapamycin has
been shown to delay cellular senescence through the
inhibition of mTOR [81, 82]. Interestingly, Resveratrol
can suppress cellular senescence at least in part by
antagonizing the mTOR pathway through the activation
of Sirtl [83, 84]. CR serum has less nutrient availability
and leads to elevated levels of Sirtl, a combination that
would be expected to inhibit mTOR signaling [85].

Responses to CR treatment are expected to vary vastly
between normal and cancerous cells. For instance,

cancer cells typically show sustained aerobic glycolysis,
a phenomenon known as the Warburg effect, and
therefore are likely to be much more sensitive to
nutrient deprivation during CR than normal cells [86].
Under certain experimental paradigms, cancerous cells
also appear to display higher sensitivity than normal
cells to CR-mediated reductions in the levels of
circulating factors like Insulin-like growth factor 1
(IGF-1) [87, 88]. This increased sensitivity, at least in
tumors of epithelial origin, appears to be dependent on
the activity of the phosphoinositide 3-kinase
(PI3K)/AKT signaling pathway [89, 90]. Differences in
the activities of several other signaling molecules,
including mTOR and Sirtuins, have also been
implicated in the differential effects of CR on normal
versus tumor cells [91].

Abrogation of programmed senescence appears to be a
fundamental prerequisite for tumor formation
[3,7,9,19]. In that regard, the senescence-suppressing
effects of CR would be predicted to have tumorigenic
activity; however, long term CR in various animal
models has been consistently associated with lower
cancer risk [92-97]. Clearly, other beneficial effects of
CR must operate to prevent cancerous changes in long-
lived cells. On the other hand, and despite the predicted
anti-tumor activity of replicative senescence, this
process might also contribute to tumor formation and
spread under certain circumstances (e.g. through the
microenvironmental disruption that results from the
secretion of extracellular matrix-degrading proteases by
senescent cells). The expression of MT1-MMP and the
activation of MMP-2, for instance, strongly correlate
with tumor growth, neovascularization, and metastasis
[98-108]. In addition, MMP-2 protein levels have been
shown to increase in all tumor-derived fibroblast lines
[17,109]. Our data show that whereas normal senescent
human diploid fibroblasts produced high levels of
MMP-2, CR serum treatment led to a significant
reduction in MMP-2 activity associated with passage
number Fig. 3). Whether this effect is representative of
in vivo consequences of CR and could contribute to its
anti-tumor activity remains an interesting possibility.
The reduction in MMP-2 displayed by CR-treated
human diploid fibroblasts in this study correlated with
increased SIRT1 levels, and knockdown of SIRTI in
early passage cells enhanced MMP-2 activation to
levels comparable to those associated with cells at a
much later passage number (i.e. senescent) (Fig. 6D).
These data highlight the potential beneficial effect of
interventions based on CR or SIRT1-agonists like
resveratrol against tumor-promoting MMP-2 activity.

SIRT1 has been shown to regulate cellular responses to
diverse stresses in part through deacetylation of the
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tumor-suppressor p53 and the consequent down-
regulation of its transcriptional activity in various cell
types, including neurons, cardiac myocytes, and smooth
muscle cells [110-118]. Several lines of evidence show
that p53 also plays a central role in the progression of
cellular replicative senescence. Elimination of p53
activity from pre-senescent cells through sequestration
by viral oncoproteins extends the lifespan of human
cells by as much as 200 population doublings [119,120].
Similarly, introduction of dominant negative versions of
mutant p53 also increases cellular lifespan [91] and
micro-injection of anti-p53 antibodies into senescent
human fibroblast reinitiates DNA synthesis and allows
further population doublings [121]. Our data indicate
that CR-mediated modulation of SIRTI1 signaling in
human diploid fibroblasts directly correlated with
decreased expression levels of p53 (Fig. 7). Once again,
how a treatment like CR can lead to both lower p53
levels and reduced cancer risk remains to be elucidated.
Manipulation of SIRT1 levels by silencing or
overexpressing SIRT1 also resulted in increased and
decreased p53 levels, respectively (Fig. 7). A recent
report showed that normal human fibroblasts in vitro
and colon adenomas in vivo displayed a particular
senescence-associated signature of p53  isoform
expression, with elevated levels of p53p and reduced
®133p53 [56]. Whether CR treatment results in altered
expression of any of these isoforms should be
investigated.

In summary, this study demonstrates that delayed
senescence onset, one of the anti-ageing effects believed
to be exerted by CR, can be induced in vitro in cells
incubated in media supplemented by serum collected
from animals fed a CR diet. Specifically, exposure of
normal human diploid fibroblasts to CR rat serum
compared to AL rat serum resulted in i) sustained
increases in SIRT1 levels, ii) decreased p53 levels, iii)
delayed morphologic senescent changes, iv) reduced
activities of SA B-gal and MMP-2, and v) increased
replicative lifespan. The modulation of cellular
senescence by CR serum described here further
validates the use of this in vitro model to investigate the
mechanisms behind the beneficial effects of CR. We
now have an experimental system to identify CR serum
components or CR-mimetic compounds that regulate
senescence and to study the molecular consequences of
their effects. We also show that manipulation of SIRT1
levels by either over-expression (mimicking the effects
of CR serum) or knockdown of this protein (mimicking
the effects of AL serum) resulted in delayed and
accelerated cellular senescence, respectively. Taken
together, these findings indicate that the modulation of
the SIRT1 signaling pathway per se can have a
significant impact on the progression of the senescence

program in normal human fibroblasts, and suggest that
SIRT1 plays an important role in CR-mediated
senescence retardation and  replicative  lifespan
extension in these cells.

MATERIALS AND METHODS

Animals, dietary manipulations and sera. Male Fisher-
344 rats fed either an AL or CR diet were used in these

experiments. AL animals were fed a NIH-31 standard
diet while CR animals were given a vitamin- and
mineral-fortified version of the same diet. CR animals
were in a 60% calorie restriction since weaning (i.e.
40% less food (by weight) than the average AL
consumption). Water was available ad libitum for both
groups. Animals were maintained under controlled
conditions including 12 on/12 off light cycle, with
appropriate temperature and humidity. The animal
protocol used was approved by the Institutional Animal
Care and Use Committee of the Gerontology Research
Center and complied with the guide for the care and use
of laboratory animals (NIH publication No. 3040-2,
revised 1999).

Sera from these animals were collected every other
week during a 6-month period. All sera were obtained
from fasted, anesthetized animals. Rats were
anesthetized and a 21-gauge catheter was inserted into
the tail vein. 1.5 ml of whole blood was then collected
and allowed to clot for 20-30 minutes, followed by
centrifugation for 20 min at 2500 rpm. Sera were
removed from the centrifuged samples and stored
frozen until used. All sera utilized were thawed and heat
inactivated at 56 °C prior to use in cell culture
experiments.

Cell culture. IMR-90 (190-79), IMR-90 (190-26) and
WI-38 (AG06814-N) with PDL at freeze of 17, 30 and
15, respectively, were purchased from Coriell Institute
for Medical Research (Camden, NJ). These cells were
grown in Minimum Essential Medium (MEM) (1X),
with 2mM L-glutamine, 100 ug/ml penicillin, and 100
pg/ml streptomycin and supplemented with either 10%
fetal bovine serum (FBS) or 10% serum from AL- or
CR-fed rats. Cells were maintained at 37°C under a
humidified 5% CO, and 95% O air atmosphere. Except
for experiments describing Figure 1, IMR-90 (I90-79)
cells were utilized for all other experiments.

Transfections and infections. The pSIRT1 expression
vector, adenovirus SIRT1 siRNA (Ad-SIRT1), and their
respective negative controls were kindly provided by
Dr. D. Sinclair (Harvard University) and have been
previously described [38]. Cells were transfected with
pSIRT1 or control plasmid (empty vector) using
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Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
following manufacturer’s instructions. Adenoviral
infections with either Ad-SIRT1 or Ad-control were
carried out at a multiplicity of infection (MOI) of 100,
as previously described [38].

SA-B-galactosidase assay. The percentage of SA-B-gal-
expressing cells was determined as previously described
[47]. Briefly, cells in 6-well plates were washed twice
in PBS, fixed for 5 min in 4% paraformaldehyde in PBS
and washed three times in PBS. The cells were then
incubated overnight at 37 °C with fresh SA-B-gal
staining solution (1 mg of [5-bromo-4-chloro-3-indolyl
B-D-galactopyranoside]/ml of 5 mM potassium
ferrocyanide, 5 mM potassium ferricyanide, 150 mM
NaCl, 2 mM MgCl, in 40 mM citric acid/sodium
phosphate, pH 6.0) and examined under the microscope.

Western blotting. Whole-cell lysates were prepared by
scraping cells in Laemmli buffer (0.12 M Tris, pH 6.8,
4% (w/v) SDS, 20% (v/v) glycerol) containing a protease
inhibitor cocktail (Sigma, St. Louis, MO). Proteins were
then separated by SDS/PAGE under reducing conditions
on a 12% gel and transferred to PVDF membranes.
Unspecific binding was blocked by incubation in 5%
milk blocking buffer (PBS, 5% nonfat milk and 0.1%
Tween 20). Membrane bound proteins were then
immunoblotted with antibodies to p53 (ab7757-100,
abcam), actin (Santa Cruz Biotech, Santa Cruz, CA), or
Sirtl (Millipore, Billerica, MA). Signals were developed
using ECL reagent (Amersham Pharmacia Biotech,
Buckinghamshire, England) and densities of the bands
were evaluated using a Syngene Gene Genius Bio-
Imaging System (Imgen, Alexandria, VA). Protein
loading was evaluated either using b-actin antibody
(Santa Cruz) or Ponseau S staining (Sigma-Aldrich).

Gelatin _zymography. Gelatin zymography was
performed as previously described with some
modifications [48]. Briefly, cells were lysed in SDS-
sample buffer and aliquots (equivalent to 10° cells per
lane) were loaded without reduction onto 10% Novex
gelatin zymogram gels (Invitrogen), run at 125 V for 90
minutes, and incubated in Novex Zymogram renature
buffer for 30 minutes (to remove SDS and renature the
MMP-2 species). Then the gels were incubated in
developing buffer at 37° C for 4 hours to induce gelatin
lysis by renatured MMP-2.

Statistical analysis. All results are expressed as the
mean + SEM. Statistical comparisons for multiple group
differences were made via a one-way or two-way
ANOVA, followed by Bonferoni post hoc tests; and for
two group comparisons were determined via Student’s

t-tests. A p value of < 0.05 was considered statistically
significant.
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Abstract: Dietary restriction (DR), defined as a moderate reduction in food intake short of malnutrition, has been shown to
extend healthy lifespan in a diverse range of organisms, from yeast to primates. Reduced signalling through the
insulin/IGF-like (11S) and Target of Rapamycin (TOR) signalling pathways also extend lifespan. In Drosophila melanogaster
the lifespan benefits of DR can be reproduced by modulating only the essential amino acids in yeast based food. Here, we
show that pharmacological downregulation of TOR signalling, but not reduced 1IS, modulates the lifespan response to DR
by amino acid alteration. Of the physiological responses flies exhibit upon DR, only increased body fat and decreased heat
stress resistance phenotypes correlated with longevity via reduced TOR signalling. These data indicate that lowered
dietary amino acids promote longevity via TOR, not by enhanced resistance to molecular damage, but through modified

physiological conditions that favour fat accumulation.

INTRODUCTION

Dietary restriction (DR) is an intervention whereby a
considerable reduction of food intake, just short of
malnutrition, extends lifespan. This has been
demonstrated to be effective in a wide range of
evolutionarily diverse organisms, from yeast [1] to
invertebrates [2] and mammals [3], and is considered
one of the most robust environmental interventions to
extend lifespan in laboratory organisms. Moreover, the
longevity promoting effects of DR are accompanied by
a range of health benefits. DR rodents had a delayed
onset or a lesser severity of age-related diseases such as
cancer, autoimmune diseases and motor dysfunction [4—
6] and improved memory [7]. In C. elegans, DR was
shown to reduce proteotoxicity [8]. DR rhesus monkeys
were found to have improved triglyceride, cholesterol
and fasting glucose profiles, and a reduced incidence of
diabetes, cancer, cardiovascular disease and brain
atrophy [9].

The molecular mechanisms underlying the physiological
changes elicited by DR have yet to be elucidated,
however, experimental data point towards nutrient
signalling pathways as playing an important role. The
evolutionarily conserved Target of Rapamycin Complex
1 (TORC1) pathway senses amino acid availability and
signals to enhance translation via activation of S6 kinase-
1 (S6K1) and inhibition of elF4E binding protein-1(4E-
BP1). TORCI also regulates transcription and autophagy
in response to a range of signals, including nutrient
availability, cellular energy levels, and growth factors, in
such a way that growth rates match resources [10].
Experimental validation of a role for TORCI in
determining lifespan has come from a range of laboratory
organisms. Lifespan extension by inhibition of TORCI1
pathway genes has been demonstrated in S.cerevisiae
[11], C.elegans [12], D. Melanogaster [13] and in mice
[14-19]. How TORCI inhibition promotes longevity is
unknown.
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Another nutrient sensing pathway that is commonly
associated with modified ageing is the insulin/insulin-
like growth factor signalling (IIS) network. Mutations in
components of the IIS pathway have extended lifespan
in a host of model organisms [20]. Because the IIS
pathway senses nutrients, considerable effort has been
made to assess the role for IIS in modulating the
longevity responses to DR. While IIS does not seem to
be solely accountable for DR, some experimental data
suggest overlapping mechanisms for IIS- and DR-
mediated lifespan extension [21].

Recent work has shown that adjustments to the dietary
amino acid balance can mimic the benefits to lifespan
by DR in D. melanogaster [22]. Supplementing a DR
diet with the ten essential amino acids (EAA)
phenocopy the effects of full feeding (FF) on lifespan
and fecundity, indicating that the beneficial effects of
DR are a consequence of improved amino acid balance.
Experimentally, the addition of EAAs to DR(DR+EAA)
offers a sharper instrument with which to dissect the
potential causes of lifespan change in response to
nutritional balance than the FF condition, which is
achieved by increasing the concentration of dietary yeast.
Here we characterize physiological and metabolic
parameters that define DR and fully fed flies with theaim
of identifying candidate factors for causation of the
lifespan response to DR.

RESULTS

TORCT1 signalling but not IIS signalling is required
for the effect of EAA on lifespan and fecundity

Dietary restricted (DR) flies are longer-lived than fully
fed flies, but produce fewer eggs. The effect of full
feeding to shorten lifespan and increase egg laying can
be mimicked by the addition of the 10 essential amino
acids (EAA) to DR food (Figures la-1c).

To assess the role of the longevity-associated nutrient
signalling pathways as potential mediators of the effect
of EAA on lifespan, we tested the response to DR of
flies that are long lived due to deletion for genes
encoding three of the Drosophila insulin-like peptides,
(DILPs) ilp2, ilp3 and ilpS. We found no difference
between the responses of wild type and DILP mutant
flies to the addition of EAA to DR food, indicating that
IIS is not required for the lifespan extension by DR
(data not shown). In contrast, addition of the TORCI
inhibitor rapamycin extended the lifespan of flies on
DR+EAA such that their lifespan was not shorter than
those subjected to DR (Figure 2a). Rapamycin treatment
also prevented the increase in egg laying seen for EAA
addition to DR food, in fact egg laying was effectively
blocked by rapamycin treatment. We also found that
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Figure 1. Amino acids mediate lifespan and fecundity changes under DR. (a) Summary of Drosophila median
lifespans under dietary restriction (DR), full feeding (FF) and essential amino acid supplementation of DR (DR+EAA)
(n=13 biological replicates; DR vs FF, P<0.001; FF vs DR+EAA, P=0.9383; DR vs DR+EAA, P=0.002; Wilcoxon rank-sum
test) (b) A representative lifespan experiment: adding EAAs to DR food shortened lifespan (P< 0.001) to that of FF flies
(P=0.194); n=150 per treatment; compared using the log-rank test. (c) Adding EAAs to DR food increased egg-laying
(P<0.001) to that of FF flies (P<0.936). Fecundity: meants.e.m.; n=15; compared using the Wilcoxon rank-sum test.
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Figure 2. Effect of Rapamycin treatment on EAA-supplemented flies. (a) Rapamycin treatment extended
the lifespan of DR+EAA flies beyond that of DR (DR+EAA vs DR+EAA+Rapamycin, P<0.001; DR vs DR+EAA,
P<0.012). n=150 per treatment; log-rank test. (b) Rapamycin treatment decreased the lifetime fecundity of
DR+EAA flies (P<0.001). Fecundity: meanzs.e.m.; n=10; Wilcoxon rank-sum test. (c) Levels of phospho-T398-S6K
were measured from whole-fly protein extracts. Treatment with rapamycin for 7 days decreased phospho-T398-
S6K levels in DR+EAA+Rapamycin flies relative to DR+EAA flies.

phosphorylation of the TORC1 target S6K was reduced
by the addition of rapamycin (Figures 2b, 2c). Together,
these data are consistent with TORCI signalling playing
a role in mediating the change in lifespan upon DR.

EAA supplementation alters responses of DR flies to
H;O; stress, heat stress, starvation stress, and TAG
levels

We set out to identify phenotypic correlates of lifespan
change under our dietary conditions in order to
understand the causal mechanisms of increased lifespan
under DR. Long-lived animal models often have an
associated increase in the ability to resist environmental
stresses and this is assumed to reflect a general increase
in their health. Long-lived insulin/IGF-like signalling
(IIS) mutant flies have been shown to be resistant to
acute toxic doses of DDT, paraquat and hydrogen
peroxide (H207) [23-25]. We tested whether long-lived
DR flies are protected from the harmful effects of these
compounds. We found that DR flies were significantly
more resistant than DR+EAA flies to a toxic dose of
H,0,, whereas no difference was apparent for paraquat
(Figures 3a, 3b). Surprisingly, DR flies were more
sensitive to a toxic dose of DDT than DR+EAA flies
(Figure 3c), indicating that, at least for DDT resistance,
DR does not protect against this toxin in the same way
that lowered insulin signalling does.

Long-lived DR C. elegans have increased resistance to
heat stress [26,27]. Upon testing the response of flies to
heat shock stress, we found that DR flies were
significantly less resistant than DR+EAA flies (Figure
3d), indicating that longevity associated with amino
acid reduction comes at a cost to heat stress resistance.

Finally, we found that DR flies showed greater
resistance to starvation than DR+EAA flies (Figure 3e),
suggesting a possible mechanistic relationship between
longevity and starvation resistance. Resistance to
starvation stress could depend on the availability of
enhanced energy stores within the fly. While we found
no difference between groups in the levels of the
storage carbohydrates glycogen or trehalose (Figure 3f,
3g) we did find that DR flies had significantly higher
levels of triacylglycerides (TAG) than DR+EAA flies
(Figure 3h). It is possible that this difference in
TAG levels is causative of the longevity differences
between DR and DR+EAA flies such that increased
TAG confers some benefit to survival.

Increased TAG and decreased heat-stress resistance
correlate with increased lifespan with DR

If the above phenotypes induced by DR are causally
linked to longevity through reduced TORCI signalling,
it should be possible to reproduce the same
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physiological outcomes by treating flies with
rapamycin. We therefore tested the effect of rapamycin
on DR+EAA flies for H,O; stress resistance, starvation
sensitivity, heat shock stress resistance and TAG levels
(Figures 4a-d). Of these, heat stress resistance and TAG
levels changed upon rapamycin treatment of DR+EAA
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flies, such that the responses became more similar to
DR flies; Like DR, rapamycin treatment increased the
sensitivity of EAA-treated DR flies to a 39°C heat
stress, and increased their TAG content. There was no
effect of rapamycin on the response of EAA-treated
flies to H,O3 stress or to starvation stress.
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Figure 3. Phenotype comparisons between dietary restricted flies and those supplemented with EAAs. (a)
DR+EAA flies showed a decreased resistance to hydrogen peroxide toxicity compared to DR flies (P=0.013; n=150 flies per
condition). (b) There was no difference between DR and DR+EAA flies in their sensitivity to paraquat stress (P=0.517; n=150
flies per condition). (c) DR+EAA flies showed only a marginal, but significantly improved tolerance to DDT compared to that
of DR flies (P=0.042, n=100 flies per condition). (d) DR+EAA flies were significantly more resistant to a 392C heat stress
compared to DR flies (P<0.001; n=40 flies per condition). (e) DR+EAA flies were significantly more sensitive to starvation
than DR flies (P<0.001; n=100 flies per condition). (f) After 7 days of treatment there was no difference in the amounts of
glycogen measured for DR+EAA flies compared to DR flies (P=0.656; n= 6). (g) There was no difference in the levels of
trehalose measured for DR+EAA flies compared to DR flies (P=0.630; n=6 flies per condition). (h) DR+EAA flies had
significantly reduced levels of TAG compared to DR flies (P<0.001; n=6 flies per condition). For figures a-e, P values were
calculated using the log-rank test. For figures f-h, P values were calculated by T-test, and error bars represent the s.e.m.
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Figure 4. The effect of rapamycin to alter phenotypic differences between DR and DR+EAA flies. (a)
Rapamycin had no effect on the sensitivity of DR+EAA flies to H,0, stress (P=0.963; n=105 flies per condition). (b)
Rapamycin had no effect on the sensitivity of DR+EAA flies to starvation stress (P=0.071; n=150 flies per condition). (c)
Rapamycin, like DR, increased the sensitivity of DR+EAA flies to a 392C heat stress (P<0.001; n=30 flies per condition).
For figures a-c, P values were calculated using the log-rank test. (d) Rapamycin treatment increased the
triacyglyceride (TAG) levels of DR+EAA flies to the level of DR (P=0.011; n=6; T-test; error bars represent the s.e.m).

DISCUSSION

We have described the physiological and metabolic
features that define long-lived DR flies in order to
understand the mechanisms by which longevity is
achieved. Our data indicate that dietary amino acids
modify TORCI signalling, which in turn alters lifespan
outcomes. We also found that both dietary amino acid
manipulation and TORC1 modification in flies alter
TAG levels, such that higher body fat may play a causal
role in enhancing fly lifespan in response to dietary
restriction.

We found that the lifespan of insulin-mutant flies
responded in a similar way to DR as wild-types,
indicating that reduced IIS is not required for the
lifespan-extending effects of DR. This appears to

contrast previous studies that have reported interacting
effects of IIS on DR, such that lifespan modification in
response to yeast dilution is abolished in some IIS
mutants [22,23,28]. These differences could be due to
the fact that in the current study we modulated lifespan
by adjusting EAA alone, rather than yeast. In doing so,
we report a markedly different sampling of nutritional
space than for yeast dilution, since we change the ratio
of EAAs to all other dietary components, such as lipids,
carbohydrates, non-essential amino acids, vitamins and
trace elements. This may also explain why the
phenotypes of our long-lived flies are somewhat
different from those of other organisms subjected to
DR. Interestingly, our experiments also showed that
long-lived DR flies had decreased resistance to DDT,
which is the opposite phenotype seen for IIS mutant
flies, in which longevity is accompanied by dFOXO-
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dependent DDT resistance [23,29]. Together, these data
suggest that the beneficial effects on lifespan of DR can
be achieved independently of IIS, similar to that
reported by Tatar [21]. Moreover, it has been suggested
that the effects of IIS on longevity are dependent on the
status of TOR activity [30].

One of the strategies taken to understand the
mechanisms by which dietary or genetic treatments
enhance longevity is to seek out correlated
physiological changes that may provide insights into the
treatment’s mode of action. A common mechanistic
explanation for longevity requires enhancing systems to
protect against the damaging side-effects of aerobic
metabolism, such as that caused by oxidative stress or
endogenous lipophilic toxins [31,32]. In our analyses,
we found no evidence for broad-spectrum enhanced
protection against stressors under DR. Thus, the
mechanism for increased longevity under DR may not
involve enhanced resistance to stress. Similar
observations in studies on worms [33,34] has led to an
alternative hypothesis that “hypertrophy” caused by
inappropriate  continuation of early-life growth
programmes into later life is detrimental to an organism
and causes ageing [35-38]. This explanation also
implicates high levels of TOR signalling as its
mechanism.

We found increased TAG levels correlated with longer
life in our flies subjected to DR or rapamycin treatment.
DR by yeast restriction in Drosophila has also been
shown to increase lipid content [39—41], and several
rodent studies show that higher fat levels correlate with
increased lifespan [42—44]. In a recent study, Kapahi
and colleagues showed that DR flies have increased
TAG, and demonstrated an increased requirement for
muscle-specific fatty-acid synthesis and breakdown in
extending lifespan under DR [45]. Moreover, some
long-lived TOR and IIS pathway mutants have
increased fat levels [46-49]. Given that not all fat
mutants are long-lived [50], it is likely that if fat levels
are causally involved in extending life, the quality of fat
accumulated is important. It would be interesting in
future work to determine how lipid profiles change
under different dietary conditions, to identify the
specific types of lipids that are altered, and whether
experimental manipulation can enhance lifespan.

EXPERIMENTAL PROCEDURES

General Methods

Standard laboratory food . Dietary restriction medium
(1xSYA) contained100 g/l yeast (1x; MP Biomedicals,
OH, USA), 50 g/l sucrose (Tate & Lyle, London, UK),

15 g/l agar (Sigma-Aldrich, Dorset, UK), and 30ml/l
nipagin (Chemlink Specialities, Manchester, UK) and
3ml/l propionic acid (Sigma-Aldrich, Dorset, UK).This
diet and its method of preparation is described in Bass
et al.,, 2007 [51]. The fully fed medium (2xSYA) was
prepared in the same way, except that it contained
200g/1 yeast.

Experimental food. Rapamycin (LC Laboratories, MA,
USA) was dissolved in ethanol and added to 1xSYA
food at a final concentration of 200uM. Essential amino
acids (Sigma-Aldrich, Dorset, UK) were dissolved in
MiliQ water, and added to I1xSYA food at
concentrations shown in Table 1. As control measures,
ethanol alone was added to the food conditions that did
not contain rapamycin, and water was added to food
conditions that did not contain essential amino acids.

Table 1. Quantities of each of the essential amino acids
added to 1l of 1xSYA food medium.

Essential amino acid Concentration in 1xXSYA
(Sigma-Aldrich) medium (g/1)
L-arginine 0.43
L-histidine 0.21
L-isoleucine 0.34
L-leucine 0.48
L-lysine 0.52
L-methionine 0.10
L-phenylalanine 0.26
L-threonine 0.37
L-tryptophan 0.09
L-valine 0.40

Fly stocks and husbandry. The wild-type Dahomey
strain was originally collected in 1970 from Dahomey
(now known as the Republic of Benin) and since
maintained as a large outbred stock with overlapping
generations at 25°C on a 12h light:12h dark cycle.
These conditions allow for inter-generational breeding
and the life expectancy of flies remain similar to that of
newly caught wild flies [52]. Flies used for
experimentation came from parental flies of the same
age at egg laying, thereby controlling for the effects of
parental age on lifespan [53].

Insulin-signalling mutant flies lacking the Drosophila
insulin-like peptides (DILPs) ilp2, ilp3 and ilpS were
generated as described in Gronke et al., 2010 [23].
These flies were backcrossed into a control white®*"*™

background stock, which was derived by backcrossing

w''"® into the outbred wild-type Dahomey background

[24]. All mutations were back-crossed into their control
backgrounds for a minimum of 6 generations.
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Lifespan. All experiments were conducted at 25°C on a
12h light:12h dark cycle, at a constant humidity of 65%.
Flies were reared at a standard larval density of ~300
flies per bottle, and all experimental adults were
collected within a 12 hour period after eclosion. Flies
were allowed to mate for 48 hours after eclosion before
the experimental females were separated out under CO»
anaesthesia. Females were then randomly allocated to
the experimental food treatments and housed in plastic
vials containing food at a density of 10 flies per vial,
with 15 wvials per condition (n=150). Flies were
transferred to a fresh food source 3 times per week,
during which any deaths and censors were recorded.

Fecundity. Lifetime fecundity was measured as the
cumulative total for days 7, 14, 21 and 28 of the mean
number of eggs laid per female fly over each 24-hour
period. Eggs in each vial were counted by eye using a
light microscope after 18-24 hours exposure to flies.

Western blots. Protein extracts for western blot analysis
were made from whole flies, sampled after 7 days of food
treatment, using a TCA-based extraction protocol. 10ul
of each sample was loaded into a 12% SDS-PAGE gel
and blots were probed with anti-phospho-Thr398- S6K
antibody (#9209, Cell Signaling Technologies, MA,
USA), and total-S6K (re-made using a peptide sequence
previously used to generate the total S6K antibody in
Stewart et al., 1996 [54]). Both antibodies were used at a
dilution of 1:12000 and normalised by probing with an
anti-actin antibody at a dilution of 1:5000. Secondary
antibodies conjugated to HRP (AbCam, Cambridge, UK)
were used at a dilution of 1:5000, and the signals were
detected by chemiluminescence.

Stress Experiments

Experimental flies were reared and housed as described
for the lifespan experiment. Mated female flies were
kept on the experimental food types for 7 days before
being transferred to the stress conditions.

Paraquat, DDT and H>O, stress. The orally
administered stressors were as made up follows: IxSYA
containing 20mM paraquat (Sigma-Aldrich, Dorset,
UK), 1xSYA containing 0.03% w/v DDT (Supelco
Sigma-Aldrich, Dorset, UK), 1.5% agar medium
containing 5% H>O; (Sigma-Aldrich, Dorset, UK) and
50g/1 sucrose, or plain 1.5% agar medium for the
starvation experiment.

Heat shock. Experimental flies were transferred singly
into dry empty 2ml glass vials, plugged with cotton

wool and placed into a water bath set at 39°C. The time

taken for each fly to fall onto its back and stop
twitching (knockout) was recorded.

M lic m remen

Experimental flies were reared and housed as described
for the lifespan experiment. Mated female flies were
kept on the experimental food types for 7 days before
being frozen in liquid nitrogen. 6 replicas of 5 flies per
condition were used for all metabolic measurements.

Triacylglyceride measurement. Flies per condition were
homogenised in 0.05% Tween 20 (Sigma-Aldrich,
Dorset, UK) according to Gronke et al., 2003 [55]. TAG
content was quantified using the Triglyceride Infinity
Reagent (Thermo Fisher Scientific, Surrey, UK).

Glycogen measurement. Flies were homogenised in
200pul saturated NaxSOs solution and centrifuged for 1
min. 80ul of each sample was transferred to new
Eppendorf tubes and 800ul chloroform:methanol (1:1)
solution was added. Samples were centrifuged for 5
minutes and the supernatant was removed. The
remaining pellet, containing precipitated glycogen, was
resuspended in 1ml anthrone solution (anthrone in 50
ml 70% H>SOs) and incubated at 90°C for 20 minutes.
200pul of each sample was dispensed into the wells of a
flat-bottomed 96-well plate, and the absorbance in each
well was measured at 620nm and compared against a
set of glycogen standards ranging from 0-2pg/pl
(protocol adapted from Van Handel, 1965 [56]).

Trehalose measurement. Trehalose levels were
measured using the Glucose Infinity Reagent (Thermo
Fisher Scientific, Surrey, UK), as described in
Broughton et al., 2005 [24].
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Abstract: Dietary supplements are widely used for health purposes. However, little is known about the metabolic and
cardiovascular effects of combinations of popular over-the-counter supplements, each of which has been shown to have
anti-oxidant, anti-inflammatory and pro-longevity properties in cell culture or animal studies. This study was a 6-month
randomized, single-blind controlled trial, in which 56 non-obese (BMI 21.0-29.9 kg/m’) men and women, aged 38 to 55 yr,
were assigned to a dietary supplement (SUP) group or control (CON) group, with a 6-month follow-up. The SUP group took
10 dietary supplements each day (100 mg of resveratrol, a complex of 800 mg each of green, black, and white tea extract,
250 mg of pomegranate extract, 650 mg of quercetin, 500 mg of acetyl-l-carnitine, 600 mg of lipoic acid, 900 mg of
curcumin, 1 g of sesamin, 1.7 g of cinnamon bark extract, and 1.0 g fish oil). Both the SUP and CON groups took a daily
multivitamin/mineral supplement. The main outcome measures were arterial stiffness, endothelial function, biomarkers
of inflammation and oxidative stress, and cardiometabolic risk factors. Twenty-four weeks of daily supplementation with
10 dietary supplements did not affect arterial stiffness or endothelial function in nonobese individuals. These compounds
also did not alter body fat measured by DEXA, blood pressure, plasma lipids, glucose, insulin, IGF-1, and markers of
inflammation and oxidative stress. In summary, supplementation with a combination of popular dietary supplements has
no cardiovascular or metabolic effects in non-obese relatively healthy individuals.

INTRODUCTION

Some individuals, especially heavy supplement users,
typically consume combinations of dietary supplements

Non-vitamin, non-mineral dietary supplements are
widely used for health purposes and sometimes as a
substitute to a healthy diet or conventional medical
treatments. Nearly 1 in 7 adults takes supplements
regularly, and approximately 40% have taken one or
more dietary supplements during their life [1].
However, despite the widespread and growing use of
these over-the-counter products, insight into the
potential beneficial or harmful biological effects of
these compounds in humans is frequently lacking.

because they believe that multiple compounds can act
through complimentary, additive or synergistic
mechanisms to convey a greater biologic effect than can
be achieved by any individual supplement [2]. The
present study was a randomized clinical trial to evaluate
the effectiveness of supplementation with a combination
of some of the most self-prescribed dietary supplements
(i.e. resveratrol, curcumin, green/black/white  tea
extract, quercetin, acetyl-lI-carnitine, lipoic acid,
pomegranate, cinnamon bark, sesamin, and fish oil), in
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lean and overweight middle-aged men and women
eating a Western diet. It has been reported that these
compounds exert powerful protective effects against
inflammation, oxidative stress/free radical damage,
insulin resistance, and protein glycation in cell culture
and laboratory animal studies [3-24]. We evaluated the
combined effects of these supplements on arterial
stiffness, endothelial function, markers of inflammation,
oxidative stress, glucose and lipid metabolism, and
blood pressure.

RESULTS
Study Participants

Screening, enrollment, and follow-up information is
presented in Fig. 1. The study participants were
generally healthy, as reflected by the following: BMI,
25.0£2.3 kg/mz; total cholesterol, 187+32 mg/dL;

triglycerides, 79+53 mg/dL; fasting glucose, 8249
mg/dL; and systolic and diastolic blood pressures of
109+12 and 68+8 mmHg, respectively. The proportions
of men and women did not differ between groups
(p=0.65). The average age of participants was slightly
lower in the SUP group (means+SD: 44+6 vs. 47+5 yr,
p=0.05). BMI did not differ (p=0.65) between the SUP
(25.2£2.0 kg/mz) and control (24.9+2.5 kg/m?) groups.
Based on monthly pill compliance queries, 96% of the

participants in the SUP group took all of the prescribed
doses of the supplements. All participants in both
groups  complied  with  the  vitamin/mineral
supplementation regimen.

There were no differences between groups in PWV, Al
blood pressure, and endothelium-dependent and
endothelium-independent brachial artery vasodilation
(Table 1). No changes in body weight or % total body
fat occurred in either study group (Table 2). Plasma
lipid concentrations and indices of glucoregulation did
not change in either group (Table 2). No differences
between groups were observed for markers of
inflammation, oxidative stress and glycation, and blood
counts (Table 2). Serum insulin and IGF-1
concentrations did not change in either group (Table 2).
Since completing the randomized trial, all but one of the
participants in the SUP group continued for another 6
months on the supplementation regimen. Even with this
longer, 12 month period of supplementation, no changes
in any outcome were observed (data not shown).

No serious adverse events occurred. Serum markers of
liver and kidney function were unaffected by
supplementation. Other adverse events were limited to
mild gastrointestinal discomfort associated with taking
the large number of oral supplements in 19% of the
participants.

71 Assessed for eligibility

15 Excluded

5 Did not meet inclusion criteria
10 Refused to participate

A

Enroliment

56 Randomized

!

l

29 Randomized to Supplements

8 Men, 21 Women

27 Randomized to Control

7 Men, 20 Women

}

I

1 Discontinued ir;tervention

Follow-up Allocation

1 Medical reasons

1 Discontinued intervention

1 Personal reasons

'

v

28 Included in any analysis for
present report

Analysis

26 Included in any analysis for
present report

Figure 1. Consort diagram reflecting flow of study participants through the study.
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Table 1. Effect of 6 months of nutritional supplements or control on indices of arterial stiffness, vasomotor
function, and blood pressure.
Adjusted Between
Supplements(n= Control Difference
. Group
28) (n=26) Between
P value
Groups
Pulse wave velocity, m/s
Baseline 54+03 52+02
6 months 48+03 53+0.2
Change -05+04 0.1+0.3 -03+04 0.36
Augmentation index, %
Baseline 11.7+2.6 123+2.8
6 months 12.5+2.8 13.0+£2.3
Change 0.8+£1.1 0.7+1.1 04=+1.5 0.77
Flow-mediated dilation, %
Baseline 5.0+0.5 41+04
6 months 45+04 44+03
Change -0.5+0.5 03+03 -0.3+£0.5 0.54
GTN-mediated dilation, %
Baseline 16.1£1.3 14.6+1.2
6 months 142+1.6 13.3+0.9
Change -19+1.1 -13+14 -02+1.7 0.93
Systolic BP, mmHg
Baseline 108 £2 109 £2
6 months 108 +£2 107+3
Change 0+1 2+1 1+2 0.48
Diastolic BP, mmHg
Baseline 69+ 1 66+2
6 months 69+ 1 64+2
Change 0+1 2+ 1% 2+1 0.08
Values are arithmetic means + SE except for mean differences between groups, which have been adjusted for
baseline values. Between-group P values reflect the between-group comparison change-scores from
ANCOVAs that included baseline values as the covariate. *Significant (p<0.05) within-group change. GTN,
nitroglycerine; BP, blood pressure. Several subjects in the supplement group (n=15) and control group (n=14)
did not undergo testing for GTN-mediated dilation because systolic blood pressure was below 100 mmHg,
which is a contraindication to GTN administration.

DISCUSSION

Our findings indicate that daily use of multiple dietary
supplements has no effect on arterial stiffness (i.e. pulse
wave velocity and augmentation index), endothelial
function  (i.e.  brachial artery flow-dependent
vasodilatation) or blood pressure in nonobese men and
women. Furthermore, supplementation with these
compounds did not affect key metabolic variables
implicated in the biology of aging, and in the
pathogenesis of cardiovascular disease, including plasma

markers of inflammation, oxidative stress and glycation,
plasma lipids, growth factors, or body composition.

Reports from studies conducted mainly on cells in
culture or in experimental animals suggest that these
compounds promote metabolic health and may have
anti-aging effects [4-24]. In particular, resveratrol,
quercetin, curcumin, acetyl-L-carnitine, lipoic acid, fish
oil, sesamin, pomegranate, cinnamon bark, and green
tea extracts have all been reported to have powerful
anti-oxidant and/or anti-inflammatory properties [4-24].
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Table 2. Risk factors for cardiovascular disease and diabetes, and circulating markers of oxidative stress,
chronic inflammation, in response to 6 months of nutritional supplementation or control.
Adjusted
. Between
Supplements Control Difference
N . Group
(n=28) (n=26) Between
P value
Groups
Body Mass and Composition
Body mass, kg
Baseline 73.8+2.3 728+ 1.8
6 months 742+2.5 73.1+1.7
Change 03+04 02+04 0.1£0.6 0.91
Body fat, %
Baseline 30.1+£1.1 30.2+£1.7
Change -0.2+0.3 02+0.3 -0.2+04 0.70
Lipids
Triglycerides, mg/dL
Baseline 79£12 788
6 months 75+ 6 87+8
Change 4+11 8+4 -12+£8 0.16
T(]);al cl}}olesterol, mg/dL 186 + 6 189+ 6
6ase lgf 186+ 6 192+5
mOnts 1+4 4+4 545 0.32
Change
LDL-Cholesterol, mg/dL 110+ 6 114+ 6
Baseline 11+5 115+5
6 months 1+3 1+4 -1£5 0.80
Change
HDL-cholesterol, mg/dL 61 +3 61 +3
Baseline 59+3 60+3
6 months 242 1£2 1£2 0.59
Change
Glucoregulatory Function
Fasting glucose, mg/dL 80+2 84+2
Baseline 83+2 85+2
6 months 3+2 1+£2 -1£2 0.70
Change
Fasting insulin, pU/mL 33+03 2.8+03
Baseline 3604 29+0.3
6 months 03+0.3 0.1£0.2 03+04 0.41
Change
HOMA-IR 0.64 +0.06 0.60 +0.06
Baseline 0.74 +0.09 0.63 +0.06
0.10 £ 0.06 0.03 +£0.04 0.08 £ 0.08 0.32
6 months
Change
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Table 2. (continued). Risk factors for cardiovascular disease and diabetes, and circulating markers of oxidative
stress, chronic inflammation, in response to 6 months of nutritional supplementation or control.
Adjusted
. Between
Supplements Control Difference Grou
(n=28) (n=26) Between ot
value
Groups
Inflammatory Cytokines and Oxidative Stress Markers
CRP, mg/L
Baseline 1.69 +0.48 1.21 £0.52
6 months 1.51 £0.20 1.44 +0.56
Change -0.17 £0.49 0.23+0.10%* -0.20 £ 0.43 0.46
TNFoa, pg/mL
Baseline 1.92 £0.09 2.10+£0.18
6 months 1.94 +0.09 2.13+0.19
Change 0.02+0.05 0.03+0.14 -0.05+£0.14 0.70
IL-6, pg/mL
Baseline 1.26 £0.26 1.39 £0.31
6 months 1.35+0.23 1.68 £0.32
Change 0.08 £ 0.08 0.29+0.20 -0.22+£0.20 0.27
Protein carbonyl, nmol/mg
Baseline
6 months 0.83 +£0.03 0.79 £0.03
Change 0.76 £0.03 0.82+£0.03
-0.07 £0.04 0.03+£0.03 -0.06 £ 0.04 0.14
AGEs, ng/mL
Baseline 307+ 14 272 +13
6 months 287 +£12 270 £ 12
Change 20+ 13 2+12 1+14 0.96
White Cell Counts and Growth Factors
WBC, k/cumm
Baseline 5.1+£0.2 48+0.2
6 months 5.0+0.2 5.1+0.3
Change -0.1+£0.2 0.3+0.2 -03+0.3 0.20
Lymphocytes, k/cumm
Baseline 1.50 £0.05 1.42£0.09
6 months 1.42 +£0.06 1.44£0.10
Change -0.08 £ 0.04* 0.02+0.05 -0.10 £ 0.06 0.11
IGF-1, ng/mL
Baseline 145+ 6 148 +7
6 months 1517 144+ 6
Change 65 4+4 9+6 0.15
Values are arithmetic means + SE except for mean differences between groups which have been adjusted for
baseline values. Between-group P values reflect the between-group comparison change-scores from
ANCOVAs that included baseline values as the covariate. *Significant (p<0.05) within-group change.
Triglyceride data were also adjusted for a significant effect of age on the baseline to follow up changes.
Within-group P values are from paired t-tests. LDL, low density lipoprotein; HDL, high density lipoprotein;
HOMA-IR, homeostasis model assessment of insulin resistance; CRP, C-reactive protein, TNFa, tumor
necrosis factor a; IL-6, interleukin-6; AGEs, advanced glycation end products; WBC, white blood cells; IGF-1,
insulin-like growth factor-1. To convert units to SI units, multiply the conventional units by the following
conversion factors: triglycerides x 0.0113 = mmol/L; total, LDL-, and HDL-cholesterol x 0.0259 = mmol/L;
glucose x 0.0555 = mmol/L; insulin x 6.945 = pmol/L.
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However, in our study we did not see any reduction in
markers of inflammation or oxidative stress. Oxidative
stress and inflammation are major players in the
pathogenesis of arterial aging and endothelial
dysfunction, which is a precursor of atherosclerosis [25-
29]. Nevertheless, pulse wave velocity, augmentation
index and endothelium-dependent vasorelaxation did
not improve in the supplement group. Furthermore,
supplementation with these compounds did not alter
other well-accepted cardiometabolic risk factors,
including blood pressure, insulin resistance, and serum
cholesterol, triglyceride and advanced glycation end-
products concentrations. Endothelial function can be
improved with just a single infusion of the anti-oxidant,
vitamin C [30]. Because all the supplements that we
used have been reported to have powerful anti-
inflammatory and anti-oxidant effects, it is interesting
that no biological change in endothelial function was
observed. In contrast, it has been shown that 6-mo or 1-
yr supplementation with DHEA-s results in significant
improvements of glucose tolerance, arterial stiffness
and inflammation [31].

One possible explanation for the lack of beneficial
metabolic effects of these over-the counter dietary
supplements could be the low phytochemical
bioavailability or inadequate supplement potency of the
phytochemicals contained in some of these compounds
which are available without prescription [32].
Nonetheless, the fact remains that millions of
individuals in USA and Europe are consuming these
supplements, sometimes instead of a healthy diet and
conventional medical treatment, which might contain
hazard trace amounts of pesticides and heavy metals,
including lead, arsenic, mercury, and cadmium [1,33].
A placebo was not provided to control group
participants in the present study, which might be viewed
as a limitation. However, while a “placebo effect” might
have been an explanation for significant changes in the
supplement group, we did not observe changes.
Therefore, in this context, the lack of a placebo is not a
limitation. Moreover, although the sample size was
relatively small, there was no suggestion of clinically
significant differences from the between-group
estimates, despite multiple comparisons. Finally, it is
conceivable that some supplements might have had
beneficial effects that where counteracted by negative
effects of others. However, this seems unlikely and
people rarely take isolated supplements, and many of
these compounds are contained in foods and beverages
that are consumed regularly by millions of people.
Moreover, heavy supplement users believe that these
compounds work better in combination, because as with
food and beverages, they provide a mix of phyto-
chemicals that interact and potentiate their effect (e.g.

resveratrol in wine, cathechins in green and black tea,
pomegranate in fruits, curcumin in spices, etc.).
Findings from the present study suggest that a
combination of several popular nutritional supplements,
which are commonly taken with the intention of
promoting healthy longevity and preventing chronic
disease, have no effects on arterial stiffness, endothelial
function, inflammation, oxidative stress, and other
chronic disease risk factors in non-obese men and
women. Additional randomized controlled studies are
still needed to assess the potential benefits of these and
other dietary supplements in obese metabolically
abnormal individuals.

METHODS

Participants. Non-obese (BMI 21.0-29.9 kg/m”) men
and women, aged 38-65y were recruited from the Saint
Louis area. Participants were free of chronic disease
based on a medical history, physical examination, blood
and urine chemistries, and electrocardiogram. Exclusion
criteria included chronic use of medications or dietary
supplements, tobacco use, alcohol abuse, and habitual
vigorous exercise. Participants consented to participate
in the study, which was approved by the Washington
University Institutional Review Board.

Study design. The study was a 6-month single-blind
controlled trial in which participants were randomized
(1:1 ratio with stratification for sex) to a nutritional
supplement (SUP) group or control (CON) group. At
the end of the RCT, the participants who had been
randomized to SUP continued taking the supplements
for another 6-mo, while those who had been in the CON
group crossed over to the supplementation regimen for
6-mo. Technicians who performed outcomes
assessments were blinded to study group assignments.
Participants fasted overnight (12-hr) and refrained from
exercise for 24-hr before testing. For follow-up tests,
participants in the SUP group were instructed to take
their nutritional supplements upon waking in the
morning prior to testing. The primary outcome, carotid-
femoral pulse wave velocity (PWV), was measured by
using Doppler flow measures. Another index of arterial
stiffness, carotid artery augmentation index (AI) was
measured using applanation tonometry. Endothelium-
dependent and endothelium-independent brachial artery
vasodilation were evaluated by wusing ultrasound
imaging to measure flow-mediated dilation and glyceryl
trinitrate- (GTN)-mediated dilation, respectively.

Intervention. Participants in the SUP group took the
following dietary supplements: resveratrol (100
mg/day), quercetin (650 mg/day), acetyl-l-carnitine
HCL (500/mg/day), alpha-lipoic acid (600 mg/day),
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curcumin complex (900 mg/day; standardized to 95%
total curcuminoids, plus piperine 5 mg), pomegranate
extract (250 mg/day; standardized to 70% ellagic acid),
fish oil (1 g/day, containing 300 mg of eicosapentaenoic
acid and 200 mg docosahexaenoic acid), cinnamon bark
(1.7 g/day), green/white/black tea complex (800 mg/day
each of green, black, and white tea extract) and sesamin
(1 g/day; standardized to 500 mg sesamin lignans).
Sesamin was formulated by Scivation, Inc. (Burlington,
NC, USA) and all others by Swanson Health Products
(Fargo, ND, USA). Both groups received a daily
multivitamin/mineral supplement (Daily Multi-Vitamin
& Mineral, Swanson, Fargo, ND, USA) and were
advised to maintain their usual diet and physical
activity. Participants met with a member of the research
team each month to receive supplements and to answer
questions about compliance with the supplementation
regimen, changes in diet, physical activity, medical
conditions, and medication use, and adverse events.

Body weight and composition. Weight and height were
measured with a calibrated balance beam scale and
wall-mounted stadiometer, respectively, with the
participant wearing only a hospital gown  and
underwear. BMI was calculated (kg/m®). Body
composition was evaluated using dual energy X-ray
absorptiometry (Delphi W, software version 11.2,
Hologic Corp., Waltham, MA). Bilateral brachial artery
blood pressure was measured with a calibrated monitor
(Dinamap 1846 SX, Critkon, Inc, Tampa, FL) according
to JNC 7 guidelines.

Circulating biomarkers of disease risk and aging. Blood
samples were collected from a forearm vein into

separate tubes containing sodium heparin, EDTA, and
no additives. Plasma and serum were isolated by
centrifugation (3500 g, 15 min, 4° C) and stored at -80°
C for later batch analyses. Samples were analyzed for
plasma concentrations of glucose (glucose oxidase
method, 2300 Stat Plus, YSI Inc., Yellow Springs, OH)
and insulin (chemiluminescence assay, Immulite 1000,
Siemens USA, Malvern, PA). The homeostasis model
assessment of insulin resistance (HOMA-IR) was
calculated from fasting glucose and insulin. ELISA
assay kits were used to measure serum concentrations of
inflammatory cytokines (tumor necrosis factor o
(TNFa), interleukin-6 (IL-6), C-reactive protein (CRP),
Quantikine, R&D Systems, Minneapolis, MN),
oxidative stress markers (protein carbonyls (Cell
Biolabs, San Diego, CA) and advanced glycation end-
product (AGE) N-1-carboxymethyl lysine (MBL
International, Woburn, MA)), and insulin-like growth
factor-1 (IGF-1, Diagnostic Systems Laboratories,
Webster, TX). Plasma lipids and blood counts were

measured by a CLIA-certified clinical laboratory at the
medical center.

Indices of arterial stiffness. Carotid artery augmentation
index (AI) was measured by using applanation
tonometry according to published guidelines [34].
Twenty digital pulse waves were recorded with a
tonometer (Millar Instruments, Inc., Model #TCB-500,
Houston, TX) and analyzed with Windaq software
(version 2.31, DATAQ Instruments, Inc., Akron, OH).
The the maximum and minimum voltage on each wave
form was identified and used to calculate pulse pressure
(PP). The second derivative of the pulse wave was
generated and used to identify the “shoulder” on the
upstroke of the raw wave form. Augmentation pressure
(AP) was calculated as the difference between the peak
voltage and the voltage at the shoulder. Augmentation
index was calculated as Al = 100 x AP/PP for each of
the 20 waveforms; the resulting values were averaged.
Because Al is dependent on heart rate, Al values were
adjusted to a standardized heart rate of 75 beats/min
based on the inverse relationship of 4.8 Al units per 10
beats/min HR [35]. The technician visually inspected all
waveforms to ensure that the landmarks had been
properly identified and to omit waveforms that were of
suboptimal quality due to artifacts or irregular
heartbeats. When analyses were questionable (e.g. large
variation in Al values among waveforms), the
waveforms were re-analyzed by another technician. If
discrepancies between the analyses occurred, the
technicians reviewed the analyses together and if the
differences could not be remediated, the data were
excluded.

Pulse wave velocity (PWV) was determined according
to standard proceduresl by using transcutaneous
Doppler flow measurements (Model 806-CB, Parks
Medical Electronics, Inc., Aloha, OR) at the right
common carotid artery and the right femoral artery.
Twenty Doppler wave forms were simultaneously
recorded (Windaq software, version 2.31, DATAQ
Instruments, Inc., Akron, OH) at the two sites. Pulse
transit time was determined as the difference in pulse
arrival times (based on the “foot” of the pulse wave, as
determined from the second derivative of the pulse
wave) for the carotid and femoral sites. Pulse transit
distances between the aorta and the carotid site and the
aorta and the femoral site were measured over the skin
using the second intercostal space as a landmark for the
aorta, with the difference between these distances being
considered the pulse propagation distance [36]. PWV
was calculated for each of the 20 pulses as the quotient
of the propagation distance (in meters) and transit time
(in seconds) and the 20 values were averaged. Quality
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control procedures were identical to those described
above for the Al method.

Vascular function. Brachial artery flow mediated
dilation (FMD) was used to measure endothelium-
dependent vasodilation and glyceryl trinitrate- (GTN)-
mediated dilation was used to measure endothelium-
independent vasodilation. The participant’s right arm
was immobilized with the shoulder abducted at 70-90°
and elbow fully extended. Ultrasound images were
acquired using an ultrasound system (Agilent SONOS
5500, Andover, Massachusetts) equipped with an 11-3L
linear array transducer. The probe was secured using a
stereotactic clamp (Noga Engineering, Ltd.) to maintain
constant positioning over the artery throughout the
procedure. Ultrasound images were fed to a computer
for real time quantification of arterial diastolic diameter
(30 + 2 measures/sec) using Vascular Imaging Analysis
software (VIA, version 9.60) [37]. Baseline diameter
was recorded for 2 minutes before a pneumatic cuff
(Hokanson E20 Rapid Cuff Inflator and AG101 Cuff
Inflator Air Source, PMS Instruments, Ltd.,
Maidenhead, UK) was inflated to 200 mmHg on the
right forearm to occlude blood flow. After 5 minutes of
occlusion, the pressure in the cuff was rapidly released
and arterial diameter was recorded continuously for 5
minutes. FMD was calculated as the percent increase in
diameter from baseline to peak diameter, where baseline
diameter was the average diastolic diameter over the 2-
minute baseline and peak diameter was recorded as the
10-second average of the highest diastolic diameter
after cuff deflation. After the FMD assessment, and
after the diameter of the artery returned to baseline, a
second 2-minute baseline data collection was
performed, followed by administration of 0.4 mg
sublingual GTN spray. Brachial artery diameter was
evaluated again 5 minutes after GTN administration.
GTN-mediated dilation was calculated as the percentage
increase in arterial diameter from baseline to 5 minutes
after GTN administration.

Statistical power and analyses. Sample size estimates
were calculated for PWV, as a measure of arterial
stiffness and for interleukin-6 (IL-6) and C-reactive
protein (CRP) as inflammatory markers. Calculations
were based on data collected in our laboratory during
previous studies. These studies included a randomized
controlled trial on the effects of 50 mg/d oral DHEA
supplementation on markers of aging in older adults
[31] and cross-sectional [38] and longitudinal studies
[39] on the effects of calorie restriction on markers of
aging in middle-aged adults. For all sample size
calculations, the alpha error rate was set at 0.05, tests
were designated as two-tailed, desired power was set to
0.80, and the ratio of participants to be randomized to

the intervention and no-treatment control groups was
1:1. Results indicate that 21 subjects per group would
be sufficient for detecting a 3.1 m/sec improvement in
pulse wave velocity, 27 subjects per groups would be
sufficient for detecting a 0.86 ng/mL reduction in IL-6,
and 12 subjects per groups would be sufficient for
detecting a 1.60 mg/L reduction in CRP. Therefore, our
proposed sample size of 56 participants (28 per group)
was sufficient to detect biologically relevant changes in
arterial stiffness and inflammation.

Power analyses were performed for PWV, IL-6, and
CRP to determine sample size. Respective results
indicated that sample sizes of 21, 27, and 12 subjects
per group would be adequate for detecting significant
effects. Therefore, 28 subjects per group was chosen.
Baseline  characteristics were  compared  with
independent t-tests and chi-square tests. Outcomes were
analyzed with analysis of covariance, in which baseline
values were included as a covariate. Paired t-tests were
used for within-group paired comparisons. Significance
was accepted at p<0.05 and tests were two-tailed.
Analyses were conducted with SAS for Windows XP
Pro (version 9.3, SAS Institute, Cary, NC).
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Editorial

Using PDE inhibitors to harness the benefits of calorie restriction: lessons from resveratrol

Jay H. Chung

Resveratrol is a polyphenolic compound produced in
some plants in response to stress, such as injury or
infection [1] and is present most notably in red wine. A
number of seemingly unrelated health benefits have
been attributed to resveratrol, including protection
against type 2 diabetes, cancer, heart disease,
inflammation and  neurodegenerative  diseases.
However, what these diseases have in common is their
association with aging. Therefore, when resveratrol
was reported to be a Sirtl activating compound (STAC)
[2], it captured the imagination of the field of aging.

The controversy regarding the mechanism of action for
resveratrol arose when a series of papers demonstrated
that it activated Sirtl only if the substrate is attached to
a fluorophore or a bulky amino acid [3-7]. However,
resveratrol activated Sirtl in vivo. One potential
explanation is that the peptide modifications somehow
mimicked the structure of the substrate in  vivo.
Another potential explanation is that resveratrol
indirectly activates Sirtl by targeting another protein. It
has been known for some time that resveratrol indirectly
activates AMP-activated protein kinase (AMPK) [8], a
well-known regulator of energy metabolism that is also
activated by calorie restriction (CR) [9,10]. We and
others showed that resveratrol-mediated activation of
AMPK increases NAD', the cofactor for Sirtl, as well
as Sirtl activity [11,12]. Consistent with the central
role of AMPK in resveratrol action, the metabolic
effects of resveratrol disappeared in AMPK knock-out
mice [12]. These findings, in conjunction with the
observation that resveratrol-mediated activation of
AMPK does not require Sirtl [12], indicated that
AMPK is upstream of Sirtl and that the direct target of
resveratrol is upstream of AMPK.

One of the proposed mechanisms by which resveratrol
activates AMPK is inhibition of ATP production.
However, except at high concentrations of resveratrol
(>100 uM), ATP levels do not decrease in the time
frame of AMPK activation [13,14], suggesting another
mechanism of action. In response to conditions that
decrease serum glucose such as CR, glucagon and
catecholamines are released. These hormones stimulate
adenylate cyclases (AC), resulting in increased cAMP
production. To explain the CR-mimetic effects of res-

doi: 10.18632/aging.100442

veratrol, we measured cAMP levels in resveratrol-treated
myotubes and discovered that resveratrol, at low
micromolar concentrations (<10 uM), increased cAMP
levels [15]. After ruling out the possibility that
resveratrol activates AC, we discovered that resveratrol
increased cAMP levels by competitively inhibiting a
number of cAMP phosphodiesterases (PDEs), which
degrade cAMP. We tested PDEs 1-5 and found that
resveratrol inhibits PDEs 1, 3 and 4. cAMP, in turn,
activates AMPK by increasing the activities of the
AMPK kinases CamKKJ} and, in some conditions LKB1,
via cAMP effector proteins Epacl (cAMP guanine-
nucleotide exchange factor) or PKA, respectively. In
addition, PKA-mediated phosphory-lation of S434 has
been shown to activate Sirtl [16]. Thus, increasing
cAMP levels can activate Sirt] by a number of pathways.

Since there are 11 PDE family members, each with
different properties and tissue expression patterns, it
would be impossible to mimic all of resveratrol effects
with just one PDE inhibitor. However, PDE4 is the
predominant PDE activity in skeletal muscle, the tissue
where the metabolic effects of resveratrol are best
elucidated. We found that the PDE4 inhibitor rolipram
was sufficient to activate AMPK and Sirtl in myotubes
and to reproduce, at least qualitatively, the metabolic
effects of resveratrol in skeletal muscle, as well as to
improve glucose tolerance in obese mice [15]. It is
unlikely that inhibition of PDE4 alone or of cAMP
PDEs together explains all of the effects seen with
resveratrol. The target(s) of resveratrol will most likely
depend on the tissue, the effects of interest and the
organism being studied.

One area where we lack understanding is the
intracellular concentration of resveratrol. The serum
level of unmodified resveratrol is low (submicromolar
to low micromolar) because most resveratrol in serum is
present in the conjugated form (e.g. glucuronide).
However, tissues such as skeletal muscle have
glucuronidases, which can potentially removed the
conjugate and increase the intracellular levels of
unmodified resveratrol far above those in the serum.

The mechanism by which novel chemical entity (NCE)
STACs activate Sirtl in vivo is also under question
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because like resveratrol, they do not activate Sirtl
against native substrates in vitro, suggesting that they
may activate Sirtl indirectly in vivo [5,7].
Interestingly, analyses of off-target activities of NCE
STACs SRT1720, 2183 and 1460 showed that they are
stronger PDE inhibitors than resveratrol [7], raising the
possibility that they too may be activating Sirtl in vivo
by inhibiting PDEs, at least in part.

In addition to resveratrol, other natural compounds that
have been identified as STACs such as butein, fisetin
and quercetin have also been identified to be PDE
inhibitors [2,17]. This raises the question as to why so
many compounds that are identified as STACs using the
flurophore-tagged substrate turn out to be PDE
inhibitors. We can only speculate at this point, but one
possibility is that by coincidence, the structure of the
Sirt] STAC-binding pocket has some similarity to the
PDE catalytic pocket.

Whether resveratrol can activate Sirtl directly in
addition to activating it indirectly (via PDE inhibition)
remains to be seen. Even if resveratrol can activate Sirtl
directly in vivo, it is not clear how much this effect will
add to the well-known anti-inflammatory and anti-
diabetic effects produced by PDE4 inhibitors alone (e.g.
the FDA-approved PDE4 inhibitor roflumilast) [18].
This question may take a while to answer.

In conclusion, the discovery of the resveratrol-PDE link
suggests that PDE4 inhibitors, possibly in combination
with other PDE inhibitors, may be useful for mimicking
CR and for treating aging-related diseases.
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Abstract: Reduction of body temperature has been proposed to contribute to the increased lifespan in calorie restricted
animals and mice overexpressing the uncoupling protein-2 in hypocretin neurons. However, nothing is known regarding
the long-term effects of calorie restriction (CR) with adequate nutrition on body temperature in humans. In this study, 24-
hour core body temperature was measured every minute by using ingested telemetric capsules in 24 men and women
(mean age 53.7+9.4 yrs) consuming a CR diet for an average of 6 years, 24 age- and sex-matched sedentary (WD) and 24
body fat-matched exercise-trained (EX) volunteers, who were eating Western diets. The CR and EX groups were
significantly leaner than the WD group. Energy intake was lower in the CR group (17691348 kcal/d) than in the WD
(23021668 kcal/d) and EX (27981760 kcal/d) groups (P<0.0001). Mean 24-hour, day-time and night-time core body
temperatures were all significantly lower in the CR group than in the WD and EX groups (P<0.01). Long-term CR with
adequate nutrition in lean and weight-stable healthy humans is associated with a sustained reduction in core body
temperature, similar to that found in CR rodents and monkeys. This adaptation is likely due to CR itself, rather than to
leanness, and may be involved in slowing the rate ofaging.

INTRODUCTION with body temperature above the median in the absence

: - . L of CR [8].
Calorie restriction (CR) without malnutrition increases

lifespan and healthspan in rodents and non-human In mammals body temperature is tightly regulated by

primates [1, 2]. Several studies have documented a
lowering of core body temperature by CR in mice, rats
and rhesus monkeys [3-6]. Interestingly, ad-libitum-fed
transgenic mice overexpressing the uncoupling protein
2 in hypocretin neurons (Hert-UCP2) also have a lower
core body temperature, and a 16% greater life
expectancy than wild type animals, independently of
caloric intake [7]. In the Baltimore Longitudinal Study
of Aging (BLSA) men with a core body temperature
below the median lived significantly | onger than men

hypothalamic neurons. The neurons located in the
preoptic area integrate central and peripheral (e.g.
environmental and metabolic) signals, and by
modulating the autonomic and hormonal control of heat
production and heat loss, maintain core body
temperature nearly constant at different ambient
temperatures [9]. It is well know that nutrition is a
major regulator of energy production and body
temperature [10]. To maintain body temperature higher
than the ambient temperature, mammals utilize a
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substantial amount of energy. Reducing core body
temperature when food availability is scarce is an
effective strategy to save energy. The metabolic and
molecular adaptations that mediate a reduction in core
body temperature may contribute to the anti-aging
effects of CR.

No information on the effects of long-term CR without
malnutrition on 24-h core body temperature in humans
has been published. The purpose of the present study
was to measure the core body temperature in healthy,
weight-stable members of the Calorie Restriction
Society, who have been consuming CR diets, containing
adequate protein and micronutrients, for years. Mean
24-hour, day-time and night-time core body
temperatures of the CR group were compared with
values obtained in two comparison groups: 1) age- and
sex-matched sedentary subjects consuming a Western
diet (WD), and 2) age-, sex-, and body fat-matched
endurance runners consuming a WD.

RESULTS

Body composition. Mean BMI values were different
between the three groups (Table 1). Total body fat were
similar in the CR and EX groups, and lower than in the
WD group (Table 1).

Nutrient intake. The CR subjects consumed a variety
of foods which supplied more than 100% of the
Recommended Daily Intake (RDI) for all the essential
nutrients. Foods with a high nutrient-to-energy ratio
such as vegetables, fruits, nuts, dairy products, egg
whites, wheat and soy proteins, and lean meat were
consumed, whereas processed foods, rich in refined
carbohydrates, free sugars and partially hydrogenated
oils, were avoided. Energy intake was lower in the CR
group (1769+£348 kcal/d) than in either the EX group
(27981760 kcal/d) or WD group (2302+668 kcal/d)
(P<0.0001). Energy intake in the CR group was ~23%
and ~37% below that of the WD and EX groups,

Table 1. Characteristics of the study subjects

CR group EXgroup WD group P value
(n=24) (n=24) (n=24)

Age (yrs) 53794  527+10 537102  ns
Sex (M/F) 20/4 20/4 20/4
Height (m) 1.74£0.1  1.75+0.1  1.79+0.1 ns
Weight (Kg) 58.245.9'%  68.4+9.6' 78.7£15.5 0.0001
BMI (kg/m?) 193+1.3'%  222+42.1' 244428  0.0001
Lean mass (kg) 47.9+6.7° 545+89 56.5+12.9 0.010
Total body fat (%) 13.0£53"  152+5.1'  21.8+6.8  0.0001
Body surface area (m”) 1.70£0.11"*1.83£0.16°  1.97+0.25 0.0001

Values are means = SD

13 significantly different from Western diet group: "P<0.006; *P<0.03
2"'Signiﬁca ntly different from the EX group: ’p<0.006; *P<0.05

WWW.aging-us.com 97

AGING



respectively. The percentage of total energy intake
derived from protein, carbohydrate, fat and alcohol was
21%, 50%, 29% and 0.1%, respectively in the CR
group, ~17%, 49%, 32% and 2% in the EX group, and
~16%, 46%, 34% and 4% in the WD group.

Core body temperature. Mean 24-h, day-time and
night-time core body temperature were significantly
lower in the CR group than in the EX or WD groups
(Table 2). Mean 24-h core body temperature correlated
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linearly with % body fat (r = 0.298; p=0.01) (Figure 1),
but not with age (r = 0.011; p=0.929), body weight (r =
0.066; p=0.581), lean body mass (r = 0.026; p=0.834), or
body surface area (r = 0.004; p=0.976). The correlation
between 24-h core body temperature and % body fat
became stronger (r = 0.539; p=0.0001) when the EX
participants were excluded from the analysis. In contrast,
there was no correlation between 24-h core body
temperature and % body fat when the CR individuals
were excluded from the analysis (r=0.056; p=0.706).
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Figure 1. Relationship between mean 24-h core body temperature and % body fat measured
by DEXA in the CR group (e), endurance runners (¥), and sedentary Western diet group (m).
Pearson correlation was used to assess associations between continuous variables.

Table 2. Core body temperature

CRgroup EXgroup WD group P value
(n=24) (n=24) (n=24)

Mean 24-h temperature

Day-time temperature (8 am to 10.30 pm)

Night-time temperature (2 to 5 am)

36.64+0.16'% 36.86+:0.20 36.83+0.17 0.0001
36.78+0.23%* 36.97+£0.22 36.95£0.26  0.01

36.35£0.17"" 36.54£0.29 36.56+0.20 0.004

Values are means + SD

3 significantly different from Western diet group: 'P<0.006; *P<0.05
24 Significantly different from the EX group: ?p<0.0001; *P<0.02
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DISCUSSION

In this study, mean 24-hour, day-time and night-time
core body temperature were all significantly lower in
the CR group than in the WD and EX groups. This
reduction in 24-h core body temperature is consistent
with findings in CR rodents and monkeys studies [3-6],
and may contribute at least in part to the anti-aging
effects of CR.

Although we found a significant correlation between
% body fat and 24 h body temperature, it seems likely
that the reduction in core body temperature induced by
CR is largely related to CR itself, rather than changes
in body composition. Mean 24-hours, day-time and
night-time core body temperature were ~0.2 °C lower
in the CR than in the EX group, even though percent
body fat was similarly low in these groups. However,
energy intake was ~37% lower in the CR than in the
EX groups. It has been hypothesized that the CR-
mediated reduction in body temperature relates to the
induction of an energy conservation mechanism during
CR [11]. In humans, monkeys and rodents long-term
CR (but not endurance exercise) reduces  the
circulating levels of triiodothyronine [12-15] which
controls energy homeostasis, body temperature, and
cell respiration [16, 17]. The decrease in T3 could
play a role in mediating the decrease in body
temperature, and the reductions in T3 and temperature
could influence the rate of aging by reducing
metabolic rate and oxidative stress.

It is interesting in this context that body temperature is
also reduced in the long-lived dwarf and growth
hormone receptor KO mice [18, 19]. As in CR rodents,
circulating levels of IGF-1, insulin and thyroid
hormones are reduced in the dwarf and growth hormone
receptor KO mice [20]. In contrast, in humans
practicing long-term CR do not have lower circulating
IGF-1 levels [21], suggesting that a down-regulation of
the IGF-1 pathway is not involved in mediating the
reduction in body temperature. The importance of a
reduction of body temperature in modulating longevity
has been also supported by the data obtained from the
Hert-UCP2 mice and the Baltimore Longitudinal Study
of Aging (BLSA). Overexpression of the uncoupling
protein 2 in hypocretin neurons causes an elevation of
hypothalamic temperature that leads to a 0.3-0.5°C
reduction in core body temperature, and a significant
increase in longevity, independently of caloric intake [7].
In the Baltimore Longitudinal Study of Aging (BLSA),
men with core body temperatures below the median lived
significantly longer than men with body temperatures
above the median in the absence of CR [8].

Data from weight loss studies have shown that short-
term (6 mos) CR significantly decreases core body
temperature in overweight subjects that are actively
losing weight [22]. However, in overweight men and
women who had achieved a “stable” lower body weight
using a low-calorie liquid diet, there was no change in
core body temperature [22]. Consistently, no difference
in core body temperature between weight-stable obese
and normal-weight subjects has been detected,
suggesting that in steady-state obese subjects maintain
their core body temperature normal probably by
increasing heat dissipation from peripheral regions [23,
24]. In contrast, in our study we have found that long-
term CR, but not endurance exercise, chronically
reduces core body temperature in weight-stable lean
individuals. One possible explanation for the reduced
24-h core body temperature in the CR practitioners may
be a protective physiological adaptation to save energy.
This hypothesis is supported by the finding that the
reduced core body temperature in the CR group is
associated with lower circulating levels triiodothyro-
nine, insulin, leptin and total testosterone, which are key
nutrient-sensing metabolic/anabolic hormones [12, 25,
26]. The combination of decreased core body
temperature and lower circulating levels of serum
triiodothyronine, leptin, and anabolic hormones (i.e.
testosterone, insulin) is a clear indication that these
individuals are in a state of “sensing” severe energy
restriction.

In conclusion, the results of this study provide evidence
that long-term CR, with adequate intake micronutrients,
in healthy, weight-stable individuals is associated with a
reduction of mean 24-hour, day-time and night-time
core body temperature, similar to that found in calorie-
restricted rodents and monkeys.

METHODS

Study participants. Three groups (24 participants/group)
were studied. One group (CR group) had been
consuming a CR diet with adequate nutrients for a 6+3
years (range 3-15 yrs) and were members of the Calorie
Restriction Society, who we asked to come to St. Louis
to participate in this study. The CR Society members
practice severe CR, because they believe that CR will
markedly increase their disease-free longevity. Most of
them live in North America, although there are also
some CR Society members in England, Scandinavia and
Japan. The second group (EX group), were endurance
runners who had been running an average of 46
miles/wk (range 22-89 miles/wk) for 20£10 yrs (range
7-34 yrs), and were recruited from the St.Louis area.
The EX group was matched on age, sex, and percent
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body fat with the CR group. The third group (WD
group) were healthy sedentary (regular exercise
<lh/week) normal weight individuals, recruited from
the St.Louis area, who were eating a WD. The WD
group was matched on age and sex with the CR and EX
groups. The characteristics of the study participants are
shown in Table 1. None of the participants had evidence
of chronic disease, smoked cigarettes, or were taking
medications that could affect the outcome variables. All
participants reported weight stability, defined as less
than a 2-kg change in body weight in the preceding 6-
mos. This study was approved by the Human Studies
Committee of Washington University School of
Medicine, and all participants gave informed consent
before their participation.

Body composition. Total body fat mass and fat free
mass were determined by dual-energy X-ray
absorptiometry (DXA) (QDR 1000/w, Hologic,
Waltham, MA).

Dietary assessment. Participants recorded all food and
beverage intakes for 7 consecutive days. Food records
were analysed by using the NDS-R program (version
4.03_31).

Core body temperature measurement. Twenty-four hour
core body temperature was measured every minute using
radiofrequency telemetered thermometers (CorTemp, HQ
Inc, Palmetto, FL). Each thermometer pill contains a
crystal quartz oscillator which transmits core temperature
readings within = 0.1 °C through a low frequency radio
wave to an external receiver/data logger [27]. All the
subjects tested were on a stable diet, at a stable weight,
and without acute illness or recent hospitalization. The
participants were instructed to refrain from exercise for at
least 48 hours prior to CorTemp pill ingestion. Mean 24-
hour, daytime (8 AM-10:30 PM), and nighttime (2 AM-5
AM) temperatures were computed.

Statistical analysis. One-way analysis of variance
(ANOVA) was used to compare group variables,
followed by Tukey post-hoc testing when indicated.
One-way ANOVA with Games-Howell was performed
for distributions where equal variances could not be
assumed. Statistical significance was set at P < 0.05 for
all tests. All data were analyzed by using SPSS
software, version 13.0 (SPSS Inc, Chicago). All values
are expressed as means+SD.
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Abstract: Dietary restriction (DR) extends the lifespan of a wide variety of species and reduces the incidence of major age-
related diseases. Cell senescence has been proposed as one causal mechanism for tissue and organism ageing. We show for
the first time that adult-onset, short-term DR reduced frequencies of senescent cells in the small intestinal epithelium and
liver of mice, which are tissues known to accumulate increased numbers of senescent cells with advancing age. This
reduction was associated with improved telomere maintenance without increased telomerase activity. We also found a
decrease in cumulative oxidative stress markers in the same compartments despite absence of significant changes in
steady-state oxidative stress markers at the whole tissue level. The data suggest the possibility that reduction of cell
senescence may be a primary consequence of DR which in turn may explain known effects of DR such as improved
mitochondrial function and reduced production of reactive oxygen species.

INTRODUCTION

Dietary restriction (DR), whereby total caloric intake is
reduced but adequate nutrition is maintained, results in
an extension of lifespan. Additionally, DR has been
shown to delay the onset and severity of cancer and
other diseases associated with ageing [1]. The DR
response has been remarkably robust in a wide range of
animal species, although both evolutionary models and
genetic experiments question its universality in different
inbred strains of mice and, importantly, in humans [2,3].
The molecular and cellular mechanisms underlying the
response to DR have been intensely examined. It has
been proposed that DR prolonged lifespan for example
by attenuating oxidative damage, reducing production of
reactive oxygen species (ROS), increasing DNA repair

capacity, altering the growth hormone/IGF-1 axis,
decreasing signaling through the mTOR substrate S6K1
or improving hormesis [4-8]. However, we are still far
from a mechanistic and integrative understanding of the
DR response [1,9].

This is even more true for the response to adult-onset,
short-term DR. While the effect on lifespan becomes
less robust if DR is implemented in older animals
[10,11], there are still strong beneficial effects on cancer
incidence [11-15], immune response [14,16] and
cognitive function [17]. Preliminary data from non-
human primates [18] and clinical trials [19] have
suggested that late onset DR could have at least some
beneficial effects in humans.
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Recently, evidence is mounting that cellular senescence,
which was originally described as the permanent loss of
replicative capacity in human fibroblasts in vitro [20], is
a complex phenotype, possibly causally contributing to
aging in vivo [21-23]. Senescent cells are found with
increasing frequency in many tissues of aging rodents,
primates and humans [24-28]. High frequencies of
senescent cells have been associated with age-related
diseases like osteoarthritis and atherosclerosis [29,30]
and were also found in mouse models of accelerated
aging [31-34]. Senescent cells are not simply
incompetent of proliferating; they display major
alterations to their gene expression profiles [35] and
secrete bioactive molecules including matrix-degrading
enzymes [36], inflammatory cytokines [21,22,37] and
ROS [23]. Thus, cell senescence may well be an
important driver for the aging process in vivo [38,39].

If this concept were correct, one would hypothesize that
a reduction of cell senescence might be part, and
potentially a causal part, of the beneficial action of DR.
This would be interesting because less senescent cells
could explain the anti-inflammatory and anti-oxidative
action of DR. However, there are few data to support
such a hypothesis. There is good evidence that both life-
long and adult-onset DR limit T cell senescence in mice
and primates [14,40-42], at least partially by
maintaining sensitivity to stress-induced apoptosis [43].
However, T cell senescence might be very different
from senescence of cells in solid tissues. For instance,
while a DNA damage response is the major driver for
growth arrest [44] and phenotypic changes [23] in
fibroblast senescence, its role in T cell senescence is
less well established. Moreover, sensitivity to apoptotic
stimuli is generally high in senescent T cells, but
decreases during senescence in fibroblasts and other
solid tissue cells.

There is very little data available on the impact of DR
on cell senescence in solid mammalian tissues. Early
data [45,46] showed reduced proliferative activity in
various tissues of young mice under DR but improved
maintenance of replicative activity and capacity in old
mice under life-long DR, which might be due to a
decreased  accumulation  of  senescent  cells.
Krishnamurthy et al. [26] showed that DR reduced
staining for senescence-associated [-Galactosidase

(sen-B-Gal) and the expression of p16™<* and p19*™in
the kidney. However, the specificity and sensitivity of
sen-B-Gal as a marker for senescent cells in vivo has
been repeatedly questioned [47,48]. Moreover, pl16™<*
and pl9™" expression was similarly changed in
postmitotic tissues like brain cortex and heart,
suggesting that expression from the INK4A locus might
be a better indicator for aging than for cell senescence.
Further indirect evidence for decreased cell senescence

under DR came from a study showing reduced levels of
IGFBP3, a major secretion product of senescent
epithelial and mesenchymal cells, following long-term
DR [49]. However, while frequencies of senescent cells
increased during aging in skin of rhesus monkeys [50]
and baboons [25], no decrease of sen-B-Gal-positive
epithelial cells and no increase in proliferation-
competent skin fibroblasts was found after 9-12 years of
DR in rhesus monkeys [50]. To our knowledge, there is
no data reporting an effect of shorter term DR on cell
senescence in solid tissues.

We tested the impact of short-term (3 months), adult-
onset DR on cellular senescence in mice. We
concentrated on the small intestine, a highly
proliferative organ, and on liver with a slow cell
turnover under non-pathological conditions. We had
shown before that senescent cell frequencies in these
organs increase significantly during normal aging in
mice [28]. Using sensitive and specific markers for
senescent cells [51,52], we found that short-term, adult-
onset DR significantly reduced the frequencies of
senescent liver hepatocytes, especially in the
centrilobular area, and of senescent intestinal
enterocytes in the transient amplifying zone. DR also
improved telomere maintenance in liver and intestine
and reduced cumulative oxidative stress markers in the
same tissue compartments. We propose that reduction
of cell senescence might be a primary effect of DR
which may explain improved mitochondrial function
and reduced ROS production.

RESULTS

Adult-onset, short-term DR reduced the frequencies
of senescent cells in small intestine and liver

Male C57/BL mice were subjected to three months of
DR by average 26% of food restriction starting at 14
months of age. The study cohort is characterized in
supplementary Table S1. We focused on intestinal crypt
enterocytes and liver hepatocytes because frequencies
of senescent cells in these tissue compartments
increased with age or as result of telomere dysfunction
in Terc-/- mice [23,28].

We first measured the frequency of  intestinal
enterocytes showing an active DNA damage response
as characterized by nuclear positivity for the DNA
damage marker, -H2A.X. As we have shown before,
there were few y-H2A.X-positive enterocytes within
villi, instead, positive cells centered around the transient
amplifying zone in crypts [28]. DR significantly
reduced the frequencies of y-H2A.X-positive intestinal
crypt enterocytes (Figure 1A). We compared
frequencies of y-H2A.X-positive and sen-f-Gal-positive
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crypt enterocytes, measured on adjacent frozen sections
from five AL and five DR mice (Figure 1B). The
significant reduction of positive cells by DR was
confirmed for both markers, and they were significantly
correlated (r2=0.7080). v-H2A.X staining on its own
may overestimate frequencies of senescent cells,
especially in tissue compartments with high
proliferative activity such as gut because an active DNA
damage response can also be initiated by replication
stress in dividing cells. Accordingly, we showed
recently that a combination of strong positivity for y-
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H2A.X with absence of a proliferation marker results in
quantitatively correct estimates of senescent cell
frequencies in vitro and in vivo [52]. Double staining for
v-H2A.X and PCNA in the small intestine (Figure 1C)
showed that DR reduced also the frequencies of PCNA
positive crypt enterocytes as reported previously [45].
Frequencies of y-H2A.X positive/PCNA negative
intestinal crypt enterocytes in 17 month old mice were
20.0+0.9% under AL conditions and 14.0+1.9% after 3
months DR (Figure 1C). This difference was significant
(p=0.02).
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Figure 1. DR reduced frequencies of senescent hepatocytes and intestinal crypt enterocytes. (A)
Frequencies of y-H2A.X positive enterocytes per crypt, immunohistochemistry on paraffin sections. **
p<0.005. (B) Correlation between sen-fB-Gal and y-H2A.X positive enterocytes (p=0.002). Data points are
means per animal (DR: pink; Al: blue). Linear regression (solid line) and 95% confidence intervals (dashed
lines) are given. (C) Representative images (left) and quantitative evaluation (right) of PCNA and y-H2A.X
double immunofluorescence of intestinal crypts from AL and DR mice. Blue: DAPI; red: y-H2A.X; green:
PCNA. (D) Representative images of y-H2A.X immunohistochemistry in livers from AL (left) and DR (right)
mice. Examples of centrilobular (top) and periportal (bottom) areas are shown. CV: central vein; PV: portal
vein. Boxed areas are shown at higher magnification. Arrows indicate nuclei containing y-H2A.X foci (red).
(E) Quantification of y-H2A.X positive hepatocytes. * p<0.05. (F) Representative images for sen-B-Gal
activity. Pink: nuclei; blue: cytoplasmic sen-B-Gal staining. All data are from 5 animals/group, meantS.E.M.
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In liver, frequencies of y-H2A.X positive hepatocytes
were higher in centrilobular than periportal areas
(FigurelD) as shown previously [28]. Importantly, the
frequencies of y-H2A.X positive hepatocytes were
significantly reduced following 3 months DR by 6.5 +
1.8% in the centrilobular area and by 3.3 £ 1.2% in the
periportal area (Figure 1E). Results were qualitatively
confirmed by sen-B-Gal staining on cryosections
(Figure 1F). The frequency of PCNA- or Ki67-positive
cells in hepatocytes was less than 1% (data not shown).
Therefore, y-H2A.X positivity on its own is regarded as
a good estimate of senescent hepatocytes in liver.

Adult-onset, short-term DR improved telomere
maintenance in small intestine and liver

Despite the presence of active telomerase, telomeres
shorten with age in various tissues of laboratory mice
[28,53]. However, even in very old mice, telomeres are
much longer than in humans and aging in mice did not
measurably increase the degree of co-localisation of
DNA damage foci with telomeres [28]. This suggests
that telomere shortening may only be a minor
contributor to cell senescence in aging wild-type mice.
Here, we measured telomere length by quantitative
FISH (Q-FISH) in intestinal enterocytes and liver
hepatocytes (Figure 2A, B). Following 3 months of DR,
the average telomere length per crypt enterocyte nucleus
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was significantly higher than in AL fed mice (Figure
2A). The effect of DR on hepatocyte telomere length
was smaller than in the intestine (Figure 2B), possibly
because of the lower rate of proliferation. However, the
difference between DR and AL was still significant in
the centrilobular areas. Telomerase activity as measured
by TRAP in whole liver and intestinal mucosa
homogenates was not significantly changed by DR
(Figure 2C). If anything, it tended to decrease under
DR, possibly due to the anti-proliferative effect of DR,
suggesting that other factors than telomerase must be
responsible for the improved telomere maintenance
under DR. The most probable of these is reduction of
oxidative damage to telomeres [54].

Adult-onset, short-term DR reduced some oxidative
damage markers in small intestine and liver

Senescent cells are a major source of ROS because
mitochondrial dysfunction and, possibly, other ROS-
producing mechanisms are part of the senescent
phenotype [23,55-57]. Long-term DR is well known to
reduce oxidative stress and mitochondrial ROS
production [8,58]. We measured several markers of
oxidative damage in small intestine and liver to test
whether adult-onset, short-term DR impacts  on
oxidative stress in the same tissues as it reduced cell
senescence.

AL CV c
mmmm AL mean
== DRCV 120
|| === DR mean . AL
n.s /DR
< ®100 e
p<0.001 ik
™
G 80
S
n.s.
AL pV = 60
= AL mean | .=
= DR pV °
mmm DR mean| @© 40
o
p=0.08 <
Y 20
[
0 . o
| Liver Intestine
0 20 40 60 80 100

fluorescence intensity (a.u.)

Figure 2. DR improves telomere maintenance. (A) Representative Q-FISH images (left panels, red: telomeres, blue:
nuclei) and distribution of enterocyte telomere fluorescence intensity per nucleus (right panels, n>2230 nuclei, 5 animals)
in intestinal crypts. Mean nuclear telomere fluorescence intensity is indicated by blue vertical lines. p<0.001, Mann-
Whitney rank sum test. (B) Representative Q-FISH images (left panels, red: telomeres, blue: nuclei) and distribution of
hepatocyte telomere fluorescence intensity in centrilobular (CV, top, n=2560 nuclei) and periportal (PV, bottom, n=650
nuclei) in liver areas. Mean fluorescence intensities are indicated for AL (blue) and DR (pink). P-values for AL vs DR were
calculated by Mann-Whitney rank sum test. (C) Telomerase catalytic activity (% of TRAP activity in 3T3 cells) in whole liver
(left, n=4) and intestinal mucosa (right, n=5) homogenates. Data are mean#S.E.M. n.s.: not significant (T-test).
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Figure 3. DR decreased lipid peroxidation in liver. (A) Representative 4-HNE immunohistochemistry in
small intestine from AL (left) and DR(right) mice. Brown: 4-HNE staining; blue: nuclei. (B) Representative 4-HNE
images from centrilobular areas in liver. Brown: 4-HNE, Blue: nuclei. Arrows indicate examples of positive cells.
(C) Frequencies of 4-HNE-positive hepatocytes in periportal and centrilobular areas of liver. Data are
meantS.E.M. * p<0.05, n=5 animals/group. (D) Co-localisation of y-H2A.X (green) and 4-HNE (red) in AL liver.
Representative image, double immunofluorescence, cryosection. Cells with nuclei (DAPI, blue) positive for y-
H2A.X are marked by arrows. Cells were scored as either single positive (H2AX+ HNE — or H2A.X- HNE +), double
positive (H2A.X+ HNE+) or double negative (H2A.X- HNE -). Data are from four animals from the AL group.

4-HNE is a major end product of lipid peroxidation and
has been shown to accumulate in tissues with age [59].
We found few 4-HNE positive cells in intestinal crypts,
and almost all were located in the lamina propria
(Figure 3A). Confirming earlier results [28], HNE-
positive hepatocytes were more frequent in centrilobular
than in periportal areas. Importantly, frequencies of
HNE-positive hepatocytes decreased under DR in both
areas (Figure 3B, C p<0.05). To directly see whether
there was an association between cell senescence and
oxidative stress in liver hepatocytes, we performed a
double staining for y-H2A.X and 4-HNE (Figure 3D).
Quantitative evaluation showed that the majority of
senescent hepatocytes (as measured by y-H2A.X) were
also positive for 4-HNE and, vice versa, about three
quarters of 4-HNE-positive hepatocytes were probably

senescent (Figure 3D), thus confirming a cell-specific
association between senescence and a marker of
oxidative damage.

Broad-band autofluorescence originates mainly from
oxidised and cross-linked cell components, like
advanced glycation end products (AGEs) and lipofuscin
and is thus regarded as a good cumulative marker for
oxidative  damage [23,60-62]. Short-term DR
significantly reduced the intensity of broad-band
autofluorescence from intestinal crypt enterocytes
(Figure 4A) and in centrilobular areas of the liver
(Figure 4B). The reduction of autofluorescence in the
periportal areas of the liver by DR was not significant
(Figure 4B), in accordance with this compartment
showing the least reduction of senescent cells.
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Figure 4. DR decreased the intensity of broad-band autofluorescence. (A) Representative autofluorescence
images (left) and quantitative data (right) in small intestinal crypts under AL (left) and DR (right). (B) Representative
autofluorescence images from centrilobular areas in liver (AL left, DR right) and quantitative data in periportal and
centrilobular areas. All data are mean+S.E.M from 5 animals/group. *p<0.05; n.s. not significant (T-test).

8-0x0odG (a marker for oxidative DNA damage),
nitrotyrosine content (a marker for oxidative protein
damage) and H,O; release rate from tissue homogenate
are indicative of steady-state levels of oxidative stress/
oxidative damage. These markers were measured in
whole liver homogenates. None of them were
significantly different between AL and DR mice (Figure
5). Similarly, DR did not change 8-oxodG levels in
homogenates of the intestinal mucosa (data not shown).

DISCUSSION

This is the first study to show that short-term DR
reduced frequencies of senescent cells in solid tissues. It
is important to note that the magnitude of the
reductions, amounting to between 3.3 and 6.5%
depending on the tissue compartment, is  very
substantial given the short duration of the treatment.
Frequencies of senescent cells increase with age in
intestinal crypts and liver at rates below 0.5% per month
[28], indicating that 3 months DR probably reduced
levels of senescent cells beyond that at the start of the
treatment. Available data indicate that senescent
hepatocytes are turned over slowly in liver [63,64].
Turnover rates of senescent enterocytes in intestinal
crypts are unknown. DR could block the induction of
senescent cells, increase the rate of their turnover, or
both.

Cell senescence in vitro is associated with a 3- to 5-fold
increase in cellular ROS levels [23,55-57]. Various
signaling pathways and feedback loops connect DNA
damage response and checkpoint proteins that are
activated early and permanently in senescence, notably
p21, pl6 and Rb, with ROS generation via mito-
chondrial dysfunction and, potentially, NADPHoxidase
activation [23,56,65]. As senescent cells were less in
DR, we therefore expected to see lower levels of
oxidative stress markers under DR especially in those
tissue compartments which showed large reductions of
senescent cells. This was indeed the case: auto-
fluorescence was significantly reduced in the intestinal
crypts and the centrilobular areas of the liver, but not
around the portal vein. While 4-HNE could not be
measured in enterocytes, it was more strongly reduced
around the central vein than in the periportal areas of
the liver. Without increases in telomerase activity,
telomere length was better maintained under DR in the
crypt enterocytes and in the centrilobular, but not
periportal, areas of the liver. Autofluorescence, 4-HNE
and telomere maintenance in the absence of changes in
telomerase activity are all regarded as cumulative
markers of oxidative damage [54,59,62]. In contrast, we
did not find any significant effect of DR on the markers
of oxidative damage measured in whole tissue
homogenates. This was not surprising because 8-oxodG
and HO; release as acute parameters are less sensitive
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than the cumulative markers mentioned above.
Moreover, an average decrease in the number of
senescent cells by about 5% in liver would result in less
than 10% decrease in total ROS, which is within the
experimental error for these measurements. As there are
very few senescent cells in villi, the expected impact of
the observed decreases in senescent cell frequencies in
the crypts on ROS in the whole intestinal mucosa would
be even lower.
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Figure 5. DR does not change oxidative damage
markers measured in whole liver homogenates. (A) 8-
oxodG levels in liver homogenates from AL and DR mice
measured by HPLC with electrochemical detection. n=9
animals/group. (B) Nitrotyrosine levels in liver homogenates
from AL and DR mice measured by ELISA; n=6 animals/ group.
(C) Steady state hydrogen peroxide release from liver
homogenates from AL and DR mice measured by Amplex Red
fluorimetry; n=12 animals/ group. All data are mean +S.E.M,;
n.s.: not significant (T-test).

Taken together, our data suggest that at least some of
the beneficial effects of DR that have been repeatedly
described in the literature, such as improved
mitochondrial coupling and reduced ROS release [8,58],
could be quantitatively explained as an indirect effect,
mediated via reduction of senescent cells. Mitochondria
are dysfunctional (i.e. produce more superoxide despite
lower membrane potential and induce a retrograde
response) not only in senescent human fibroblasts in
vitro [57]. The same changes were triggered by
telomere dysfunction in mouse cells and tissues
including the intestinal crypt epithelium. In this system,
as in human fibroblasts, mitochondrial dysfunction was
dependent on signaling through p21, the central
mediator of cell senescence [23,32].

Our results lead to the question of how DR could impact
directly on cell senescence. One interesting candidate
may be signaling through the mTOR-S6K1 pathway.
DR reduced phosphorylation and activity of Aktl,
mTOR and its downstream targets S6K1 and 4E-BP1
[66]. Knockout of S6K1 mimics the effects of DR [67].
Importantly, S6K1 is intimately involved in the
regulation of cell senescence. S6K1 phosphorylation
and activity is altered in replicative senescence [68].
mTOR activation induced senescence in human
fibroblasts [69] and the activation state of the mTOR
pathway has been shown to be relevant for the decision
between reversible arrest and cell senescence in models
of DNA damage-independent senescence [70]. Wntl-
driven activation of the mTOR pathway caused
epithelial stem cell senescence and loss after a short
hyperproliferative period [71]. A mechanistic clue
comes from a recent paper showing that activated S6K1
binds more tightly to Mdm2, inhibiting Mdm2-mediated
p53 ubiquitination and thus stabilizing p53-dependent
DNA damage signaling [72]. Accordingly, suppression
of mTOR-S6K1 signaling as occurring under DR would
lead to Mdm2 nuclear transduction, activate p53
degradation and reduce thus signaling towards apoptosis
and/or senescence.

In conclusion, the data are compatible with the idea that
reduction of cellular senescence is a primary effect of
DR, possibly mediated via suppression of signaling
through mTOR-S6K1, and that this reduction in turn
might be sufficient to account for the improvement of
mitochondrial function and reduction of ROS
production that are known to occur under DR.

METHODS

Animals. From a group of 90 male C57/BL mice aged

14.2 £ 1.2 months, 45 animals were subjected to DR,
while the other 45 animals, matched for body mass,
food intake and age, served as ad libitum-fed (AL)
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controls. The experiment lasted for 3 months with an
average food restriction of 26%. All mice were
sacrificed at the end of the experiment. Five mice per
group were perfused by whole animal fixation with 4%
paraformaldeyde followed by dissection. Tissues were
paraffin-embedded and Sum sections were prepared
from small intestine and liver. Tissues from five
additional mice per group were frozen in OTC for
cryosectioning. Tissues from further animals were
frozen in liquid N». The intestinal mucosa was stripped
from the muscle layer before freezing. Further details of
the experimental protocol can be found as
supplementary material, Tab. S1. The project was
approved by the Faculty of Medical Sciences Ethical
Review Committee, Newcastle University.

Histochemistry, immunofluorescence, telomere Q-
FISH and telomerase activity. Sen-B-Gal histo-
chemistry, immunohistochemistry and telomere Q-FISH
were performed as described [28]. The antibodies used
and the dilution factors were: anti-y-H2A.X (#9718,
Cell Signalling, Herts, UK, 1:250), anti-PCNA
(#ab27Abcam, Cambridge, UK, 1:1,000) and anti-4-
HNE (#MHH-030n, Japan Institute for the Control of
Aging, Japan, 1:500). Incubation with all primary
antibodies was overnight at 4°C.

For double immunofluorescence, blocked sections were
incubated with anti-PCNA and anti- y-H2A.X anti-
bodies together in PBS at 4°C overnight and incubated
with Alexa-555-conjugated goat anti-rabbit antibody
and biotinylated anti-mouse antibody for 45 min in
PBS. Subsequently, tissue sections were washed 3 times
and incubated with 0.2% Fluorescein Avidin-DCS in
PBS for 30min. Images were taken in a Leica
DMS5500B microscope with 40x objective. 30-40 crypts
were scored for each animal.

Telomerase activity was measured using the
TeloTAGGG Telomerase PCR ELISA kit (Roche)
according to the manufacturer’s recommendations.

Autofluorescence. Autofluorescence was measured on
unstained, non-deparaffinized tissue sections using a
Leica DM5500B microscope. The sample was excited
at 458nm and fluorescence emission captured above
475nm.

8-0x0dG. The base oxidation product 8-oxo-7,8-
dihydro-2'-deoxyguanosine (8-oxodG) was detected by
HPLC with electrochemical detection (ECD). Ground
frozen tissues (30-100 mg, n=4-9 per group) were
thawed and genomic DNA was obtained using standard
phenol extraction [73]. The DNA extraction procedure
was optimized to minimize artificial induction of 8-

oxodG, by using radical-free phenol, minimizing
exposure to oxygen and by addition of 1 mM
deferoxamine mesylate and 20 mM TEMPO (2,2,6,6-
tetramethylpiperidine-N-oxyl), according to the
European Standards Committee on Oxidative DNA
Damage [74]. HPLC-ECD was based on a method
described earlier [75]. Briefly, 30 pg DNA was digested
to deoxyribonucleosides by treatment with nuclease P1
[0.02 U/ul] for 90min at 37 °C and subsequently with
alkaline phosphatase [0.014 U/ul]. for 45min at 37 °C.
The digest was then injected into a Gynkotek 480
isocratic pump (Gynkotek, Bremen, Germany) coupled
with a Midas injector (Spark Holland, Hendrik Ido
Ambacht, the Netherlands) and connected to an
Supelcosil™ LC-18S column (250 X 4.6 mm) (Supelco
Park, Bellefonte, PA) and an electrochemical detector
(Antec, Leiden, the Netherlands). The mobile phase
consisted of 10% aqueous methanol containing 94 mM
KH,PO4, 13 mMK,HPO4, 26 mM NaCl and 0.5 mM
EDTA. Elution was performed at a flow rate of 1.0
ml/min with a lower absolute detection limit of 40 fmol
for 8-0x0-dG, or 1.5 residues/10° 2’-deoxyguanosine
(dG). dG was simultaneously monitored at 260 nm.

Nitrotyrosine measurement. Ground frozen tissues (8-
32mg, n=5 per group) were thawed and total protein
was extracted using Microplate BCA™ protein assay kit
(Thermo Scientific, UK). Nitrotyrosine was detected by
oxiSelect™ Nitrotyrosine ELISA kit (Cell Biolabs,
INC, UK) according to the protocol provided by the
manufacturer.

H,0; release. Ground frozen tissue was homogenized in
PBS and used immediately for the assay. The rate of
hydrogen peroxide release was monitored fluoro-
metrically as resorufin formation due to oxidation of
Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine,
purchased from Invitrogen, 50uM) in the presence of
horseradish peroxidase (2U/ml), at an excitation 544 nm
and an emission 590 nm using a FLUOstar Omega
(BMG Labtech). Superoxide dismutase (75U/ml) was
included in the assay buffer. The slope was converted
into the rate of hydrogen peroxide release with a
standard curve. Protein concentration was measured
using Bio-Rad DC protein assay Kkit.
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SUPPLEMENTAL MATERIAL

Table S1. Characterisation of the experimental cohort.

Parameter Ad I_ibitum (AL) Dietary :estriction (DR) P - value
Mean age at death (months) 17.24+1.20 17.33+1.19 0.822
Animal deaths during experiment other than tumours 3 2 0.738
Macroscopic tumour incidence 6 2 0.150
Mean body mass (g) 39.38+0.37 34.26x2.24 <0.001
Mean food intake (g) 3.59+0.41 2.67+0.00 <0.001
Mean daily body temperature (°C) 35.98+0.11 35.72+0.09 0.002
Mean daily physical activity (arbitrary units) 13.64+2.33 19.63+13.44 0.252

Ninety male mice were taken from a long-established
colony of the C57/BL (ICRFa) strain which had been
selected for use in studies of intrinsic ageing because it
is free from specific age-associated pathologies and thus
provides a good general model of ageing (Rowlatt et al
1976).

Mice were housed in cages of groups of 4-6 which did
not change from weaning. Mice were provided with
sawdust and paper bedding and had ad libitum access to
water. Mice were divided into 2 groups (N=45/group),
matched for age, body mass and food intake. There
were eight cages in each group. One group was
dedicated to ad libitum (AL) feeding and the other
group to dietary restriction (DR). The experiment lasted
3 months.

AL fed mice had access to standard rodent pelleted
chow in a hopper at all times (CRM(P), Special Diets
Services, Witham, UK). The body mass of each mouse
was measured twice a week (£0.01g; Sartorius top-pan
balance, Epsom, UK). Body mass of the DR group was
always recorded before food was given.

DR mice were offered an average of 26% food
restriction relative to the AL group. Mean body mass
and food intake were calculated across the whole
experiment.

7 mice were culled or found dead in the cage during the
experiment (4 AL and 3 DR). AL animals that were
culled during the experiment for reasons other than
tumors were due to paralysis and bladder stones and one
was found dead in the cage with the cause unknown.
DR animals were culled due to peritonitis in both cases.
One AL mouse was culled due to a tail tumor and 1 DR
mouse was culled due to a kidney tumor during the
experiment. The other macroscopic tumors were noted
when dissecting. Tumors in AL mice were found in the
liver, kidney, pancreas, small intestine and colon. One

tumor was located in the pancreas of DR mouse
when dissecting.

Prior to the experiment, one mouse in each cage
(N=8AL and N=8DR) was implanted intraperitoneally
with a wireless E-mitter (Model PDT-4000 E-Mitter,
Mini-Mitter, OR, USA) to monitor body temperature
and activity continuously in vivo. Mean values were
calculated over the whole duration of the experiment.

At the end of the experiment all mice were dissected.
Tissues from five mice per group were frozen for
cryosectioning (mean age of AL: 17.80+1.10mo and
DR: 17.60+1.34mo, P = 0.803) and five mice per group
were fixed in 4% paraformaldeyde by whole animal
perfusion followed by dissection (all aged exactly 17
mo).
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Abstract: SIRT3 is a member of the sirtuin family of NAD'-dependent deacetylases, which is localized to the mitochondria
and is enriched in kidney, brown adipose tissue, heart, and other metabolically active tissues. We report here that SIRT3
responds dynamically to both exercise and nutritional signals in skeletal muscle to coordinate downstream molecular
responses. We show that exercise training increases SIRT3 expression as well as associated CREB phosphorylation and PGC-
1o up-regulation. Furthermore, we show that SIRT3 is more highly expressed in slow oxidative type | soleus muscle
compared to fast type Il extensor digitorum longus or gastrocnemius muscles. Additionally, we find that SIRT3 protein
levels in skeletal muscle are sensitive to diet, for SIRT3 expression increases by fasting and caloric restriction, yet it is
decreased by high-fat diet. Interestingly, the caloric restriction regimen also leads to phospho-activation of AMPK in
muscle. Conversely in SIRT3 knockout mice, we find that the phosphorylation of both AMPK and CREB and the expression
of PGC-1a are down regulated, suggesting that these key cellular factors may be important components of SIRT3-mediated
biological signals in vivo.

INTRODUCTION sirtuins (SIRT1-7) are localized differentially within the

cell and have a variety of functions [1, 2]. SIRT1 is the
The sirtuin family of proteins possesses NAD'- most extensively studied member of the family and
dependent deacetylase actiVity and/or ADP ribosyltrans- regulates diverse biological processes ranging from
ferase aCthlty The seven mammalian sirtuins (SIRT1-7) DNA repair and genome Stablhty to glucose and hpld
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homeostasis [3, 4]. Although three specific sirtuins,
SIRT3-5, are found in the mitochondria [5, 6], not much
is known about their function in vivo [7]. SIRT4 has
been shown to regulate amino acid-stimulated insulin
secretion by targeting glutamate dehydrogenase [8], and
it was recently demonstrated that SIRTS participates in
the urea cycle [9]. Among the mitochondrial sirtuins,
SIRT3 possesses the most robust deacetylase activity
[10-12]. Indeed, significantly higher Ilevels of
mitochondrial protein acetylation were detected in the
livers of SIRT3-null mice, compared to those of SIRT4
or SIRTS knockout animals [13]. However, little is
known about the physiological role of SIRT3 despite
the fact that a number of SIRT3 substrates and co-
precipitating proteins have been identified: acetyl-CoA
synthetase 2 [14], Ku70 [15], FOXO3a [16], subunit 9
of mitochondrial Complex I (NDUFA9) [17], glutamate
dehydrogenase [13, 18] and isocitrate dehydrogenase 2
[18].

SIRT3 has been linked to longevity in men [19, 20] and
aberrant expression of this sirtuin correlates with node-
positive breast cancer in clinical biopsies from women
[21]—suggesting that SIRT3 serves as an important
diagnostic and therapeutic target in human health/aging
and disease, affecting men and women in unique ways.
In human cells, we have shown that SIRT3, along with
SIRT4, is required for Nampt-mediated cell survival
after genotoxic stress, wherein maintenance of
mitochondrial NAD" levels inhibits apoptosis [22].
Previously we also reported in murine brown adipose
tissue that the RNA level of SIRT3 increases by cold
exposure and caloric restriction (CR) and that
constitutive expression of SIRT3, in brown pre-
adipocytes, stimulates downstream CREB-mediated
expression of PGC-1a and other mitochondrial-related
genes [10]. In this study, we investigated the
physiological conditions that regulate SIRT3 in skeletal
muscle, a metabolically active organ vital for insulin-
mediated glucose disposal and lipid catabolism.
Notably, skeletal muscle strongly influences whole-
body lipid metabolism, as lipid catabolism provides up
to 70% of the energy usage for resting muscle [23]. In
this tissue, the balance between fatty acid availability
and fatty acid oxidation rates plays an important role in
regulating insulin responses, and intramuscular fatty
acid metabolites like diacylglycerol may cause insulin
resistance [24]. Therefore, studying the role of
molecular factors and pathways acting in muscle under
various dietary and environmental conditions will be
critical for better understanding metabolism, health, and
disease.

In skeletal muscle, the peroxisome proliferator-activated
receptor gamma coactivator-laa  (PGC-1a), a nuclear

receptor co-activator, plays multiple roles in metabolic
regulation [25, 26]. It stimulates mitochondrial
biogenesis [27], induces muscle fiber-type switch, and
increases oxidative capacity in skeletal muscle cells
[28]. In addition to transcriptional activation by CREB
[29], it has been shown that AMP-activated protein
kinase (AMPK) also increases PGC-1a expression [30,
31] and activates it by direct phosphorylation [32].
AMPK is also a key molecular sensor and regulator of
muscle metabolism.

AMPK is a ubiquitous heterotrimeric serine/threonine
protein kinase, which functions as a fuel sensor in many
tissues, including skeletal muscle [33]. AMPK is
allosterically activated by AMP and by phosphorylation
at Thr172 in the catalytic a-subunit, mainly by an
upstream AMPK kinase, LKB1 [34, 35]. Importantly,
AMPK is stimulated by cellular stresses that deplete
ATP and elevate AMP, such as diet restriction/hypo-
glycemia [36], exercise [37], and muscular contraction
[38]. Activated AMPK stimulates ATP-generating
catabolic pathways, such as cellular glucose uptake and
fatty acid a-oxidation. AMPK activation also represses
ATP-consuming processes, such as lipogenesis, to
restore intracellular energy balance [33, 39].

Our work seeks to further elucidate the role of sirtuins
within health and disease, with particular focus on
muscle tissue in this study. We report here that
expression of SIRT3 in skeletal muscle is sensitive to
various signals from both diet and exercise, leading to
downstream activation of AMPK and up-regulation of
PGC-1a. SIRTS3 is therefore a potential key regulator of
skeletal muscle biology, responding to important
environmental cues and activating cellular factors in vivo.

RESULTS

SIRT3 is regulated in skeletal muscle by exercise
training

We first assayed the SIRT3 expression profile in vivo to
compare the whole-body distribution of SIRT3,
specifically across muscles to tissues like adipose and
kidney, where SIRT3 has been previously described. As
predicted, the SIRT3 tissue distribution pattern mirrors
that of SIRT3 mRNA [11]. Indeed, SIRT3 exhibits high
expression in important metabolically active tissues like
kidney, brown fat, liver, and brain (Figure 1). When
comparing expression across muscle samples, we
noticed that SIRT3 protein levels were higher in the
slow-twitch soleus muscle compared to the fast-twitch
muscles like extensor digitorum longus and gastro-
cnemius, in agreement with higher mitochondrial
content and the oxidative feature of the soleus muscle.
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SIRT3 expression profile in vivo
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Figure 1. Tissue distribution of SIRT3 protein. The SIRT3 protein is abundantly expressed in the brown
adipose tissue (BAT), liver, kidney, heart, brain, and soleus muscle, but very low in white adipose tissue
(WAT), the extensor digitorum longus muscle (EDL), or the gastrocnemius muscle (Gastro). For each sample,
50 pg of protein was loaded into a 10% acrylamide gel, electrophoresed, and transferred to a nitrocellulose
membrane. The membrane was probed using an anti-SIRT3 serum or an anti-B-actin antibody. Blots were
quantified with ImageQuant and SIRT3/actin ratios are provided; since gastrocnemius (Gastro) has the lowest
SIRT3 expression in vivo, normalization (1.0) was set with respect to this tissue.

To study the role of SIRT3 in muscle within the context
of exercise biology, we next tested if SIRT3 protein
levels were sensitive to an established voluntary
exercise protocol [40]. Using a specific anti-mouse
SIRT3 polyclonal antibody, we found that SIRT3
protein increased selectively in triceps, the muscle that
undergoes training in the wheel-caged system, but not
in cardiac muscle samples from those same animals
(Figure 2A). In contrast to SIRT3, exercise training
failed to alter SIRT1 protein levels in triceps (data not
shown). The specificity of our antibody for detecting
the endogenous ~28kDa SIRT3 protein was confirmed
by using SIRT3 knockout tissue lysates (Supplemental
Figure 1). Notably, induction of SIRT3 in skeletal
muscle was higher in female mice when compared to
that of male littermates (Figure 2B). In agreement with
this up-regulation, we also observed increased SIRT3
levels in the gastrocnemius muscle of rats exercised on
a treadmill-based exercise paradigm [41] (Supplemental
Figure 2). Even one week of treadmill training was
sufficient to increase SIRT3 protein amount
(Supplemental Figure 2B). The up-regulation of SIRT3
(Figure 2B) correlated with enhanced downstream
phosphorylation of CREB at Ser133 (Figure 2C) and
PGC-1o induction (Figure 2D). Lastly, citrate synthase
activity, a mitochondrial marker for exercise training,
was significantly higher in trained muscles than in the
respective sedentary control group (Figure 2E).
Collectively, these data suggest that the up-regulation of
SIRT3 by exercise is an important and conserved
molecular consequence of training.

SIRT3 expression in skeletal muscle is sensitive to
dietary intake

Previously we had demonstrated how CR stimulates the
in vivo expression of SIRT3 in brown fat [10]. Thus we
hypothesized that perhaps SIRT3 expression in muscles
is also sensitive to nutritional signals, especially given
how different muscles contain various levels of SIRT3
(Figure 1) and vary inherently with respect to
energetic/metabolic potential. To test this hypothesis,
we measured the SIRT3 levels in leg muscles of mice in
either CR or ad libitum (AL) cohorts after twelve
months. CR is an effective environmental method
known to extend lifespan in a number of model
organisms, from yeast and nematodes to rodents, yet the
underlying molecular mechanisms by which this
pathway acts in vivo remain largely unknown [42].

Here we found that the CR diet significantly increased
levels of SIRT3 protein in skeletal muscle, compared to
the AL control diet (Figure 3A). In addition, twenty-
four hours of fasting was sufficient to induce the muscle
expression of SIRT3 (Figure 3B). Conversely, SIRT3
protein level was significantly decreased following
three months of energy-dense, high-fat feeding (Figure
3C), indicating that the SIRT3 expression in muscle
fluctuates in response to dietary nutrient uptake. We
next measured the effect of CR on AMPK—an enzyme
whose activity is dependent on changes in metabo-
lic/energetic potential [30, 31].
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Figure 2. Skeletal muscle-specific induction of SIRT3 and associated factors in exercise-trained mice. (A) Triceps or
cardiac muscle tissue was homogenized and 50 ug of protein was analyzed by Western blot, using anti-SIRT3 serum (Covance)
and a-tubulin control; representative blots are shown here and throughout. SED = sedentary and TRD = trained. (B)
Quantification of SIRT3 band intensities using ImageQuant from blots with animals grouped by sex. Males are plotted as clear
bars and females as shaded bars. Total number of animals used per cohort and graphed are as follows: sedentary males, N = 7;
sedentary females, N = 5; exercised males, N = 8; exercised females, N = 6. (C) Phospho-CREB/Ser133 and total CREB protein.
Band intensities of phospho-CREB and CREB were quantified and phospho-CREB content was normalized relative to total CREB
content; inset provides sample blots of male triceps tissue. (D) Induction of PGC-1a. correlates with enhanced SIRT3 expression in
triceps; samples processed and analyzed, as above. Inset blots are of male triceps tissue. (E) Citrate synthase activity was
measured as a mitochondrial marker from the same triceps samples, as described previously [40]. N = 2, *P < 0.05, **P < 0.01.

Since AMPK is activated during decreased energy
levels, we hypothesized that AMPK may be activated
under CR. In nematodes, for example, it has recently
been shown that AMPK is critical for mediating key
downstream biological effects that enable lifespan
extension by caloric/dietary restriction [43]. Our data
here show that AMPK is hyper-phospho-activated at
Thr172 of its catalytic o-subunit, which was quantified
and determined to be three to four times higher than the

AL control diet (Figure 3D). Together these data
provided novel connections between caloric intake,
SIRT3 and AMPK that merit more analysis.

Loss of SIRT3 significantly impacts activation of
AMPK, CREB and PGC-1a expression

We next tested if the lack of SIRT3 would impact
AMPK and other related factors like CREB and/or
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PGC-1a in skeletal muscle. Consistent with our previous
data, we found that SIRT3-null animals had 50% lower
levels of AMPK phosphorylation compared to the wild-
type littermate control group (Figure 4A). In our exercise
model (Figure 2A-D), SIRT3 up-regulation enhanced
downstream activation of CREB and PGC-1la. Accord-

A.

Gastrocnemius

ingly, in the SIRT3-null mice, activating phosphorylation
of CREB at Ser122 was also reduced (Figure 4B), which
correlated with lowered transcriptional activation of pgc-
1o (Figure 4C). This result is consistent with previously
published data, which show that both AMPK and CREB

activate pgc-1 a expression in vivo [29].
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Figure 3. Diet-sensitive expression of SIRT3 and AMPK in muscle tissue. (A) Mice were fed NIH-31
standard feed ad libitum or NIH-31/NIA-fortified diet (Harlan Teklad) with a daily food allotment of 60% of the
control mice to establish caloric restriction (CR); twelve months after the onset of CR, tissues were harvested
to examine SIRT3 expression. (B) Mice were deprived of food for 24 hours, and SIRT3 level in EDL muscle was
determined by Western blot analysis. (C) SIRT3 protein expression is decreased in murine hind-leg muscle
after 3 months of high-fat diet feeding; total hind-leg tissue protein was isolated and analyzed. (D) AMPK T-
172 phosphorylation and AMPK total protein in the quadriceps of the caloric restricted mice were assayed;
AMPK phosphorylation was determined as phospho-AMPK normalized by total AMPK. N=3, *P < 0.05.

www.aging-us.com

118

AGING



A. SIRT3** SIRT3"- SIRT3"- g ‘
= c
pampK - . : .
ER X I
AM['K|-——---- —-_I EE i
™
u—“l'uhulinl— — ‘-- o — -l Z w2
1]
SIRT3"* SIRT3*" SIRT3"
= 1.2
B. SIRT3** SIRT3™- SIRT3"- 2 34
p(.'li‘.l".ﬂl I g 08 A
6 0.6 ok
CREE | " i s = s e | = "] l
2 02
L]
SIRT3*" SIRT3" SIRT3 "

C.

= 101

2 08

= *

AT

I

T o04d -

.;E = D :

P N .
SIRT3*" SIRT3™" SIRT3"

Figure 4. SIRT3-deficient mice have lower phosphorylation levels of AMPK and CREB, as well as

decreased PGC-1o. mRNA. (A) AMPK T-172 phosphorylation and AMPK total protein in the EDL muscles of the
male wild-type mice or mice with heterozygous or homozygous SIRT3 gene deficiency were determined by Western
blot analysis. AMPK phosphorylation was determined as phospho-AMPK normalized by total AMPK. N=3, *P < 0.05.
(B) CREB phosphorylation and CREB total protein in the EDL muscles of the wild-type mice or mice with
heterozygous or homozygous SIRT3 gene deficiency were determined by Western blotting analysis. CREB
phosphorylation was determined as phospho-CREB normalized by total CREB. N=3, *P < 0.05, **P<0.01. (C)
Quatitative RT-PCR shows pgc-1a mRNA level reduced in the gastrocnemius of SIRT3 knockout mice. *P < 0.05,

**p<0.01.

DISCUSSION

Here we have found that SIRT3 is differentially
expressed in vivo, with the greatest expression observed
in metabolically active tissues like skeletal muscle,
where SIRT3 undergoes dynamic regulation by
different environmental regimens. SIRT3 protein level
is decreased by high-fat feeding, while it is increased by
short-term fasting (24-hour) or long-term nutrient
deprivation (12-month CR) and exercise training. In this
study we also show that loss of SIRT3 significantly
inhibits AMPK and CREB phosphorylation, which
decreases PGC-1a transcriptional expression in muscle.
Consequently, we propose a new model in which SIRT3
leads to potential downstream changes in response to
important environmental signals (Figure 5). This model

suggests that SIRT3 levels may respond to various
nutritional/energetic and physiological challenges by
regulating muscle energy homeostasis via factors like
AMPK and PGC-1a.

Given our study, it will be interesting to test whether
SIRT3-null animals show any defects under certain
environmental challenges. Despite the hyper-acetylation
of mitochondrial proteins in SIRT3 knockout mice, the
significance of these biochemical changes is unclear. A
recent study of SIRT3-deficient mice by another group
did not find defects in basal metabolism nor adaptive
thermogenesis, while the mice were housed in standard
dietary/sedentary conditions [13]. Similarly, we found
normal treadmill performance in SIRT3 knockout mice
while under standard housing (unpublished observa-
tions). Upon challenge with various environmental

WWW.aging-us.com

119

AGING



signals, however, these animals may respond
differently. Accordingly, we are actively testing how
challenges by CR/fasting/high-fat diet and exercise may
affect the SIRT3-null mice and alter key downstream
cellular factors in muscle cells.

The mechanism(s) by which different environmental
variables modulate SIRT3 and activate AMPK in muscle
(and other tissues that highly express SIRT3) remains to
be fully elucidated. For example, activation of acetyl-
CoA synthetase 2 (AceCS2) by SIRT3 [44, 45] may
elevate the AMP/ATP ratio and consequently activate
AMPK. Alternatively, a recent proteomics-based
approach has identified many novel SIRT3-interacting
partners in human cells, including the ATP synthase
(mitochondrial F1 complex) alpha/beta subunits and the
ubiquinol-cytochrome ¢ reductase hinge protein, UQCRH
[46]. Since these proteins (together with NDUFA9 [17])

High-fat Diet

Exercise

\/

AceCS2, UQCRH,
ATPF1 Complex ?

AMPK-mediated
signals

CR/Fasting

CREB-dependent
transcriptional
signal

G — (e

serve as critical components of the ATP-generating
machinery in cells, SIRT3 may also potentially modulate
the AMP/ATP ratio via these factors to activate AMPK.
Moreover, we too have purified additional putative
SIRT3-binding proteins from HeLa cells (using a related
cross-linking/immunoaffinity purification method [47]),
which include mitochondrial acetoacetyl CoA thiolase
(also referred to as a-ketothiolase), malate dehydro-
genase, thioredoxin 2 (Trx-2), Hsp60, and lactate
dehydrogenase (unpublished data). Since some of these
enzymes are important regulators of muscle energy
homeostasis, our data further substantiate that SIRT3
may modulate ATP/energy levels via key targets to
activate AMPK. It is intriguing to note that a study of an
independent line of SIRT3-knockout mice indicated that
the ATP level is significantly reduced in several tissues
[17], although the effect of SIRT3 deficiency on muscle
ATP level has not beenreported.

INPUT
External environmental signals
from diet/exercise

SIRT3

Internal biological processing
by SIRT3 and associated factors
in skeletal muscle tissue

MOLECULAR

RESPONSE

Figure 5. Schematic diagram of potential SIRT3 action in the skeletal myocyte.
Collectively, our data support a working model in which SIRT3 responds dynamically to various
nutritional and physiological signals to potentially impact muscle energy homeostasis via AMPK and
PGC-1a. Since AMPK can also phosphorylate and activate CREB [52], SIRT3 may activate CREB
directly or through AMPK. Given its dynamic role, SIRT3 action within the skeletal muscle cells may
serve as an important diagnostic and therapeutic target for impacting human health and disease.
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Interestingly, it has also been shown that activation of
AMPK, upon glucose nutrient restriction of muscle
stem cells, causes an increase in the cellular
NAD/NADH ratio, consistent with a positive feedback
loop needed for prolonged SIRT1 activation [48], as
may occur in our SIRT3 model and merits testing.
Indeed a second in vitro study independently validates a
similar  NAD/NADH model via AMPK [49].
Strikingly, AMPK activation (as occurs with CR) may
also result in lifespan extension [50-52], and future
study will reveal if SIRT3 is involved in this process. It
is known that activated AMPK directly phosphorylates
PGC-1a [32] and CREB [53]—and that both AMPK
and CREB are involved in the transactivation of PGC-
la [54, 55]. Lastly, both SIRT3 and SIRT1 promote
mitochondrial biogenesis and fatty acid oxidation via
PGC-1a but in different ways. SIRT3 promotes PGC-
la expression while SIRT1 activates PGC-1a by direct
deacetylation [56]. However, we have found that
exercise training regulates SIRT3 but not SIRTI
expression in muscle. At present, it remains to be
considered how these two key sirtuin enzymes may
work cooperatively within certain tissues in response to
environmental signals.

Furthermore, it is important to consider that a
phenotype may be tissue-specific, especially if SIRT3
has different biological roles in the body. For example,
in the rennin-angiotensin system, which plays a key role
in the pathophysiology of cardiac and renal disease in
humans, targeted disruption of the angiotensin receptor
(Agtrla gene in mice) yields animals with less cardiac
and vascular injury, prolonged lifespan, increased
number of mitochondria, and dramatic up-regulation of
SIRT3 in kidney tissue—a possible site of SIRT3 action
that may contribute, at least in part, to the phenotype
that is observed [57]. Another interesting place of
molecular action is in brown adipose tissue (BAT), in
which SIRT3 has been previously shown to respond
dynamically to CR and regulate fat cell physiology via
PGC-1a [10]. With the recent discovery of BAT in
humans (reviewed in [58]), there are now new
opportunities to explore the role of SIRT3 in diabetes
and obesity research [59]. Moreover, after intense
swimming, it has been reported that the expression of
SIRT3 and PGC-la increases in white blood cells to
activate the antioxidant response [60]. Lastly, in human
skeletal muscle, it has been reported that SIRT3 and
PGC-1a expression decline with age and correlate with
a sedentary proteomic profile found in people with
decreased metabolic output [61]. With exercise,
however, these authors observed that the effect is
reversed. Collectively, these data suggest that SIRT3
function is perhaps varied throughout the body and
specialized to meet the unique metabolic/energetic

capacities found within various tissues, particularly in
response to environmental cues.

Thus it will be interesting to test whether inducible
tissue-specific SIRT3-null mice show global metabolic
defects from exercise and/or diet regimens in various
parts of the body, especially with aging. This inducible
genetic approach will also allow us to bypass potential
compensatory effects resulting from the lack of SIRT3
during development. Additionally, a mouse model with
increased SIRT3 over-expression in muscle (and/or
other specific tissues) will also be a valuable tool for
further elucidating the biological role(s) of this sirtuin in
vivo. All of this work will be important as we fight
against aging and associated disorders ranging from
type 2 diabetes (and other metabolic diseases) to breast
cancer, in which expression of SIRT3 is aberrant.
Therefore, small-molecule activators of SIRTS3,
currently in development and testing [62], may provide
novel and key therapeutic routes for the treatment of a
variety of common diseases, perhaps by mimicking the
beneficial molecular effects of exercise and/or caloric
restriction in vivo.

EXPERIMENTAL PROCEDURES

Animals, diet and exercise. Ethics statement: Protocols
for animal use were in accordance with the guidelines
of the Institutional Animal Care and Use Committees of
Baylor College of Medicine and the Joslin Diabetes
Center and the National Institutes of Health. For the
caloric restriction experiment, C57BL/6 male mice were
singly caged. At 8 weeks of age, control mice were fed
ad libitum with NIH-31 standard diet (Harlan Teklad),
while food consumption was measured daily. Caloric
restricted mice were fed with NIH-31/NIA-fortified diet
(Harlan Teklad) with a daily food allotment of 90%,
70% and then 60% of the amount consumed by the
control mice—at the first, second, and third week,
respectively. From then on, daily food allotment
stabilized at 60% of ad [libitum food intake for the
caloric restricted mice. 12 months later, mice were
dissected to collect tissues for analysis. For the fasting
experiment, food was removed from 3 months old
C57BL/6 male mice at 6pm for 24 hours. For the high-
fat diet feeding experiment, 8-week-old male mice were
fed a control diet or a 35% fat-enriched chow (Bio-
Serv) for three months. Various tissues were also
harvested from mice fed the control diet to examine
SIRT3 gene expression by Western blot analysis at the
termination of the study. For the exercise study [40], 7-
week-old male and female FVB/NJ mice were wheel-
cage trained for 6 weeks and fed PicoLab Mouse Diet
20 (LabDiet/Purina). In brief, mice were housed in
individual cages with or without rodent running wheels
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(Nalgene, Rochester, NY) and the animals could exercise
voluntarily during a 6-week training period. At the end of
the 6 weeks, mice were euthanized, triceps muscles were
removed and subsequently analyzed for SIRT3, CREB,
phospho-CREB/Ser122, and PGC-1a protein expression
[10]. Citrate synthase activity was measured as a
mitochondrial marker post-exercise training from triceps
samples, as described previously [40].

Sirt3-knockout mice. Mice in which the Sirt3 gene
(Accession: NM_022433) was targeted by gene
trapping were obtained from the Texas Institute for
Genomic Medicine (Houston, TX, USA). Briefly, these
mice were created by generating embryonic stem (ES)
cells (Omnibank No. OST341297) with a retroviral
promoter trap that functionally inactivates one allele of
the Sirt3 gene, as described previously [63]. Sequence
analysis indicated that retroviral insertion occurred in
the intron preceding coding exon 2 (Supplemental
Figure 1). Targeted 129/SvEvBrd embryonic stem cells
were injected into C57BL/6 albino blastocysts. The
chimeras (129/SvEvBrd) were then crossed with
C57BL/6 albinos to produce the heterozygotes.
Heterozygotes were then mated and the offspring were
genotyped using PCR, containing two primers flanking
the trapping cassette insertion site TGO0003-5'
(ATCTCGCAGATAGGCTATCAGC) and TGO0003-3'
(AACCACGTAACCTTACCCAAGG), as well as a
third primer LTR rev, a reverse primer located at the 5’
end of the trapping cassette (ATAAACCCTCTTGCAG
TTGCATC). Primer pair TG0003-5" and TG0003-3’
amplify a 336bp fragment from the wild-type allele,
while primer pair TG0003-5" and LTR rev amplify a
160bp fragment from the knockout allele.

Antibodies and Western blots. The antibodies used for
Western blot analysis included: anti-mouse SIRT3
serum raised against the C-terminus (DLMQRERGKLD
GQDR, Genemed Synthesis, Inc.) and used for the
tissue distribution and high-fat diet analyses; anti-mouse
and anti-rat SIRT3 serum was also developed against
the C-terminal regions of each respective protein
(Covance), and the anti-mouse serum was validated for
specificity using brown fat, cardiac tissue, and soleus
muscle from SIRT3 knockout mice (Supplemental Fig.
1), then used for analyzing the exercise samples. Other
antibodies used included the following: anti-phospho-
CREB/Ser133 (Cell Signaling); anti-CREB (Cell
Signaling); anti-phospho-AMPK (Cell Signaling);
AMPK (Cell Signaling); anti-PGC-1a. (Calbiochem); 3-
actin antibody (Santa Cruz); and a-tubulin (Abcam).
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SUPPLEMENTARY FIGURES

A.

Retroviral
insertion site
to inactivate

—{lr:u'?a E|z|—| B H e F{esH & | E|'? —

ATG ATG  ATG TAA

B.

Brown Fat Soleus muscle Cardiac tissue
SIRT3-- SIRT3*- SIRT3~ SIRT3"- SIRT3~ SIRT3 "

Non-specific —» .
i

SIRT3 _,
~28kDa

25kDa

Supplemental Figure 1. Murine Sirt3 gene structure and inactivation. (A) Annotated Sirt3
gene structure [62, 64], showing retroviral insertion site for inactivation of SIRT3 in the null mice.
Lines indicate relative position of known ATG start codons; the stop codon, TAA, is indicated in
exon 7 (E7). Nomenclature for the exon designations shown here is taken from Cooper et al. [62].
(B) SIRT3 protein levels were assayed from mice tissues with either homozygous or heterozygous
Sirt3 gene deficiency, using standard Western blot analysis (as before).
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Supplemental Figure 2. SIRT3 up-regulation by exercise is conserved in rodents. (A)
Representative Western blot panels of mice muscle samples used for quantification in Figure 2,
and (B) rat muscle showing that SIRT3 up-regulation occurs as early as 1-week on a previously
established treadmill-based exercise paradigm [41]. Remarkably, the molecular size of the mouse
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and rat SIRT3 proteins is conserved.
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