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ABSTRACT: Climate extremes and rising energy prices present interconnected global health risks. Technical 

solutions can be supplemented with biomedical approaches to promote healthy longevity in hot and cold 

conditions. In summer, reducing basal metabolic rate through mild caloric restriction or CR mimetics, such as 

resveratrol, can potentially be used to lower body temperature. In winter, activating brown adipose tissue (BAT) 

for non-shivering thermogenesis and improved metabolic health can help adaptation to colder environments. 

Catechins found in green tea and in other food could be alternatives to drugs for these purposes. This review 

examines and discusses the biomedical evidence supporting the use of CR mimetics and BAT activators for health 

benefits amid increasingly extreme temperatures. 
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1. Introduction 

 

With the ongoing climate change, extreme weather 

conditions, like storms and heat waves, are becoming 

more common on a global scale [1]. Such periods of 

extreme heat pose a serious threat to all forms of farming 

and agriculture and thus to the aim of feeding an ever-

growing population. However, heat waves are also 

directly impacting the health and wellness of humans. 

Direct physiological consequences include, for instance, a 

redistribution of the blood flow towards the skin to 

increase cooling via sweating and evaporation of fluid [2]. 

Physical fitness and the capacity to perform manual labor 

are reduced, with detrimental effects for the economy. 

Further changes also occur in the renal and cardiac system 

(increased pump rate) to compensate for the heat stress 

[3]. Lung damage such as pulmonary edema and acute 

respiratory distress syndrome can result from such 

conditions [4], a situation which is exacerbated in people 

with existing health problems and high risk groups, such 

as the very young and old or outdoor workers; see also [3] 

for an in depth description of the health risks posed by 

heat extremes. Furthermore, a large study investigating 

almost 65 million deaths estimated that in 2019 almost 1.7 

million deaths were attributable to non-optimal 

temperatures [5].  

Heat waves are a problem with global consequences 

and, ideally, remedies should therefore also be applicable 

and affordable globally. There are a number of easy 

strategies that fall into this category. Shifting working 

times towards mornings and evenings and thus away from 

the most intensive heat is one option that has been 

historically practiced in Mediterranean countries. 

Appropriate clothing and staying in the shade are other 

alternatives. Yet, the International Energy Agency reports 

a growing demand for air conditioners (AC) to keep cool, 

a strategy that already accounts for nearly 20% of all 

electricity used in buildings around the world 

(www.iea.org/reports/the-future-of-cooling). Since most 

homes in developing countries so far do not possess AC 
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this trend is expected to continue in the next decades. 

Clearly, this approach is not sustainable, both due to costs 

(especially for the poorest countries) and the fact that it 

drives further global warming and heat waves [1, 6]. On 

the other hand, we note the rise in energy prices in recent 

times, making heating in winter increasingly expensive.  

Facing climate extremes and energy costs, we like to 

suggest here that technical solutions may be 

complemented by biomedical approaches that may 

simultaneously foster healthy longevity. During hot 

summers, a lowering of the basal metabolic rate would be 

useful to reduce thermogenesis and to slightly lower body 

temperature, suggesting mild caloric restriction (CR) or, 

more conveniently, intake of CR mimetics. Also, a diet 

rich in electrolytes can counteract their loss by sweating 

[7]. In winter, when high energy prices might prevent 

sufficient heating, brown adipose tissue (BAT) could be 

an interesting target for intervention. In young as well as 

adult humans, beige and brown adipose tissue is involved 

in non-shivering thermogenesis. We propose that BAT 

activation could not only adapt people to colder rooms but 

also yield better metabolic health. While some drugs exist 

for BAT activation, recent research suggests a safer 

approach is through the use of natural (food) compounds 

for BAT activation. In summary, we here review the 

biomedical evidence that CR (and CR mimetics) and BAT 

activators may provide small yet measurable wellness 

effects in times of increasingly extreme temperatures, 

while improving health at the same time.   

 

2. Caloric Restriction (CR) and mimetics 

 

Caloric restriction has a long history showing its 

beneficial effects on health and lifespan in various 

species. Evidence goes back at least to 1935 when it was 

shown that the mean and maximum lifespan of rats kept 

under caloric restriction, but without malnutrition, was 

significantly increased compared to a control group [8]. 

Since then, lifespan extension via CR has been repeatedly 

confirmed in flies, worms, mice and monkeys [9-13]. 

Importantly, CR also increases healthspan, i.e. the 

fraction of disease free lifespan, which is an important 

aspect considering application to humans [14] by 

improving various clinical parameters [15] and reducing 

the incidence of various diseases like cancer, 

cardiovascular events and degenerative disorders [16-18]. 

Various recent studies have analyzed the effects of CR on 

body temperature in humans. Overall, their findings agree 

that caloric restriction is causing a reduction in body 

temperature, although not all studies reported statistically 

significant results.  Two studies in particular, one by 

Heilbronn et al. [19] and one by Soare et al. [20] have 

reported significant reductions in core body temperature 

following CR.  

The first [19]  involved 48 overweight, nonobese 

(BMI 25 to <30) men and women, allocated to a weight 

maintenance diet (control group), to 25% CR, to 12.5% 

CR plus a structured exercise program designed to induce 

a 12.5% increase in energy expenditure (CREX), or to a 

very low-calorie diet (890 kcal/d until 15% weight 

reduction, followed by a weight maintenance diet). The 

authors observed significant reductions in core 

temperature in the CR group by 0.2°C, and by 0.3°C in 

the combined caloric restriction and exercise (CREX) 

group. Soare et al. made similar observations in their case-

control study. The study involved 24 men and women 

(mean age 54 years) consuming a CR diet, comparing 

them to 24 age- and sex-matched sedentary volunteers on 

a Western diet (WD) and 24 body fat-matched, exercise-

trained (EX) volunteers. The mean 24-hour core body 

temperature in the CR group was 36.64°C, which was 

significantly lower than that of the WD group (36.83°C) 

and the EX-group (36.86°C). In the CALERIE 2 study, a 

two-year, multicenter, phase 2 randomized controlled 

trial, 218 nonobese individuals aged between 21-51 years 

were subjected to either 25% CR or an ad libitum (AL) 

diet [21]. Although the CR group reached statistically 

significant reductions in body temperature (-0.05°C) 

compared to baseline, the reduction compared to the AL 

group was not significant, because body temperature also 

declined in the AL group for unknown reasons.  

The most likely underlying mechanism of these 

observed changes in body temperature is adaptive 

thermogenesis, which refers to the downregulation of the 

metabolic rate in response to the decrease in caloric 

intake. Adaptive thermogenesis has also been observed in 

monkeys, even after correction for lean body mass [22]. 

Furthermore, a reduction of basal metabolic rate was a 

long-term effect observed in rhesus monkeys subjected to 

moderate CR for more than ten years [23]. The same 

phenomenon can also be seen in mice or rats under CR 

[24, 25].  

Metabolic rate reduction makes sense since it is a 

strategy to reduce energy expenditure in situations of food 

shortage. Although endotherms tend to maintain a 

constant body temperature by heat generation and 

dissipation, a lowering of the metabolic rate also leads to 

a lowering of body temperature. This effect has been 

found in rodents, non-human primates and humans (as 

discussed above) [19, 20, 26-29], with it being argued that 

this reduction in body temperature is causally involved in 

the life-extending effects of CR [30]. This view is 

supported by work on transgenic mice with an artificially 

reduced body temperature. Such mice show an increased 

median lifespan, even without CR [31].  

We propose that a reduction of the metabolic rate 

could also be a useful strategy during periods of increased 

environmental heat. The ensuing reduction of body 
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temperature would normally induce a feeling of being 

cold [28], but the high temperatures provide additional 

external heating for the body and consequently counteract 

the feeling of cold (Fig1). Without such a reduction of 

metabolic rate, however, increased environmental 

temperatures would lead to sweating and heat stress.  

 
Figure 1. During heat waves the normal internal heat production together with external heat input led to sweating and heat 

stress. Caloric restriction reduces the basal metabolic rate and internal heat production, reducing total heat input leading to more 

comfortable feeling and less or no heat stress. 

A major obstacle regarding the widespread 

application of CR to humans is of course compliance, and 

several studies of CR in humans found that hunger is a 

major limiting factor in this regard  [28]. A way forward 

may be the use of appetite suppressants or CR mimetics.  

For instance, Semaglutide, sold under the names Wegovy 

and Ozempic, is an injectable drug originally developed 

to treat diabetes, but was approved by the Food and Drug 

Administration (FDA) in 2021 for chronic weight 

management. When CR mimetics were originally 

proposed [32] the idea was to identify substances that 

mimic the beneficial effects of CR (hormonal, 

physiological, reduction of age-related diseases and life 

extension) without the need to actually reduce caloric 

input.   

 

2.1 CR mimetics (CRM) 

 

Substances with the potential to mimic important aspects 

of caloric restriction might have various molecular targets 

and can be natural food ingredients or synthetic 

supplements. CRMs are not a well-defined chemical class 

of compounds, but a loose umbrella term for substances 

with properties mirroring some of the many CR effects. 

Inhibitors of glycolysis, intestinal fat and carbohydrate 

metabolism are obvious candidates, but activators of the 

AMPK pathway and sirtuins are also possible candidates, 

in addition to inhibitors of the mTOR pathway and 

polyamines [33, 34].  

The search for glycolytic inhibitors has mostly 

concentrated on the first two reactions of glycolysis, 

catalyzed by hexokinase and glucose-6-phosphate 

isomerase. 2-deoxy-D-glucose (2DG) inhibits the second 

step of glycolysis and is one of the first and most 

thoroughly studied CR mimetics. Further, it has been 

shown to reduce plasma insulin and body temperature 

[32]. Interestingly, it also led to a lifespan extension in 

worms [35], reproducing another hallmark of CR. 

Unfortunately, long term studies showed that 2DG led to 

cardiac vacuolization and increased mortality in rats [36] 

making its practical use as a CR mimetic in humans 

unlikely.  The long-term toxicity of 2DG highlights a 

general problem of synthetic compounds. While studies to 

uncover such effects can in principle be performed in 

animal models, there is always the risk that a substance 

might behave differently in humans. Thus, while not 

every putative CR mimetic is derived from food, those 

which are, may be considered to be safer than those which 

are not. This is because, historically, food derived 

mimetics have been consumed regularly for a long time 

without noting severe side effects. As such we will 

concentrate on CRMs found in food compounds, 

acknowledging however, that isolated food compounds 

may still pose safety risks and that there are many drugs 

with a long history of usage without major side effects.  

D-Allulose and D-Glucosamine, also inhibitors of 

glycolysis, are examples of such naturally occurring CR 

mimetics. Small amounts of D-Allulose are found in 

wheat and it has been shown to increase the lifespan of 

nematodes [37]. D-Glucosamine (found in cartilage and 

chitin of shellfish) also extends lifespan in animal models 

(nematodes and mice) [38, 39], induces mitochondrial 

biogenesis and lowers blood glucose levels [38]. D-

Glucosamine has been extensively studied, mainly as 

treatment of osteoarthritis, and it mimics several of the 

effects of CR [14].  
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Polyphenols are a chemically diverse group of 

molecules that have been proposed as promising 

candidates of CR mimetics [40]. For instance, resveratrol, 

curcumin, catechin and quercetin belong to this group.  

Various studies found that resveratrol reduces waist 

circumference or body weight [41-44], supporting the 

idea that resveratrol can act as a CR mimetic. However, 

while there is evidence that administration of resveratrol 

in diabetes patients shows CR-like changes such as 

AMPK and SIRT1 activation [45], others found no 

changes in markers of CR in postmenopausal women [46]. 

Interestingly, similarly to CR, supplementation with 

resveratrol leads to a reduction of resting metabolic rate 

[47] in human and a small but significant reduction of 

body temperature [48] in monkeys. Another polyphenol 

that has been studied intensively is quercetin. Various 

meta-analyses found an effect on plasma lipid profiles and 

related health parameters [49-52], but currently evidence 

for an effect on body weight or body temperature is 

lacking [53]. Much more work exists regarding CR 

mimetics and the reader is referred to the following 

reviews for more detailed information [14, 34, 54, 55]. 

 

3. Brown Adipose Tissue (BAT) 

 

It has long been known that brown adipose tissue (BAT) 

is a major source of non-shivering thermogenesis in 

rodents [56]. In contrast to white adipose tissue (WAT), 

brown adipocytes show high expression of uncoupling 

protein 1 (UCP1), include multiple small lipid vacuoles 

and possess a substantial number of mitochondria [57]. 

UCP1 is a transmembrane protein of the inner 

mitochondrial membrane, allowing protons to flow into 

the organelles bypassing ATP-synthase, thereby 

dissipating membrane potential and generating heat 

instead of ATP [58]. The presence of BAT in adult 

humans was confirmed some years ago [59-62] with the 

use of positron emission tomography (PET). BAT not 

only affects the energy balance equation (EE) of input and 

expenditure, but is also involved in the uptake of lipids 

and glucose from the blood [57, 63, 64]. Therefore, it has 

been proposed as a therapeutic target to treat obesity, 

metabolic syndrome, hyperglycemia and dyslipidemia 

[65-69].  

Although the energy dissipation per gram of BAT 

(via glucose and fatty acid uptake) is higher than that of 

WAT or muscle cells [65], the overall contribution to the 

energy balance equation is smaller since adult humans 

possess only 10-300 grams of BAT [61, 70-73].  

Furthermore, the amount of BAT declines with age and 

body mass index (BMI) [62, 68, 74-76], which may be 

counteracted by increasing its mass or stimulating its 

activity. An efficient inducer of BAT activity is cold 

exposure [71, 72, 77-81] and this is also the method that 

has been used in most human studies [82-84]. Because of 

the accompanying discomfort it is unlikely that this 

strategy will be followed voluntarily by a large fraction of 

the population, despite the mentioned beneficial effects. 

Since BAT activation is controlled by sympathetic 

neurons, activation of β-adrenergic receptors (AR) [57, 

65] through pharmacological compounds like mirabegron 

has been studied [85, 86]. However, the observed side 

effects such as increased heart rate and high blood 

pressure severely restrict their therapeutic application [65, 

68].  

 

 
Figure 2.  During winter the normal internal heat production together with insufficient heating can lead to freezing and cold 

stress. Activation of brown adipose tissue (BAT) increases non-shivering thermogenesis and total heat output leading to more 

comfortable feeling and less or no cold stress. 

Another approach is to increase the mass of BAT, 

which would also be relevant for older people and those 

with a high BMI. ‘Browning’ of WAT into beige 

adipocytes is a way to achieve this. Although beige and 

brown adipocytes have distinct gene expression patterns 

[68], beige adipocytes are also capable of thermogenesis 

[87, 88]. Several browning inducers have been identified 

such as fibroblast growth factor 21 and several members 
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of the TGF-β superfamily [89-94]. Interestingly, food 

ingredients like capsaicin, capsinoids and tea catechin can 

also induce browning [66, 95, 96].  

We propose that BAT activation is suitable to help 

during times of high heating costs. One of the potential 

concerns regarding BAT activation is hyperthermia [65, 

68], since the increased heat production, in the case of 

normal environmental temperatures, could lead to an 

undesirable increase of body temperature. If, however, 

room heating is reduced, BAT activation would mitigate 

cold stress, and merely maintain body temperature at 

normal levels (Fig2). To eliminate further unwanted side 

effects, we also suggest avoiding pharmacological BAT 

activation and instead make use of the observation that 

food ingredients can also achieve the same effect. Several 

studies have investigated the effect of various nutritional 

components on BAT activation. However, we will 

concentrate here on the most popular and promising  

interventions and refer the interested reader to existing 

reviews regarding this topic for further details [66, 67, 69, 

97-99]. BAT thermogenesis is also induced shortly after a 

single meal, which is known as diet-induced 

thermogenesis (DIT) [57, 66], but here we are interested 

in the more long-term effects of non-caloric food 

ingredients.  

 

3.1 Capsaicin and Capsinoids 

 

Capsaicin and capsinoids are popular thermogenesis 

candidates, which both bind to TRPV1, a member of the 

family of transient receptor potential (TRP) channels. 

Activity of these receptors then activates β-adrenergic 

receptors (β-AR) further downstream. Although both 

substances have similar chemical structures, the pungency 

of capsinoids is around 1000 times less than that of 

capsaicin, which is found in chili peppers [66].  

Oral administration of these substances in studies 

involving mice and rats has shown that by activating 

TRPV1, BAT activity and whole-body EE is increased 

[100-102]. Such an increase of EE after a single 

capsinoids consumption was also found in humans [103]. 

Interestingly, that increase was only observed in 

participants with active BAT, indicating a causative role 

of BAT for the induced thermogenic effects. Since there 

is great variability in the human population regarding the 

amount of active BAT, it is important that administration 

of capsinoids over a longer period (6 weeks) can activate 

BAT and increase its amount in humans [95, 104, 105]. 

Since the daily ingestion of several milligrams of 

capsinoids has no serious negative side-effects [95, 105-

107] it appears to be safe for human consumption. 

A recent systematic review covering publications 

from 2007 to 2018 [67] found six studies investigating the 

effects of capsinoids in humans [95, 103, 104, 108, 109]. 

Most studies were conducted in young, non-obese males 

using a daily dose of 9 mg over several weeks. All but one 

showed that capsinoids could activate BAT based on cold 

induced thermogenesis (CIT), resting metabolic rate 

(RMR) or PET/CT scan. These findings are promising, 

but further work is needed since all studies have a small 

sample size (3-24 participants) and not all followed a 

double-blind, randomized, placebo-controlled design.  

The family of TRP receptors are not cold sensors, but 

are involved in sensing hot temperatures. While TRPV1 

is activated above 43℃, other members like TRPM8 are 

active at lower values around 17-25℃ [66]. Interestingly, 

there are also compounds like menthol (found e.g., in the 

oils of peppermint and spearmint) that function as TRPM8 

antagonists and consequently cause a sensation of 

coolness. Because of the lower temperature range of 

TRPM8, activating this receptor should mimic the effects 

of a mild cold exposure and this has also been confirmed 

in several mouse studies [110, 111] although its effects in 

humans are unknown. However, the combination of 

menthol with capsaicin and capsinoids might be an 

interesting strategy to mitigate the pungent feeling that 

cannot be tolerated by some people. 

 

3.2 Catechins and Quercetin 

 

Catechins are found in copious amounts in green tea and 

belong to the class of polyphenols, which display 

antiobesity, anticarcinogenic, antibacterial and 

antiinflammatory properties [112-114]. Over the last 

twenty years several human studies have shown that 

catechin intake leads to a short-term thermogenic effect 

and increase in EE [115-118]. There exists also a causal 

link to BAT activation since catechin consumption only 

increased EE and CIT in participants with high levels of 

BAT [96]. Despite the different chemical structures, it 

seems that catechins, like capsinoids, stimulate BAT 

through the TRP pathway, although further work is 

required to clarify this point [66]. Catechins are often 

administered together with caffeine, as in two studies that 

went on for 5 and 12 weeks respectively [96, 105]. Both 

studies found a significant increase in BAT density, CIT 

and resting metabolic rate. Since the placebo group of one 

study [105] also contained caffeine, but did not show the 

response of the active group, it seems the observed BAT 

activation is linked more to the catechins instead of the 

caffeine.     

The effects of quercetin, a flavonoid with similar 

chemical structure as catechin have often been studied in 

mice with respect to anti-obesity effects [119-122]. 

However, more recently connections between quercetin 

and BAT have also become apparent, since it upregulated 

markers of WAT browning [123-125] and UCP1 mRNA 

[126] in mice. In humans the situation is not as clear, since 
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a meta-analysis of 9 randomized controlled trials (RCT) 

of quercetin intake covering a range of doses and 

intervention times did not find beneficial effects on body 

weight [53]. However, there exist also several RCTs 

showing that quercetin does reduce blood pressure, blood 

lipids and waist circumference [127-129]. Polyphenols 

such as catechins and polyphenol-rich diets in general also 

improve flow-mediated dilation, contributing to lower 

blood pressure, and thus counteracting the increase in 

blood pressure due to colder temperatures [130]. 

 

3.3 Others 

 

A plethora of additional food compounds have been tested 

for BAT activation and control of body weight, which we 

do not cover here due to space constraints and because the 

evidence is often quite weak. Among those are for 

example pterostilbene (the dimethylated derivative of 

resveratrol), luteolin, phytoestrogens, ephedrine, 

xanthigen, seeds of A. melegueta, linoleic acid, casein, 

curcumin, garlic powder and ginger extracts, amongst 

others. For more details on those substances the reader is 

referred to [66, 67, 69, 99, 131, 132].  

 

4. Discussion and Summary 

 

Heat waves and rising energy prices are two emerging 

challenges of recent years. The physiological 

consequences of extreme heat include changes in blood 

flow, reduced physical fitness and labor capacity, renal 

and cardiac system changes, and increased risk of lung 

damage. Moreover, heat waves have been associated with 

a significant number of deaths. Given the global nature of 

heat wave problems, it is important to develop 

interventions that are applicable and affordable 

worldwide. Additionally, increasing energy costs may 

prevent adequate heating during colder seasons, which 

can also have negative consequences for well-being and 

health, in particular in vulnerable populations. 

We propose here a biomedical approach to mitigate 

these problems, which might have the added benefit to 

also improve health. We hypothesize that with the help of 

CR mimetics basal metabolic rate and thus thermogenesis 

could be reduced during periods of high temperatures 

(reducing heat stress) and that the activation of BAT 

during wintertime could increase thermogenesis to avoid 

cold stress. There is good evidence that both effects can 

be achieved by natural ingredients from food (e.g., 

resveratrol or catechins), providing a safe and affordable 

route to this approach. 

Unfortunately, our current knowledge about such 

substances is still limited and the sample sizes of human 

studies are quite small, often comprising less than two 

dozen participants [67]. Clearly it is necessary to improve 

this situation to obtain reliable estimates of effect sizes 

and to uncover possible side effects. More work is also 

needed to clarify the exact role of polyphenols regarding 

CR effects and BAT activation since they have been 

implicated in both. To clarify the situation, it would be 

important to measure the effect on resting metabolic rate 

and especially body temperature in future studies, as a 

simple to measure but still valuable parameter. One 

possible way is to use smart wearables, which would even 

provide time resolved data. Currently, a reduction of body 

temperature has been observed for at least two CR 

mimetics, 2DG and resveratrol, which is very promising. 

Unfortunately, 2DG has serious side effects, supporting 

our suggestion to concentrate on food compounds for 

safety reasons. 

The discussed interventions have potential 

applicability and value in addressing the challenges posed 

by climate related temperature extremes. However, there 

are timing issues to consider, such as the need for 

preparation before heat waves occur, and the individual 

commitment required for caloric restriction or BAT 

activation. Also, effect sizes are quite modest considering 

any single individual implementing these interventions. 

Yet, if implemented on a larger scale, the sum of the 

effects can be expected to be notable, in terms of the use 

of resources as well as the improvements in health.  

Socioeconomic factors, including the affordability and 

accessibility of interventions, need to be taken into 

account to ensure equitable benefits. 

In conclusion, the biomedical interventions of caloric 

restriction mimetics, as well as the activation of brown 

adipose tissue, offer approaches to mitigate the negative 

impacts of extreme temperatures and higher energy costs. 

These interventions can be globally applicable, although 

challenges regarding compliance, timing, and 

socioeconomic factors need to be addressed. Further 

research and development are necessary to explore the 

effectiveness, safety, and practical implementation of 

these interventions on a larger scale. 

 

Acknowledgements 

 

GF is supported by the BMBF (FKZ 01ZX1903A and 

03V0396), Karls Erdbeerhof, Rövershagen, Germany, 

and the Interdisziplinäre Fakultät (Department AGIS) of 

Rostock University. 

 

Conflict of Interest 

The authors declare that there are no conflicts of interest. 

 

Author Contributions 

 

AK and GF designed the overall concept of the 

manuscript. AK, DP, RS and GF were all involved in 



 Kowald A., et al.                                                                          Healthy Aging and climate extremes  

Aging and Disease • Volume 15, Number 2, April 2024                                                                              607 

 

writing the text, and all authors reviewed and approved 

the manuscript. 

 

References 

 
[1] Khosla R, Jani A, Perera R (2021). Health risks of 

extreme heat. BMJ, 375:n2438. 

[2] Kenny GP, Jay O (2013). Thermometry, calorimetry, 

and mean body temperature during heat stress. Compr 

Physiol, 3:1689-1719. 

[3] Ebi KL, Capon A, Berry P, Broderick C, de Dear R, 

Havenith G, et al. (2021). Hot weather and heat 

extremes: health risks. Lancet, 398:698-708. 

[4] Zanobetti A, O'Neill MS, Gronlund CJ, Schwartz JD 

(2012). Summer temperature variability and long-term 

survival among elderly people with chronic disease. 

Proc Natl Acad Sci U S A, 109:6608-6613. 

[5] Burkart KG, Brauer M, Aravkin AY, Godwin WW, 

Hay SI, He J, et al. (2021). Estimating the cause-

specific relative risks of non-optimal temperature on 

daily mortality: a two-part modelling approach applied 

to the Global Burden of Disease Study. Lancet, 

398:685-697. 

[6] Jay O, Capon A, Berry P, Broderick C, de Dear R, 

Havenith G, et al. (2021). Reducing the health effects 

of hot weather and heat extremes: from personal 

cooling strategies to green cities. Lancet, 398:709-724. 

[7] Sawka MN, Montain SJ (2000). Fluid and electrolyte 

supplementation for exercise heat stress. Am J Clin 

Nutr, 72:564S-572S. 

[8] McCay CM, Crowell MF, Maynard LA (1935). The 

effect of retarded growth upon the length of the life 

span and upon the ultimate body size. J Nutr, 10:63. 

[9] Weindruch R, Walford RL, Fligiel S, Guthrie D (1986). 

The retardation of aging in mice by dietary restriction: 

longevity, cancer, immunity and lifetime energy intake. 

J Nutr, 116:641-654. 

[10] Colman RJ, Anderson RM, Johnson SC, Kastman EK, 

Kosmatka KJ, Beasley TM, et al. (2009). Caloric 

restriction delays disease onset and mortality in rhesus 

monkeys. Science, 325:201-204. 

[11] Mattison JA, Colman RJ, Beasley TM, Allison DB, 

Kemnitz JW, Roth GS, et al. (2017). Caloric restriction 

improves health and survival of rhesus monkeys. Nat 

Commun, 8:14063. 

[12] Green CL, Lamming DW, Fontana L (2022). 

Molecular mechanisms of dietary restriction 

promoting health and longevity. Nat Rev Mol Cell 

Biol, 23:56-73. 

[13] Mercken EM, Carboneau BA, Krzysik-Walker SM, de 

Cabo R (2012). Of mice and men: the benefits of 

caloric restriction, exercise, and mimetics. Ageing Res 

Rev, 11:390-398. 

[14] Hofer SJ, Davinelli S, Bergmann M, Scapagnini G, 

Madeo F (2021). Caloric Restriction Mimetics in 

Nutrition and Clinical Trials. Front Nutr, 8:717343. 

[15] Kraus WE, Bhapkar M, Huffman KM, Pieper CF, 

Krupa Das S, Redman LM, et al. (2019). 2 years of 

calorie restriction and cardiometabolic risk 

(CALERIE): exploratory outcomes of a multicentre, 

phase 2, randomised controlled trial. Lancet Diabetes 

Endocrinol, 7:673-683. 

[16] O'Flanagan CH, Smith LA, McDonell SB, Hursting 

SD (2017). When less may be more: calorie restriction 

and response to cancer therapy. BMC Med, 15:106. 

[17] Sung MM, Dyck JR (2012). Age-related 

cardiovascular disease and the beneficial effects of 

calorie restriction. Heart Fail Rev, 17:707-719. 

[18] Schafer MJ, Alldred MJ, Lee SH, Calhoun ME, 

Petkova E, Mathews PM, et al. (2015). Reduction of 

beta-amyloid and gamma-secretase by calorie 

restriction in female Tg2576 mice. Neurobiol Aging, 

36:1293-1302. 

[19] Heilbronn LK, de Jonge L, Frisard MI, DeLany JP, 

Larson-Meyer DE, Rood J, et al. (2006). Effect of 6-

month calorie restriction on biomarkers of longevity, 

metabolic adaptation, and oxidative stress in 

overweight individuals: a randomized controlled trial. 

JAMA, 295:1539-1548. 

[20] Soare A, Cangemi R, Omodei D, Holloszy JO, 

Fontana L (2011). Long-term calorie restriction, but 

not endurance exercise, lowers core body temperature 

in humans. Aging (Albany NY), 3:374-379. 

[21] Ravussin E, Redman LM, Rochon J, Das SK, Fontana 

L, Kraus WE, et al. (2015). A 2-Year Randomized 

Controlled Trial of Human Caloric Restriction: 

Feasibility and Effects on Predictors of Health Span 

and Longevity. J Gerontol A Biol Sci Med Sci, 

70:1097-1104. 

[22] DeLany JP, Hansen BC, Bodkin NL, Hannah J, Bray 

GA (1999). Long-term calorie restriction reduces 

energy expenditure in aging monkeys. J Gerontol A 

Biol Sci Med Sci, 54:B5-11; discussion B12-13. 

[23] Yamada Y, Colman RJ, Kemnitz JW, Baum ST, 

Anderson RM, Weindruch R, et al. (2013). Long-term 

calorie restriction decreases metabolic cost of 

movement and prevents decrease of physical activity 

during aging in rhesus monkeys. Exp Gerontol, 

48:1226-1235. 

[24] Overton JM, Williams TD (2004). Behavioral and 

physiologic responses to caloric restriction in mice. 

Physiol Behav, 81:749-754. 

[25] Knight WD, Witte MM, Parsons AD, Gierach M, 

Overton JM (2011). Long-term caloric restriction 

reduces metabolic rate and heart rate under cool and 

thermoneutral conditions in FBNF1 rats. Mech Ageing 

Dev, 132:220-229. 

[26] Lane MA, Baer DJ, Rumpler WV, Weindruch R, 

Ingram DK, Tilmont EM, et al. (1996). Calorie 

restriction lowers body temperature in rhesus monkeys, 

consistent with a postulated anti-aging mechanism in 

rodents. Proc Natl Acad Sci U S A, 93:4159-4164. 

[27] Roth GS, Lane MA, Ingram DK, Mattison JA, Elahi 

D, Tobin JD, et al. (2002). Biomarkers of caloric 

restriction may predict longevity in humans. Science, 

297:811. 

[28] Speakman JR, Mitchell SE (2011). Caloric restriction. 

Mol Aspects Med, 32:159-221. 

[29] Cintron-Colon R, Sanchez-Alavez M, Nguyen W, 



 Kowald A., et al.                                                                          Healthy Aging and climate extremes  

Aging and Disease • Volume 15, Number 2, April 2024                                                                              608 

 

Mori S, Gonzalez-Rivera R, Lien T, et al. (2017). 

Insulin-like growth factor 1 receptor regulates 

hypothermia during calorie restriction. Proc Natl Acad 

Sci U S A, 114:9731-9736. 

[30] Carrillo AE, Flouris AD (2011). Caloric restriction and 

longevity: effects of reduced body temperature. 

Ageing Res Rev, 10:153-162. 

[31] Conti B, Sanchez-Alavez M, Winsky-Sommerer R, 

Morale MC, Lucero J, Brownell S, et al. (2006). 

Transgenic mice with a reduced core body temperature 

have an increased life span. Science, 314:825-828. 

[32] Lane MA, Ingram DK, Roth GS (1998). 2-Deoxy-D-

glucose feeding in rats mimics physiologic effects of 

calorie restriction. J Anti Aging Med, 1:327-337. 

[33] Ingram DK, Roth GS (2015). Calorie restriction 

mimetics: can you have your cake and eat it, too? 

Ageing Res Rev, 20:46-62. 

[34] Ingram DK, Roth GS (2021). Glycolytic inhibition: an 

effective strategy for developing calorie restriction 

mimetics. Geroscience, 43:1159-1169. 

[35] Schulz TJ, Zarse K, Voigt A, Urban N, Birringer M, 

Ristow M (2007). Glucose restriction extends 

Caenorhabditis elegans life span by inducing 

mitochondrial respiration and increasing oxidative 

stress. Cell Metab, 6:280-293. 

[36] Minor RK, Smith DL, Jr., Sossong AM, Kaushik S, 

Poosala S, Spangler EL, et al. (2010). Chronic 

ingestion of 2-deoxy-D-glucose induces cardiac 

vacuolization and increases mortality in rats. Toxicol 

Appl Pharmacol, 243:332-339. 

[37] Shintani T, Sakoguchi H, Yoshihara A, Izumori K, 

Sato M (2017). d-Allulose, a stereoisomer of d-

fructose, extends Caenorhabditis elegans lifespan 

through a dietary restriction mechanism: A new 

candidate dietary restriction mimetic. Biochem 

Biophys Res Commun, 493:1528-1533. 

[38] Weimer S, Priebs J, Kuhlow D, Groth M, Priebe S, 

Mansfeld J, et al. (2014). D-Glucosamine 

supplementation extends life span of nematodes and of 

ageing mice. Nat Commun, 5:3563. 

[39] Shintani T, Kosuge Y, Ashida H (2018). Glucosamine 

Extends the Lifespan of Caenorhabditis elegans via 

Autophagy Induction. J Appl Glycosci (1999), 65:37-

43. 

[40] Davinelli S, De Stefani D, De Vivo I, Scapagnini G 

(2020). Polyphenols as Caloric Restriction Mimetics 

Regulating Mitochondrial Biogenesis and Mitophagy. 

Trends Endocrinol Metab, 31:536-550. 

[41] Asgary S, Karimi R, Momtaz S, Naseri R, Farzaei MH 

(2019). Effect of resveratrol on metabolic syndrome 

components: A systematic review and meta-analysis. 

Rev Endocr Metab Disord, 20:173-186. 

[42] Elgebaly A, Radwan IA, AboElnas MM, Ibrahim HH, 

Eltoomy MF, Atta AA, et al. (2017). Resveratrol 

Supplementation in Patients with Non-Alcoholic Fatty 

Liver Disease: Systematic Review and Meta-analysis. 

J Gastrointestin Liver Dis, 26:59-67. 

[43] Mousavi SM, Milajerdi A, Sheikhi A, Kord-Varkaneh 

H, Feinle-Bisset C, Larijani B, et al. (2019). 

Resveratrol supplementation significantly influences 

obesity measures: a systematic review and dose-

response meta-analysis of randomized controlled trials. 

Obes Rev, 20:487-498. 

[44] Tabrizi R, Tamtaji OR, Lankarani KB, Akbari M, 

Dadgostar E, Dabbaghmanesh MH, et al. (2020). The 

effects of resveratrol intake on weight loss: a 

systematic review and meta-analysis of randomized 

controlled trials. Crit Rev Food Sci Nutr, 60:375-390. 

[45] Goh KP, Lee HY, Lau DP, Supaat W, Chan YH, Koh 

AF (2014). Effects of resveratrol in patients with type 

2 diabetes mellitus on skeletal muscle SIRT1 

expression and energy expenditure. Int J Sport Nutr 

Exerc Metab, 24:2-13. 

[46] Yoshino J, Conte C, Fontana L, Mittendorfer B, Imai 

S, Schechtman KB, et al. (2012). Resveratrol 

supplementation does not improve metabolic function 

in nonobese women with normal glucose tolerance. 

Cell Metab, 16:658-664. 

[47] Timmers S, Konings E, Bilet L, Houtkooper RH, van 

de Weijer T, Goossens GH, et al. (2011). Calorie 

restriction-like effects of 30 days of resveratrol 

supplementation on energy metabolism and metabolic 

profile in obese humans. Cell Metab, 14:612-622. 

[48] Pifferi F, Dal-Pan A, Menaker M, Aujard F (2011). 

Resveratrol dietary supplementation shortens the free-

running circadian period and decreases body 

temperature in a prosimian primate. J Biol Rhythms, 

26:271-275. 

[49] Guo W, Gong X, Li M (2019). Quercetin Actions on 

Lipid Profiles in Overweight and Obese Individuals: A 

Systematic Review and Meta-Analysis. Curr Pharm 

Des, 25:3087-3095. 

[50] Huang H, Liao D, Dong Y, Pu R (2020). Effect of 

quercetin supplementation on plasma lipid profiles, 

blood pressure, and glucose levels: a systematic 

review and meta-analysis. Nutr Rev, 78:615-626. 

[51] Sahebkar A (2017). Effects of quercetin 

supplementation on lipid profile: A systematic review 

and meta-analysis of randomized controlled trials. Crit 

Rev Food Sci Nutr, 57:666-676. 

[52] Tabrizi R, Tamtaji OR, Mirhosseini N, Lankarani KB, 

Akbari M, Heydari ST, et al. (2020). The effects of 

quercetin supplementation on lipid profiles and 

inflammatory markers among patients with metabolic 

syndrome and related disorders: A systematic review 

and meta-analysis of randomized controlled trials. Crit 

Rev Food Sci Nutr, 60:1855-1868. 

[53] Huang H, Liao D, Dong Y, Pu R (2019). Clinical 

effectiveness of quercetin supplementation in the 

management of weight loss: a pooled analysis of 

randomized controlled trials. Diabetes Metab Syndr 

Obes, 12:553-563. 

[54] Madeo F, Carmona-Gutierrez D, Hofer SJ, Kroemer G 

(2019). Caloric Restriction Mimetics against Age-

Associated Disease: Targets, Mechanisms, and 

Therapeutic Potential. Cell Metab, 29:592-610. 

[55] Yessenkyzy A, Saliev T, Zhanaliyeva M, Masoud AR, 

Umbayev B, Sergazy S, et al. (2020). Polyphenols as 

Caloric-Restriction Mimetics and Autophagy Inducers 

in Aging Research. Nutrients, 12. 



 Kowald A., et al.                                                                          Healthy Aging and climate extremes  

Aging and Disease • Volume 15, Number 2, April 2024                                                                              609 

 

[56] Cannon B, Nedergaard J (2004). Brown adipose tissue: 

function and physiological significance. Physiol Rev, 

84:277-359. 

[57] Carpentier AC, Blondin DP, Haman F, Richard D 

(2022). Brown adipose tissue - a translational 

perspective. Endocr Rev. 

[58] Demine S, Renard P, Arnould T (2019). Mitochondrial 

Uncoupling: A Key Controller of Biological Processes 

in Physiology and Diseases. Cells, 8. 

[59] Cohade C, Osman M, Pannu HK, Wahl RL (2003). 

Uptake in supraclavicular area fat ("USA-Fat"): 

description on 18F-FDG PET/CT. J Nucl Med, 

44:170-176. 

[60] Yeung HW, Grewal RK, Gonen M, Schoder H, Larson 

SM (2003). Patterns of (18)F-FDG uptake in adipose 

tissue and muscle: a potential source of false-positives 

for PET. J Nucl Med, 44:1789-1796. 

[61] Virtanen KA, Lidell ME, Orava J, Heglind M, 

Westergren R, Niemi T, et al. (2009). Functional 

brown adipose tissue in healthy adults. N Engl J Med, 

360:1518-1525. 

[62] Cypess AM, Lehman S, Williams G, Tal I, Rodman D, 

Goldfine AB, et al. (2009). Identification and 

importance of brown adipose tissue in adult humans. 

N Engl J Med, 360:1509-1517. 

[63] Wade G, McGahee A, Ntambi JM, Simcox J (2021). 

Lipid Transport in Brown Adipocyte Thermogenesis. 

Front Physiol, 12:787535. 

[64] McNeill BT, Morton NM, Stimson RH (2020). 

Substrate Utilization by Brown Adipose Tissue: 

What's Hot and What's Not? Front Endocrinol 

(Lausanne), 11:571659. 

[65] McNeill BT, Suchacki KJ, Stimson RH (2021). 

MECHANISMS IN ENDOCRINOLOGY: Human 

brown adipose tissue as a therapeutic target: warming 

up or cooling down? Eur J Endocrinol, 184:R243-

R259. 

[66] Saito M, Matsushita M, Yoneshiro T, Okamatsu-Ogura 

Y (2020). Brown Adipose Tissue, Diet-Induced 

Thermogenesis, and Thermogenic Food Ingredients: 

From Mice to Men. Front Endocrinol (Lausanne), 

11:222. 

[67] Osuna-Prieto FJ, Martinez-Tellez B, Sanchez-Delgado 

G, Aguilera CM, Lozano-Sanchez J, Arraez-Roman D, 

et al. (2019). Activation of Human Brown Adipose 

Tissue by Capsinoids, Catechins, Ephedrine, and 

Other Dietary Components: A Systematic Review. 

Adv Nutr, 10:291-302. 

[68] Singh R, Barrios A, Dirakvand G, Pervin S (2021). 

Human Brown Adipose Tissue and Metabolic Health: 

Potential for Therapeutic Avenues. Cells, 10. 

[69] Suchacki KJ, Stimson RH (2021). Nutritional 

Regulation of Human Brown Adipose Tissue. 

Nutrients, 13. 

[70] Carpentier AC, Blondin DP, Virtanen KA, Richard D, 

Haman F, Turcotte EE (2018). Brown Adipose Tissue 

Energy Metabolism in Humans. Front Endocrinol 

(Lausanne), 9:447. 

[71] van der Lans AA, Hoeks J, Brans B, Vijgen GH, Visser 

MG, Vosselman MJ, et al. (2013). Cold acclimation 

recruits human brown fat and increases nonshivering 

thermogenesis. J Clin Invest, 123:3395-3403. 

[72] Lee P, Smith S, Linderman J, Courville AB, Brychta 

RJ, Dieckmann W, et al. (2014). Temperature-

acclimated brown adipose tissue modulates insulin 

sensitivity in humans. Diabetes, 63:3686-3698. 

[73] Persichetti A, Sciuto R, Rea S, Basciani S, Lubrano C, 

Mariani S, et al. (2013). Prevalence, mass, and 

glucose-uptake activity of (1)(8)F-FDG-detected 

brown adipose tissue in humans living in a temperate 

zone of Italy. PLoS One, 8:e63391. 

[74] van Marken Lichtenbelt WD, Vanhommerig JW, 

Smulders NM, Drossaerts JM, Kemerink GJ, Bouvy 

ND, et al. (2009). Cold-activated brown adipose tissue 

in healthy men. N Engl J Med, 360:1500-1508. 

[75] Ouellet V, Routhier-Labadie A, Bellemare W, Lakhal-

Chaieb L, Turcotte E, Carpentier AC, et al. (2011). 

Outdoor temperature, age, sex, body mass index, and 

diabetic status determine the prevalence, mass, and 

glucose-uptake activity of 18F-FDG-detected BAT in 

humans. J Clin Endocrinol Metab, 96:192-199. 

[76] Saito M, Okamatsu-Ogura Y, Matsushita M, Watanabe 

K, Yoneshiro T, Nio-Kobayashi J, et al. (2009). High 

incidence of metabolically active brown adipose tissue 

in healthy adult humans: effects of cold exposure and 

adiposity. Diabetes, 58:1526-1531. 

[77] Labbe SM, Caron A, Bakan I, Laplante M, Carpentier 

AC, Lecomte R, et al. (2015). In vivo measurement of 

energy substrate contribution to cold-induced brown 

adipose tissue thermogenesis. FASEB J, 29:2046-2058. 

[78] Blondin DP, Labbe SM, Tingelstad HC, Noll C, 

Kunach M, Phoenix S, et al. (2014). Increased brown 

adipose tissue oxidative capacity in cold-acclimated 

humans. J Clin Endocrinol Metab, 99:E438-446. 

[79] Blondin DP, Tingelstad HC, Noll C, Frisch F, Phoenix 

S, Guerin B, et al. (2017). Dietary fatty acid 

metabolism of brown adipose tissue in cold-

acclimated men. Nat Commun, 8:14146. 

[80] Roberts JC, Smith RE (1967). Time-dependent 

responses of brown fat in cold-exposed rats. Am J 

Physiol, 212:519-525. 

[81] Blondin DP, Daoud A, Taylor T, Tingelstad HC, 

Bezaire V, Richard D, et al. (2017). Four-week cold 

acclimation in adult humans shifts uncoupling 

thermogenesis from skeletal muscles to brown adipose 

tissue. J Physiol, 595:2099-2113. 

[82] Ouellet V, Labbe SM, Blondin DP, Phoenix S, Guerin 

B, Haman F, et al. (2012). Brown adipose tissue 

oxidative metabolism contributes to energy 

expenditure during acute cold exposure in humans. J 

Clin Invest, 122:545-552. 

[83] Blondin DP, Labbe SM, Noll C, Kunach M, Phoenix 

S, Guerin B, et al. (2015). Selective Impairment of 

Glucose but Not Fatty Acid or Oxidative Metabolism 

in Brown Adipose Tissue of Subjects With Type 2 

Diabetes. Diabetes, 64:2388-2397. 

[84] Weir G, Ramage LE, Akyol M, Rhodes JK, Kyle CJ, 

Fletcher AM, et al. (2018). Substantial Metabolic 

Activity of Human Brown Adipose Tissue during 

Warm Conditions and Cold-Induced Lipolysis of 



 Kowald A., et al.                                                                          Healthy Aging and climate extremes  

Aging and Disease • Volume 15, Number 2, April 2024                                                                              610 

 

Local Triglycerides. Cell Metab, 27:1348-1355 e1344. 

[85] Cypess AM, Weiner LS, Roberts-Toler C, Franquet 

Elia E, Kessler SH, Kahn PA, et al. (2015). Activation 

of human brown adipose tissue by a beta3-adrenergic 

receptor agonist. Cell Metab, 21:33-38. 

[86] O'Mara AE, Johnson JW, Linderman JD, Brychta RJ, 

McGehee S, Fletcher LA, et al. (2020). Chronic 

mirabegron treatment increases human brown fat, 

HDL cholesterol, and insulin sensitivity. J Clin Invest, 

130:2209-2219. 

[87] Shabalina IG, Petrovic N, de Jong JM, Kalinovich AV, 

Cannon B, Nedergaard J (2013). UCP1 in brite/beige 

adipose tissue mitochondria is functionally 

thermogenic. Cell Rep, 5:1196-1203. 

[88] Kazak L, Chouchani ET, Jedrychowski MP, Erickson 

BK, Shinoda K, Cohen P, et al. (2015). A creatine-

driven substrate cycle enhances energy expenditure 

and thermogenesis in beige fat. Cell, 163:643-655. 

[89] Warner A, Mittag J (2016). Breaking BAT: can 

browning create a better white? J Endocrinol, 

228:R19-29. 

[90] Kaisanlahti A, Glumoff T (2019). Browning of white 

fat: agents and implications for beige adipose tissue to 

type 2 diabetes. J Physiol Biochem, 75:1-10. 

[91] Fisher FM, Kleiner S, Douris N, Fox EC, Mepani RJ, 

Verdeguer F, et al. (2012). FGF21 regulates PGC-

1alpha and browning of white adipose tissues in 

adaptive thermogenesis. Genes Dev, 26:271-281. 

[92] Qian SW, Tang Y, Li X, Liu Y, Zhang YY, Huang HY, 

et al. (2013). BMP4-mediated brown fat-like changes 

in white adipose tissue alter glucose and energy 

homeostasis. Proc Natl Acad Sci U S A, 110:E798-807. 

[93] Gustafson B, Hammarstedt A, Hedjazifar S, Hoffmann 

JM, Svensson PA, Grimsby J, et al. (2015). BMP4 and 

BMP Antagonists Regulate Human White and Beige 

Adipogenesis. Diabetes, 64:1670-1681. 

[94] Elsen M, Raschke S, Tennagels N, Schwahn U, Jelenik 

T, Roden M, et al. (2014). BMP4 and BMP7 induce 

the white-to-brown transition of primary human 

adipose stem cells. Am J Physiol Cell Physiol, 

306:C431-440. 

[95] Yoneshiro T, Aita S, Matsushita M, Kayahara T, 

Kameya T, Kawai Y, et al. (2013). Recruited brown 

adipose tissue as an antiobesity agent in humans. J 

Clin Invest, 123:3404-3408. 

[96] Yoneshiro T, Matsushita M, Hibi M, Tone H, Takeshita 

M, Yasunaga K, et al. (2017). Tea catechin and 

caffeine activate brown adipose tissue and increase 

cold-induced thermogenic capacity in humans. Am J 

Clin Nutr, 105:873-881. 

[97] Vasquez-Reyes S, Velazquez-Villegas LA, Vargas-

Castillo A, Noriega LG, Torres N, Tovar AR (2021). 

Dietary bioactive compounds as modulators of 

mitochondrial function. J Nutr Biochem, 96:108768. 

[98] Kang HW, Lee SG, Otieno D, Ha K (2018). 

Flavonoids, Potential Bioactive Compounds, and 

Non-Shivering Thermogenesis. Nutrients, 10. 

[99] Horvath C, Wolfrum C (2020). Feeding brown fat: 

dietary phytochemicals targeting non-shivering 

thermogenesis to control body weight. Proc Nutr Soc, 

79:338-356. 

[100] Ono K, Tsukamoto-Yasui M, Hara-Kimura Y, Inoue N, 

Nogusa Y, Okabe Y, et al. (2011). Intragastric 

administration of capsiate, a transient receptor 

potential channel agonist, triggers thermogenic 

sympathetic responses. J Appl Physiol (1985), 

110:789-798. 

[101] Kawabata F, Inoue N, Masamoto Y, Matsumura S, 

Kimura W, Kadowaki M, et al. (2009). Non-pungent 

capsaicin analogs (capsinoids) increase metabolic rate 

and enhance thermogenesis via gastrointestinal 

TRPV1 in mice. Biosci Biotechnol Biochem, 73:2690-

2697. 

[102] Kawada T, Watanabe T, Takaishi T, Tanaka T, Iwai K 

(1986). Capsaicin-induced beta-adrenergic action on 

energy metabolism in rats: influence of capsaicin on 

oxygen consumption, the respiratory quotient, and 

substrate utilization. Proc Soc Exp Biol Med, 183:250-

256. 

[103] Yoneshiro T, Aita S, Kawai Y, Iwanaga T, Saito M 

(2012). Nonpungent capsaicin analogs (capsinoids) 

increase energy expenditure through the activation of 

brown adipose tissue in humans. Am J Clin Nutr, 

95:845-850. 

[104] Sun L, Camps SG, Goh HJ, Govindharajulu P, 

Schaefferkoetter JD, Townsend DW, et al. (2018). 

Capsinoids activate brown adipose tissue (BAT) with 

increased energy expenditure associated with 

subthreshold 18-fluorine fluorodeoxyglucose uptake 

in BAT-positive humans confirmed by positron 

emission tomography scan. Am J Clin Nutr, 107:62-70. 

[105] Nirengi S, Amagasa S, Homma T, Yoneshiro T, 

Matsumiya S, Kurosawa Y, et al. (2016). Daily 

ingestion of catechin-rich beverage increases brown 

adipose tissue density and decreases extramyocellular 

lipids in healthy young women. Springerplus, 5:1363. 

[106] Bernard BK, Tsubuku S, Kayahara T, Maeda K, 

Hamada M, Nakamura T, et al. (2008). Studies of the 

toxicological potential of capsinoids: X. Safety 

assessment and pharmacokinetics of capsinoids in 

healthy male volunteers after a single oral ingestion of 

CH-19 Sweet extract. Int J Toxicol, 27 Suppl 3:137-

147. 

[107] Snitker S, Fujishima Y, Shen H, Ott S, Pi-Sunyer X, 

Furuhata Y, et al. (2009). Effects of novel capsinoid 

treatment on fatness and energy metabolism in humans: 

possible pharmacogenetic implications. Am J Clin 

Nutr, 89:45-50. 

[108] Nirengi S, Homma T, Inoue N, Sato H, Yoneshiro T, 

Matsushita M, et al. (2016). Assessment of human 

brown adipose tissue density during daily ingestion of 

thermogenic capsinoids using near-infrared time-

resolved spectroscopy. J Biomed Opt, 21:091305. 

[109] Ang QY, Goh HJ, Cao Y, Li Y, Chan SP, Swain JL, et 

al. (2017). A new method of infrared thermography for 

quantification of brown adipose tissue activation in 

healthy adults (TACTICAL): a randomized trial. J 

Physiol Sci, 67:395-406. 

[110] Tajino K, Matsumura K, Kosada K, Shibakusa T, 

Inoue K, Fushiki T, et al. (2007). Application of 



 Kowald A., et al.                                                                          Healthy Aging and climate extremes  

Aging and Disease • Volume 15, Number 2, April 2024                                                                              611 

 

menthol to the skin of whole trunk in mice induces 

autonomic and behavioral heat-gain responses. Am J 

Physiol Regul Integr Comp Physiol, 293:R2128-2135. 

[111] Masamoto Y, Kawabata F, Fushiki T (2009). 

Intragastric administration of TRPV1, TRPV3, 

TRPM8, and TRPA1 agonists modulates autonomic 

thermoregulation in different manners in mice. Biosci 

Biotechnol Biochem, 73:1021-1027. 

[112] Cabrera C, Artacho R, Gimenez R (2006). Beneficial 

effects of green tea--a review. J Am Coll Nutr, 25:79-

99. 

[113] Thavanesan N (2011). The putative effects of green tea 

on body fat: an evaluation of the evidence and a review 

of the potential mechanisms. Br J Nutr, 106:1297-

1309. 

[114] Musial C, Kuban-Jankowska A, Gorska-Ponikowska 

M (2020). Beneficial Properties of Green Tea 

Catechins. Int J Mol Sci, 21. 

[115] Dulloo AG, Duret C, Rohrer D, Girardier L, Mensi N, 

Fathi M, et al. (1999). Efficacy of a green tea extract 

rich in catechin polyphenols and caffeine in increasing 

24-h energy expenditure and fat oxidation in humans. 

Am J Clin Nutr, 70:1040-1045. 

[116] Berube-Parent S, Pelletier C, Dore J, Tremblay A 

(2005). Effects of encapsulated green tea and Guarana 

extracts containing a mixture of epigallocatechin-3-

gallate and caffeine on 24 h energy expenditure and fat 

oxidation in men. Br J Nutr, 94:432-436. 

[117] Venables MC, Hulston CJ, Cox HR, Jeukendrup AE 

(2008). Green tea extract ingestion, fat oxidation, and 

glucose tolerance in healthy humans. Am J Clin Nutr, 

87:778-784. 

[118] Hursel R, Viechtbauer W, Dulloo AG, Tremblay A, 

Tappy L, Rumpler W, et al. (2011). The effects of 

catechin rich teas and caffeine on energy expenditure 

and fat oxidation: a meta-analysis. Obes Rev, 12:e573-

581. 

[119] Kim SJ, Kim GH (2006). Quantification of quercetin 

in different parts of onion and its DPPH radical 

scavenging and antibacterial activity. Food Sci 

Biotechnol, 15:39-43. 

[120] Moon J, Do HJ, Kim OY, Shin MJ (2013). Antiobesity 

effects of quercetin-rich onion peel extract on the 

differentiation of 3T3-L1 preadipocytes and the 

adipogenesis in high fat-fed rats. Food Chem Toxicol, 

58:347-354. 

[121] Ting Y, Chang WT, Shiau DK, Chou PH, Wu MF, Hsu 

CL (2018). Antiobesity Efficacy of Quercetin-Rich 

Supplement on Diet-Induced Obese Rats: Effects on 

Body Composition, Serum Lipid Profile, and Gene 

Expression. J Agric Food Chem, 66:70-80. 

[122] Rivera L, Moron R, Sanchez M, Zarzuelo A, Galisteo 

M (2008). Quercetin ameliorates metabolic syndrome 

and improves the inflammatory status in obese Zucker 

rats. Obesity (Silver Spring), 16:2081-2087. 

[123] Lee SG, Parks JS, Kang HW (2017). Quercetin, a 

functional compound of onion peel, remodels white 

adipocytes to brown-like adipocytes. J Nutr Biochem, 

42:62-71. 

[124] Kuipers EN, Dam ADV, Held NM, Mol IM, 

Houtkooper RH, Rensen PCN, et al. (2018). Quercetin 

Lowers Plasma Triglycerides Accompanied by White 

Adipose Tissue Browning in Diet-Induced Obese 

Mice. Int J Mol Sci, 19. 

[125] Choi H, Kim CS, Yu R (2018). Quercetin Upregulates 

Uncoupling Protein 1 in White/Brown Adipose 

Tissues through Sympathetic Stimulation. J Obes 

Metab Syndr, 27:102-109. 

[126] Dong J, Zhang X, Zhang L, Bian HX, Xu N, Bao B, et 

al. (2014). Quercetin reduces obesity-associated ATM 

infiltration and inflammation in mice: a mechanism 

including AMPKalpha1/SIRT1. J Lipid Res, 55:363-

374. 

[127] Kim KA, Yim JE (2015). Antioxidative Activity of 

Onion Peel Extract in Obese Women: A Randomized, 

Double-blind, Placebo Controlled Study. J Cancer 

Prev, 20:202-207. 

[128] Lee JS, Cha YJ, Lee KH, Yim JE (2016). Onion peel 

extract reduces the percentage of body fat in 

overweight and obese subjects: a 12-week, 

randomized, double-blind, placebo-controlled study. 

Nutr Res Pract, 10:175-181. 

[129] Pfeuffer M, Auinger A, Bley U, Kraus-Stojanowic I, 

Laue C, Winkler P, et al. (2013). Effect of quercetin on 

traits of the metabolic syndrome, endothelial function 

and inflammation in men with different APOE 

isoforms. Nutr Metab Cardiovasc Dis, 23:403-409. 

[130] Sun Z (2010). Cardiovascular responses to cold 

exposure. Front Biosci (Elite Ed), 2:495-503. 

[131] Bonet ML, Mercader J, Palou A (2017). A nutritional 

perspective on UCP1-dependent thermogenesis. 

Biochimie, 134:99-117. 

[132] Li K, Liu C, Wahlqvist ML, Li D (2020). Econutrition, 

brown and beige fat tissue and obesity. Asia Pac J Clin 

Nutr, 29:668-680. 

 

 


