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Editorial on the Research Topic

Nutrition and metabolic aging

Aging is the primary non-modifiable risk factor for most chronic and metabolic diseases

including cardiovascular disorders, cancers, and neurodegeneration (1) (Jin et al.). As such,

identifying interventions that slow the aging process and reduce age-associated diseases

is a biomedical research priority. In recent years, several nutritional interventions have

been identified that profoundly impact the aging process. These interventions can increase

healthspan (the component of life that is generally healthy and devoid of chronic disorders)

and lifespan. In this Research Topic, original research studies eloquently demonstrate how

nutrition affects healthspan in pre-clinical models and humans (Figure 1).

Perhaps the most robust nutritional intervention to reduce age-associated disease and

increase healthspan in pre-clinical models is calorie restriction (CR) (2), a reduction

in total caloric intake by 10–50% without malnutrition (3). CR extends healthspan and

lifespan in many pre-clinical models, and in this Research Topic, one study builds upon

these findings. Teofilović et al. demonstrate that 40% CR, even if commenced later in

life, improves lipid metabolism by attenuating liver fatty acid synthesis, stimulating beta-

oxidation, and reducing triglyceride synthesis in rats. Interestingly, the authors find that

these improvements were associated with increased liver inflammation, which may have

been partly due to the older age of the rats. The results of this study underscore the need to

carefully consider several factors when investigating the effects of CR in health and disease,

including the age of an individual, nutritional status, and treatment duration (4).

In addition to CR, the role of dietary macronutrients (protein, carbohydrates, and fats)

in modulating health has been the focus of much research (5). In this Research Topic,

several studies explore the impact of macronutrient consumption in health and disease.

Here, Sumi et al. investigate the effects of a low carbohydrate ketogenic diet or a high-fat,

high carbohydrate diet in mice with reduced citrate synthase activity [an enzyme most often

responsible for catalyzing the first reaction of the citric acid (TCA) cycle]. Interestingly, the

findings of this study show that in the presence of a low-carbohydrate diet, these mice exhibit

tissue-specific metabolic adaptations including decreased glycogen levels, suppression of

growth pathways, and muscle atrophy. These results provide an overview of how different

organs use fuel under varying energy conditions and provide insight into how metabolic

disorders are related to impaired TCA cycle metabolism.

Like dietary fats and carbohydrates, dietary protein also has a profound impact on aging

(6). Here, Zheng W. et al. provide insight into optimal protein consumption in older age

by examining the influence of ad-libitum lower protein or higher protein diets on metabolic

health in rats, and whether increasing dietary protein intake in older age improves health.
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FIGURE 1

Various nutritional interventions and nutrient statuses that influence metabolic health with aging. This figure summarizes a variety of studies included

in the call for papers on “Nutrition and Metabolic Aging.” This collection of papers represents studies focused on caloric restriction, consumption of a

Western-style diet, macro and micronutrient intake, nutrient status and cardiovascular health, all within the context of metabolic aging.

The authors performed comprehensive assessments of behavior,

the circulating metabolome, inflammation, and health, and found

that shifting from lower protein consumption (in younger age)

to higher protein consumption (in older age) improves select

health outcomes. These results provide insight into how protein

requirements change with advancing age, and the importance of

protein quantity in health and disease.

Dietary fat also has an important impact on aging and age-

related disease. Traditionally, chronic consumption of a high-fat

Western-style diet augments age-associated disease and decreases

healthspan, but many of these studies have been performed in

genetically homogenous murine models. In this Research Topic,

Zheng X. et al. study the effects of a chronic high-fat Western-

style diet on metabolic and arterial function in outbred, genetically

diverse mice—a model that has greater potential for translation

to humans relative to inbred strains. The authors found that

consumption of a Western-style diet increased aortic stiffness and

systolic blood pressure and decreased vascular endothelial function,

which are all independent predictors of cardiovascular-related

morbidity and mortality (7). Importantly, these effects varied

between male and female mice, emphasizing the importance of

considering sex as a biological variable when assessing differences

in responses to certain dietary interventions.

Li et al. build upon these findings inmice by performing ameta-

analysis to study the links between saturated fatty acid metabolites

and cardiovascular disease in humans. The results, which include

49 prospective studies, show that a higher abundance of circulating

saturated fatty acids is associated with an increased risk of

cardiometabolic disease and stroke. Similarly, Keshavarz et al.

examine the impact of dairy products on non-alcoholic fatty liver

disease (NAFLD). The authors use measures of liver enzymes, lipid

profiles, and glycemic indexes to broadly characterize liver health

and find that higher milk consumption is associated with reduced

incidence of NAFLD.

This Research Topic also contains studies that provide

insight into how certain dietary patterns, macronutrients, or

micronutrients affect health in humans. One strong measure of

healthspan in humans is glucose tolerance, and several metabolic

conditions coincide with higher than average blood glucose levels

(8). In this Research Topic, Ji et al. expand upon this knowledge

by showing that fasting blood glucose is lower and fluctuates less

in centenarians (individuals >100 years of age) when compared

to younger counterparts. These results highlight the role of blood

glucose in aging and emphasize the need to maintain blood glucose

within a certain range to maintain healthy aging.

Finally, two interesting studies in this Research Topic

demonstrate the harmful effects of undernutrition in obesity, and

the importance of magnesium and calcium intake to prevent

hearing loss in humans. In the first study, Sulmont-Rossé et al.

performed a secondary analysis of two French surveys and found

that∼23% people with a BMI over 25 are at risk of undernutrition.

These results highlight the fact that more work needs to be done

to comprehensively understand the role of undernourishment

in affecting overweight and obesity. In the second study, Wei

examined the impact of dietary magnesium and calcium intake on

hearing loss in older adults and found that increased consumption

of these minerals is associated with improved hearing function.

These data highlight the complexity of the role of nutrition in aging
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and the need to consider micronutrient quantity and quality when

studying metabolic health outcomes.

As the world’s population ages, the burden of age-related

disease magnifies. In this Research Topic, important original

research studies show that healthspan can be improved with

specific nutritional interventions including a reduction in

caloric or saturated fat intake, optimizing dietary macronutrient

consumption, increasing intake of specific minerals, and ensuring

nutritional requirements are met. Together, these excellent papers

provide a major step forward into our understanding of how

nutrition impacts health and paves a path for future research on

the role of nutrition in metabolic aging.
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Prevalence of Undernutrition and
Risk of Undernutrition in Overweight
and Obese Older People
Claire Sulmont-Rossé 1*, Virginie Van Wymelbeke-Delannoy 1,2 and Isabelle Maître 3

1Centre des Sciences du Goût et de l’Alimentation, INRAE, Université Bourgogne Franche-Comté, Institut Agro, CNRS,

Dijon, France, 2CHU Dijon Bourgogne F Mitterrand, Unité du Pôle Personnes Âgées, Dijon, France, 3 Ecole Supérieure

d’Agricultures (ESA), USC 1422 GRAPPE, INRAE, SFR 4207 QUASAV, Angers, France

Older people with excess body weight are not spared from undernutrition. They may face

appetite decline which may lead to insufficient nutrient intake. They also have a higher risk

of developing chronic diseases which may have a negative impact on protein-anabolic

pathways. The present study aimed to determine the prevalence of undernutrition in

overweight and obese older people from a secondary analysis on data collected through

two French surveys among people aged 65 or over (n = 782; 31% men; 65–103

years old). Undernutrition was assessed using the MNA screening tool (Mini-Nutritional

Assessment). Results showed that 2% of the respondents with a BMI over 25 were

undernourished (MNA score below 17/30) and 23% were at risk of undernutrition (MNA

score of 17–23.5). Specifically, 18% of overweight and 29% of obese respondents were

at risk of undernutrition. Taking into account the most recent French census data, it can

be estimated that in France, around 1,7 million people aged over 65 with a BMI over

25 are undernourished or at risk of undernutrition. Given the worldwide increase in the

number of overweight/obese individuals in the last few decades, further research will be

needed to develop strategies to tackle nutritional risk in overweight/obese older adults.

Keywords: aged, body weight, body mass index, malnutrition, dependence

INTRODUCTION

The issue of overweight and obesity in the older population is set to become a major public
health issue in the near future given the increasing number of overweight and obese individuals
worldwide. In the United States, 76% of men and 73% of women aged 60 years and over are
classified as being overweight (Body Mass Index (BMI) ≥ 25 kg/m2). Among them, 37% of men
and 42% of women are classified as having obesity (BMI≥ 30 kg/m2) (1). In the EU-27, overweight
affects 63% and obesity affects 20% of adults aged 65 and over (59 and 17% of adults aged 75 and
over) (2).

Obesity increases the risk of developing a wide range of diseases such metabolic diseases,
cardiovascular diseases and certain types of cancer which may affect quality of life and functional
status in older people (3). However, some studies have suggested that obesity is associated with
reduced mortality from cardiovascular diseases in older adults compared to younger adults (4, 5).
For instance, in people with heart failure, those with a BMI between 30 and 35 had lower
mortality than those who would normally be considered an ideal weight (6). Several biological
mechanisms have been proposed to explain this “obesity paradox” during the course of aging, but
this phenomenon remained controversial among scientists. Two recent reviews have highlighted
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the fact that most of the studies on the “obesity paradox”
have focused on the BMI, whereas other factors such as lean
body mass, fat distribution or cardiac fitness may be gaining
importance in determining survival in obese older adults (7,
8). Mezian et al. (9) noted that although obesity may be
protective against metabolic diseases, it accelerates muscle loss
and causes sarcopenia.

Although undernutrition is less common than obesity, this
disorder is one of the biggest threats to the health and autonomy
of older adults (10, 11). Undernutrition is caused by insufficient
nutrient intake and/or compromised assimilation of nutrients
(12). In the older population, undernutrition is associated with
adverse functional and clinical outcomes. It leads to altered body
composition (loss of muscle mass) and diminished biological
function (impairment of immune function). It increases the
risk of falls and fractures, and the risk of infectious episodes
and hospital readmission (13, 14). Without care, undernutrition
induces or worsens a state of frailty and dependence, and affects
quality of life and life expectancy (15–17).

Older people with overweight or obesity are not spared
from undernutrition. Like all older individuals, they are likely
to face changes which may disrupt eating behavior and lead
to a decline in appetite and food intake (18). These changes
can be physiological (hormonal dysregulation, oral impairment,
sensory decline. . . ), psychological (depression, dementia. . . ) or
sociological (retirement, loss of income, loneliness. . . ) (19). In
addition, obese individuals have a higher risk of developing
chronic diseases leading to organ failure, and a higher risk
of cancer and infection. These health conditions often result
in acute complications and hospitalization. Chronic and acute
diseases have a negative impact on nutritional status, both
through a negative impact on skeletal muscle protein-anabolic
pathways and due to reduced appetite and nutrient intake (20).
Finally, Fleury et al. (21) observed an average daily protein
intake per kg body weight of 1.0 g for older people with normal
weight status and 0.7 for obese older people when considering
the recommendation of 1.2 g protein / kg body weight / day in
older people (22). In the obese older people, insufficient protein
intake may lead to sarcopenic obesity, which is characterized
by skeletal-muscle atrophy and increased adiposity (23). Some
evidence indicates that the coexistence of sarcopenia and obesity
is associated with higher levels of metabolic disorders, functional
decline and an increased risk of mortality compared with to
sarcopenia or obesity alone (24, 25).

To the best of our knowledge, there are very few studies
reporting prevalence data for undernutrition and risk of
undernutrition in overweight and obese older adults. In Brazil,
Klee Oehlschlaeger et al. (26) reported that 23% of seniors with a
BMI over 25 kg/m2 were identified as at risk or undernourished
by the MNA. In this study, respondents were community-
dwelling seniors aged 60 or older and attending recreational or
physical activity groups (n = 210), and 83% of respondents had
excess weight (overweight and obesity). In Turkey, in seniors
aged 65 and older with a BMI over 25 kg/m2 (n = 1,205),
Özkaya and Gürbüz (27) reported that undernutrition and risk of
malnutriton were respectively 19% and 31%. This study used the

MNA-Short Form (28). Neither of these studies provided separate
data for overweight and obese participants.

Consequently, the primary outcome of the present study
was to provide prevalence data for undernutrition and risk
of undernutrition for overweight and obese older people. The
secondary outcome was to investigate the relationship between
weight status and nutritional status, taking into account possible
cofounders. We hypothesized that being underweight will be
associated with a higher risk of undernutrition and that being
overweight or obese will be associated with a lower risk
of undernutrition compared to normal-weight respondents.
However, given the worldwide increase in the number of
overweight/obese individuals in the last few decades, we
hypothesized that the number of overweight or obese older
people being at risk of undernutrition will be significant. Data
were derived from a secondary analysis on data collected through
two French surveys conducted in 2011 and 2016 among people
aged 65 years or over. In these surveys, undernutrition was
assessed using the MNA, in line with the recommendations from
the French Health Authority (29).

METHOD

Participants
The present study is a secondary analysis of data collected
through two surveys conducted among French individuals aged
65 years or over: the AUPALESENS project in 2011 and
the RENESSENS project in 2015. The primary outcome of
the AUPALESENS survey was to compare the undernutrition
risk between older people who delegated all or part of
their meal-related activities (food purchasing, cooking) and
older people who were still preparing their own meals.
This survey included 559 people living at home without or
with help and people living in nursing home. The primary
outcome of the RENESSENS survey was to compare the
undernutrition risk when meals were delegated to different
third parties. Consequently, this second survey included 319
people with food help provided by a caregiver, a meals-on-
wheels service or a nursing home. In both surveys, recruitment
was achieved through advertisements in local newspapers,
flyers in local senior associations and with support from local
care facilities.

Sample characteristics and primary analyses are published in
Van Wymelbeke-Delannoy et al. (30). For the present secondary
analysis, we were able to combine the data from these two
surveys seeing that the nutritional status, the weight status
and the background variables were measured using the same
methods. In this secondary analysis, four living arrangements
were considered: (1) people living independently at home; (2)
people living at home with help provided by a care-giver; (2)
people living at home with a regular meals-on-wheels service;
(4) people living in a nursing home. Inclusion criteria were the
following: no acute illness at the time of the survey no food
allergies; no prescribed diet and MMSE score of at least 21
to ensure reliable responses in the survey (Mini Mental State
Examination; 31).
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Procedure
Each participant underwent two 60 to 90-min face-to-
face interviews to collect nutritional and background data.
Nutritional status was assessed with the MNA which consists
of 18 items including anthropometric measurements as well as
question on diet, appetite, health and disabilities (31). The score
ranges from 0 to 30. A score below 17 indicates undernutrition, a
score of 17–23.5 indicates a risk of undernutrition, and a score of
24 or higher indicates a satisfactory nutritional status.

BMI was calculated as body weight (kg) divided by
height (m) squared. Body weight was imputed by weight
measurement completed during the interview for community-
dwelling participants or by a measurement of weight within 3
months for institutionalized participants. At home, body weight
was measured to the nearest 0.1 kg using an electronic scale
(TERRAILLON R©). Participants were weighed with their clothes
on, and the weight was adjusted by subtracting the average weight
for the type of clothing. Height was imputed by the height value
estimated from the knee-heel length using the Chumléa formula
(32). Knee-heel length of the non-dominant leg was measured
using a baby-height gauge with the knee and ankle joints fixed
at 90◦ angles. A BMI lower than 21 indicates underweight, a
BMI of 21–25 indicates normal weight, a BMI of 25–30 indicates
overweight and a BMI of 30 or higher indicates obesity, following
the recommendation of French Health Authority (29).

Background variables included age, gender, marital status,
main living place during childhood, education, self-perceived
financial resources, functional capacities, cognitive status and
comorbidities. Regarding functional capacities, respondents
completed the Short Physical Performance Battery (SPPB)
which combines the results of gait speed, chair stand, and
balance tests (33). The SPPB score ranges from 0 to 12
(best functional performance). Regarding cognitive status,
respondents completed the Mini Mental State Examination
(MMSE). The MMSE is an 11-question test that assesses five
areas of cognitive function: orientation, registration, attention,
recall, and language. The score ranges from 0 to 30 (best
cognitive performance). Scores that are greater than or equal
to 25 points (out of 30) indicate normal cognition. Below
this, scores can indicate mild (21–24 points), moderate (10–
20 points), or severe (≤9 points) cognitive impairment (34).
Regarding comorbidities, respondents were asked to describe any
health problems and to provide their medical prescriptions. The
responses and prescriptions were then analyzed by a physician,
who determined the number of comorbidities and the presence
or not of a metabolic disease (e.g. diabetes, high blood pressure).

Data Analysis
Descriptive data are presented as percentages or means (M) and
standard errors (SE). The threshold for significance was set at
5%. For each variable, differences across weight status categories
were tested using a univariate logistic regression analysis. The
odds ratio (OR) and 95% confidence interval (CI) were computed
for each variable associated with a significant effect. To evaluate
the independence of the observed associations, the variables with
a p value < 0.05 were simultaneously entered in a multivariate
logistic regression analysis. Interaction effects were tested and

removed as they were never significant. All statistical analyses
were performed with SAS software (SAS Institute INC., Cary,
NC, USA).

RESULTS

Characteristics of the Study Sample
Seven-hundred-eighty-two participants were included in the
present secondary data analysis. The characteristics of the study
sample are presented in Table 1 for the whole population and for
each weight status group. The respondents tended to be older,
with 57% of respondents aged 80 or over. Women outnumbered
men and widows outnumbered couples. Most of the respondents
had a medium education level (only 20% achieved graduate
school) and low to fair income (only 22% reported good income).
Among the respondents, 8% were underweight, 39% overweight,
and 26% obese.

According to univariate logistic analyses, underweight people
were more likely to be single than in a couple (OR = 2.28; CI =
1.50–7.14) or widowed (OR = 2.28; CI = 1.17-4.46) compared
to normal-weight individuals. In other words, the singles rate
was higher in underweight people than in normal-weight people.
Obese people were more likely to have a low income than a
good income (OR = 2.27; Ci = 1.22–4.24) compared to normal-
weight people. Obesity was also associated with a higher number
of morbidities (OR= 1.15; CI= 1.04–1.27) compared to normal-
weight status. Finally, people with underweight or obesity were
more likely to suffer from a metabolic disease (OR = 1.56; CI
= 1.09–2.23 and OR = 2.15; CI = 1.44–3.19, respectively) and
they displayed a lower mobility score (SPPB) than normal-weight
people (OR = 0.89; CI = 0.83–0.95 and OR = 0.94; CI =

0.90–0.99, respectively).

Weight Status and Nutritional Status
The prevalence of undernutrition was similar across the
weight status group: 3% for underweight and normal-weight
respondents, 2% for overweight and obese respondents.
However, being underweight was associated with the highest
prevalence for the risk of undernutrition (60%). In fact, in the
MNA tool, a low BMI contributes to a decrease in the global
score (BMI<19:−3 points; 19 ≥ BMI < 21:−2 points; 21 ≥ BMI
< 23:−1 points) (Table 1). According to a univariate logistic
analysis, underweight people were more likely to be at risk of
undernutrition than well-nourished (OR= 3.61; CI= 1.98–6.58)
compared to normal-weight people (i.e. the prevalence of people
at risk of undernutrition was higher in underweight than in
normal-weight people).

The risk of undernutrition ranged from 18% in overweight to
29% in obese and 27% in normal-weight participants (Table 1).
According to the univariate logistic analysis, overweight people
were more likely to be well-nourished than at risk of
undernutrition (OR = 1.78; CI = 1.18–2.68) compared to
normal-weight people (i.e. the prevalence of well-nourished
people was higher in overweight than in normal-weight people).

To further decipher the relationship between weight status
and nutritional status taking into account all the possible
cofounders, a multivariate logistic analysis was performed in
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TABLE 1 | Characteristics of the population according to BMI status (underweight: BMI < 21; normal: 21 ≥ BMI < 25; overweight: 25 ≥ BMI < 30; obese: BMI ≥ 30).

Total Underweight Normal Overweight Obese p-Valueb

N 782 62 206 308 206

Sex, % men 31% 32% 25% 36% 27% 0.0414

Age (yr)a 80.5 (0.3) 81.8 (1.1) 81.0 (0.6) 80.3 (0.5) 80.0 (0.6) 0.3618

65–80 yr 43% 42% 44% 44% 42% 0.9328

≥80 yr 57% 58% 56% 56% 52%

Living arrangement

At home, without help 37% 26% 39% 41% 32% 0.1004

At home, care-giver 27% 29% 25% 25% 31%

At home, meals-on-wheels 17% 23% 21% 14% 16%

Nursing home 19% 22% 15% 20% 21%

Main living place during childhood

France 97% 97% 97% 96% 98% 0.8206

Other country 3% 3% 3% 4% 2%

Marital status

Single 21% 39% 19% 21% 19% 0.0058

Couple 33% 21% 35% 37% 28%

Widow 46% 40% 46% 42% 53%

Education

None 12% 7% 9% 12% 16% 0.0909

Primary 37% 44% 42% 32% 37%

Secondary 31% 23% 30% 35% 31%

Post-secondary 20% 26% 19% 21% 17%

Income

Low 26% 32% 23% 22% 34% 0.0596

Fair 52% 45% 54% 54% 51%

Good 22% 23% 23% 24% 15%

SPPBa 7.4 (0.1) 5.6 (0.6) 7.7 (0.3) 8.1 (0.2) 6.7 (0.3) <0.001

MMSEa 27.0 (1.0) 27.4 (0.3) 27.2 (0.2) 27.1 (0.1) 26.7 (0.2) 0.1094

Comorbiditiesa 3.2 (0.1) 3.3 (0.3) 3.0 (0.1) 3.0 (0.1) 3.6 (0.2) 0.0098

Metabolic disease, % 57% 42% 48% 59% 66% <0.001

MNAa

Well-nourished (>23.5) 71% 37% 70% 80% 69% <0.001

At risk (17–23.5) 27% 60% 27% 18% 29%

Undernourished (<17) 2% 3% 3% 2% 2%

SPPB, Short Physical Activity Battery; MMSE, Mini-Mental State Examination; MNA, Mini-Nutritional Assessment. aMean ± Standard error; bp-value of the Wald Chi-Square derived
from a univariate logistic analysis to assess differences between weight status.

which weight status was a dependent variable. All the variables
proved to be significantly associated with weight status in
univariate analyses (i.e., sex, marital status, income, mobility,
comorbidities, presence of a metabolic disease and nutritional
status) as independent variables. Interactions were assessed and
removed as none proved to be significant. When controlling
for possible confounding factors, the nutritional status (MNA)
remained significant (Table 2). The results confirmed that, in

comparison with normal-weight respondents, being underweight

was significantly associated with a higher risk of being at risk
of undernutrition than well-nourished compared to normal-
weight respondents. Conversely, being overweight or obese was
significantly associated with a lower risk of being at risk of
undernutrition than well-nourished compared to normal-weight
respondents (Table 3). A closer examination of the link between

BMI and metabolic disease showed that in underweight people,
respondents suffering from a metabolic disease were more at risk
of undernutrition than respondents without metabolic disease
(OR = 4.20; CI = 1.30–13.58). However, no such difference was
observed in people with overweight (OR= 0.82; CI= 0.47–1.43)
or obesity (OR= 1.34; CI= 0.70–2.56).

DISCUSSION

In the older population recruited for the present experiment,
8% were underweight (8% for women and for men), 39% were
overweight (36% for women, 46% for men) and 26% were obese
(28% for women, 23% for men). These data are similar to those
observed in the French INCA 3 study conducted in 2014–2015
among 727 people aged between 65 and 79 years old: 40% were
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TABLE 2 | Results of the multivariate logistic regression analysis (dependent

variable: weight status): Wald Chi-square and p value associated with each

independent variable (Likelihood ratio = 166.41; p < 0.001).

Wald Chi-square p-value

Sex 4.81 0.1862

Matrimonial status 12.16 0.0585

Income 8.60 0.1973

Mobility (SPPB) 35.15 0.6459

Comorbidities 19.56 0.9275

Presence of a metabolic disease 13.79 0.0032

Nutritional status (MNA) 32.33 <0.0001

SPPB, Short Physical Activity Battery; MNA, Mini-Nutritional Assessment. All the variables
associated with a p value< 0.05 in the univariate regression analyses were simultaneously
entered in a multivariate logistic regression analysis as independent variables. Interactions
were tested and removed as none proved to be significant.

TABLE 3 | Results of the multivariate logistic regression analysis (dependent

variable: weight status): odds ratio estimates for the independent variable

“nutritional status” (reference: normal weight).

Odds ratio 95% CI

Underweight

Undernourished versus well-nourished 1.62 0.16–16.59

At risk of undernutrition versus well-nourished 5.41 1.98–14.80

Overweight

Undernourished versus well-nourished 0.15 0.02–0.96

At risk of undernutrition versus well-nourished 0.39 0.21–0.72

Obese

Undernourished versus well-nourished 1.80 0.32–9.97

At risk of undernutrition versus well-nourished 0.46 0.23–0.90

overweight and 24% were obese (35). A study conducted in
2008 among 4 296 French older individuals aged 75 or over
showed higher rate of underweight for women (20%) but not for
men (8%), a similar rate of overweight (31% in women; 44% in
men) and lower rates for obesity (15% in women; 14% in men)
(36). Finally, according to the recent data from Eurostat (2) for
France, 2% of people aged 65 or over are underweight, 38% are
overweight and 17% are obese. In all of these studies, overweight
was defined as a BMI between 25 and 30 kg and obesity as a
BMI over 30, while the threshold for underweight varied [BMI
lower than 21 in Vernay et al. (36) and in the present study; lower
than 18 in Eurostat, 2021], which may explain the different rates
of underweight.

Regarding nutritional status, the present study showed that 2%
of the respondents with a BMI over 25 were undernourished (no
difference was observed between overweight and obese people)
and 23% were at risk of undernutrition (18% in overweight
to 29% in obese). These features are similar to those reported
by Klee Oehlschlaeger et al. (26) who observed that 23% of
the seniors with a BMI over 25 were identified as at risk or
undernourished by the MNA (Brazilian study), but lower than
the ones reported by Özkaya and Gürbüz (27). In this Turkish

study, it was observed that 19% of seniors with a BMI over 25
were undernourished and 31% were at risk of undernutrition.

According to recent census data (37), the French population
has around 13,453 million people aged 65 or over. If the
rates reported by Eurostat (2) for overweight and obesity in
France are applied to this population, there are 5.112 million
seniors are classified as overweight and 2.287 million seniors are
classified as obese. Finally, when the undernutrition and risk of
undernutrition rates observed in the present study are applied,
there is a total 1.022 million overweight seniors and 0.709 million
obese seniors are undernourished or at risk of undernutrition.
In other words, it can be estimated that in France, around 1.7
million French people aged 65 or over with a BMI over 25 are
undernourished or at risk of undernutrition according to the
MNA. If the same iteration is applied for people with a BMI
lower than 21, it can be estimated than there are around 300
000 underweight seniors who are undernourished or at risk of
undernutrition in France (underweight rate was set at 8%, as
observed in the present study).

According to the present results, underweight people were
more likely to be at risk of undernutrition than well-nourished
compared with normal weight status. In fact, a low BMI is a
criterion that is used in several undernutrition screening tools
including the Mini-Nutritional Assessment - MNA (31), the
Nutritional Risk Screening - NRS (38) and the Undernutrition
Universal Screening Tool - MUST (39), though with slightly
different BMI thresholds [<19, (19–21), (21–23) for the MNA;
< 20.5 for the NRS; <18.5; [18.5–20] for the MUST]. Recently,
the European Society for Clinical Nutrition and Metabolism
(ESPEN) agreed to consider a BMI <22 as a phenotypic criteria
for the diagnosis of undernutrition in people older than 70
years (40). Conversely, overweight and obesity were associated
with a lower undernutrition risk compared with normal weight
status. However, older people are particularly susceptible to the
adverse effects of excess bodyweight on physical function because
of 1) a progressive loss of muscle mass and redistribution of
body fat, which leads to sarcopenic obesity (41), and 2) a need
to carry greater body mass due to obesity (42). In addition,
obesity may result in undernutrition being overlooked in these
patients (27), and the loss of muscle mass may go unnoticed until
the individual begins to lose physical function (43). Stenholm
et al. (44) underlined the importance of recognizing older obese
persons with decreased muscle mass or strength, and suggested
that clinicians and scientists needed “to identify new targets
for prevention and cure of this important geriatric syndrome”.
However, future researches are needed to identify which factors
lead to undernutrition in obese and overweight older people
compared to normal-weight or underweight people, such as the
impact of metabolic disorder on protein-anabolic pathways, the
impact of gut microbiota or the BMI trajectories over the life
course. In fact, studies have suggested that accelerated loss of
muscle mass in older adults with diabetes is mediated by a
direct effect of diabetes on skeletal muscle (45, 46). It is also
acknowledged that obesity is associated with alterations in the
composition and diversity of the gut microbiota, which may
have an impact on the absorption, storage, and expenditure of
energy obtained from dietary intake. However, the extent to
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which this disruption in the microbial composition influences
the nutritional status in obese older people has to be elucidated
(47, 48). Finally, some authors have highlighted the importance
of studying the life trajectory of the BMI on possible adverse
outcomes (49–51). In those studies, higher frailty and mortality
rates were observed in men who were overweight in midlife and
in later age. However, higher frailty and mortality rates were
also observed men who were overweight in midlife but were
reclassified as normal-weight in later life because of weight loss,
when compared to men who were constantly normal-weight. In
the present experiment, it would have been of great interest to
investigate nutritional status as a function of weight trajectories
and not only as a function of weight status in old age.

Study Limitations
The first limitation of the present study lies in the exclusion
of older people with severe cognitive impairments. In France,
it is estimated that 4% of people aged 65 or over suffer from
a neurological disorder (e.g. Alzheimer’s disease, Parkinson’s
disease) (52). However, it was not possible to include these
people in the surveys to ensure the reliability of data collected
from participants. People suffering from cognitive disorders were
included in the “nursing home” category from the RENESSENS
survey, but their data were excluded from the present secondary
analysis to homogenize the inclusion criteria between the
two surveys. However, cognitive disorders are often associated
with feeding difficulties and changes in eating behavior which
may cause a decrease in food intake (53–55) and altered
nutritional status (56, 57). Our decision to exclude individuals
with severe cognitive impairments may thus have led to an
underestimation in the prevalence of undernutrition and risk
of undernutrition.

A second limitation lies in the use of the Mini-Nutritional
Assessment questionnaire to assess nutritional status. Recently,
Cederholm et al. (40) suggested that undernutrition could be
diagnosed and graded using three phenotypic criteria (non-
volitional weight loss, low body mass index, and reduced muscle
mass) and two etiological criteria (reduced food intake or
assimilation, and inflammation or disease burden). However, at
the time of the surveys, this new approach had not been yet
published, and the MNA was recognized as an appropriate tool
to screen for undernutrition and risk of undernutrition (58). In
addition, it should be noted that Cederholm et al. (40) agreed on
the use of a validated questionnaire such the MNA as a first-line
screening tool to identify “at risk” status (59).

A third limitation is the cross-sectional nature of the present
experimental design and the absence of data regarding the weight
of the respondent at midlife. Some authors have highlighted the
importance of studying the life trajectory of the BMI on possible
adverse outcomes (49–51). In those studies, higher frailty and
mortality rates were observed in men who were overweight in
midlife and in later age. However, higher frailty and mortality
rates were also observed men who were overweight in midlife
but were reclassified as normal-weight in later life because of
weight loss, when compared tomenwhowere constantly normal-
weight. In the present experiment, it would have been of great

interest to investigate nutritional status as a function of weight
trajectories and not only as a function of weight status in
old age.

CONCLUSION

This secondary analysis of two datasets collected from French
old respondents showed that 2% of the respondents with a
BMI over 25 were undernourished (no difference was observed
between overweight and obese people) and 23% were at risk
of undernutrition (18% in overweight to 29% in obese). Taking
into account recent French census data, it can be estimated that
in France, around 1.7 million people aged 65 or over with a
BMI over 25 are undernourished or at risk of undernutrition.
Given the growing number of overweight and obese individuals
worldwide, the issue of undernutrition in the overweight/obese
older population is set to become a major public health issue in
the near future.
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Aging is a progressive process that could disturb metabolic homeostasis in the liver via
ectopic lipid accumulation, oxidative stress, and deterioration of inflammatory response.
Although calorie restriction (CR) is recognized as beneficial for life span and health span
prolongation, it is still unclear how late-onset CR, characterized by late beginning and
short duration, affects age-related processes. The aim of this study was to examine
how late-onset CR-induced metabolic adjustments impact lipid status and inflammation
in the liver of old rats. The experiments were conducted on aging male Wistar rats
fed ad libitum (AL) or exposed to late-onset CR (60% of AL daily intake) from 21st
to 24th month. The results showed that late-onset CR reduces body weight, visceral
adipose tissue and liver mass, and triglyceride levels when compared to old animals
on AL diet. The ameliorating effects of CR on lipid metabolism include increased
activity of AMP-activated protein kinase, suppressed de novo fatty acid synthesis,
stimulated β-oxidation, decreased lipotoxicity, and limited triglyceride synthesis and
packaging in the liver. Restricted diet regime, however, does not improve expression
of antioxidant enzymes, although it leads to progression of age-related inflammation in
the liver, partially through lower corticosterone concentration and decreased activation
of glucocorticoid receptor. In conclusion, late-onset CR is able to restore age-related
imbalance of lipid metabolism in the liver, but has a negative impact on hepatic
inflammatory status, implying that the type of diet for older individuals must be balanced
and chosen carefully with appropriate duration and start point.

Keywords: calorie restriction, lipid metabolism, inflammation, liver, aging

INTRODUCTION

Aging is a natural and progressive process and a major risk factor for development of
neurodegenerative and cardiovascular diseases, type 2 diabetes, metabolic syndrome, and tumors
(1, 2). One of the most commonly investigated experimental approaches for life span and health
span increase and attenuation of age-associated disorders is calorie restriction (CR). At the
molecular level, CR activates lipolysis in adipose tissue, stimulates mitochondrial oxidation of fatty
acids (FA), reduces dyslipidemia, increases insulin sensitivity, and regulates immune response (3).
A key role in mediating the effects of CR on age-related diseases is played by the liver, as it is crucial
for the maintenance of energy homeostasis (4).
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The aging process is commonly accompanied by visceral
adiposity and disturbed lipid homeostasis in the liver.
Elevated influx of FA from adipose tissue, stimulation of de
novo lipogenesis, increased production of very-low-density
lipoproteins (VLDL), and lower rate of β-oxidation lead to the
progression of hepatic lipotoxicity, steatosis, and dyslipidemia.
A well-characterized sensor of disrupted energy balance,
whose regulatory potential declines with aging, is the AMP-
activated protein kinase (AMPK) (5, 6). Increased AMPK
activity induced by CR could be a relevant mediator in lipid
metabolism restoration through stimulation of ATP-producing
processes (7). AMPK inhibits the activity of one of the key
enzymes of de novo lipogenesis, acetyl-CoA carboxylase (ACC)
by its phosphorylation at Serine 79. Reduced availability of
ACC product, malonyl-CoA, results in activation of carnitine
palmitoyl-transferase 1 (CPT1), which leads to increased
transport of FA into the mitochondria and elevated intensity of
β-oxidation (8). AMPK can also phosphorylate and stimulate
peroxisome proliferator-activated receptor gamma coactivator
1α (PGC-1α), a transcriptional activator of CPT1, which
additionally contributes to FA elimination (9).

Disturbed metabolic balance and lipid accumulation during
aging are both potent triggers for the development of chronic
inflammation in the liver. Excess of FA could directly stimulate
proinflammatory Toll-like receptor 4 (TLR4), while both FA
and lipid species can activate proinflammatory transcriptional
regulator nuclear factor kappa B (NFκB), which upregulates
the expression of tumor necrosis factor α (TNFα), interleukins,
and chemokines (10, 11). Age-associated oxidative stress, a
result of increased production of reactive oxygen species (ROS)
and decreased expression and activity of antioxidant enzymes,
is also a well-described activator of NFκB and downstream
inflammatory signaling. Although the early initiated CR is
recognized as a potent factor in improving oxidative stress, its
effect on redox balance during aging is complex and depends on
species, sex, tissue, and duration of limited calorie intake (12, 13).

The age-induced inflammation is usually counterbalanced by
increased systemic concentrations of glucocorticoid hormones
(14). It was shown that energy depletion related to CR
additionally elevates the level of glucocorticoids that could
override inflammatory processes and suppress immune response
(15). The anti-inflammatory properties of glucocorticoids are
achieved by activating the glucocorticoid receptor (GR), a
transcriptional factor that negatively regulates the expression
of NFκB and other proinflammatory genes. Tissue-specific
action of glucocorticoids is more complex, as their intracellular
concentration depends on hormone regeneration by the enzyme
11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) and
glucocorticoid clearance regulated by 5α and 5β-reductases
(16, 17).

Although a large number of studies point out the beneficial
effects of CR, its onset, duration, and percentage of restriction are
recognized as important determinants of restrictive diet welfare.
Late-onset and short duration of CR provoke significantly lower
beneficial cognitive response and even worsen age-related frailty
as compared to lifelong restriction started at young age (18, 19).
As it is not clear how CR started at old age affects disturbed

metabolic balance caused by aging, the aim of this study was
to examine the impact of metabolic alterations induced by late-
onset CR on lipid status and inflammation in the liver of old male
Wistar rats. To that end, we analyzed the level of stimulatory
phosphorylation of the energy sensor AMPK, expression of
enzymes and transporters involved in de novo lipogenesis, FA
oxidation, and triglyceride packaging. The inflammatory status
was examined through gene expression of Tlr4 and Tnf α, and
through protein level and subcellular distribution of NFκB.
Protein levels of antioxidant enzymes, glucocorticoid prereceptor
metabolism, and GR expression in the liver of old rats upon CR
were also assessed.

MATERIALS AND METHODS

Animals and Treatment
In the beginning of the experiment, male Wistar rats were
divided into three groups (n = 8 per group). Two groups
had ad libitum (AL) access to the standard commercial food
until they were 6 (6 mAL) or 24 months old (24 mAL). The
third group (24 mCR) had unlimited access to food till the
21st month of age, which was followed by a restricted diet
regime from 21 to 24 month (late-onset CR) when the animals
received 60% of average AL daily food intake. Animals have
been acclimated to CR, as restricted diet regime was gradually
introduced by reducing the daily average food intake by 10%
every 2 days; so after 7 days, food consumption decreased by 40%.
The detailed composition of used commercial food (Veterinary
Institute Subotica, Subotica, Serbia) was previously published
(20). The animals were housed under standard conditions (22◦C,
12 h light and dark cycles, constant humidity, free access to
water, housed two-three per cage). All the procedures were in
compliance with the European Communities Council Directive
(2010/63/EU) and were approved by the Ethical Committee for
the Use of Laboratory Animals of the Institute for Biological
Research Siniša Stanković – The National Institute of Republic
of Serbia, University of Belgrade (reference number 02-12/17).

Tissue Collection, Blood Plasma
Preparation, and Determination of Blood
Parameters
After overnight fasting, animals were anesthetized with
an intraperitoneal injection of Zoletil 100 (75 mg/kg) and
sacrificed. Blood was rapidly collected from the trunk into
polypropylene tubes. Serum was isolated after 30 min of
coagulation at room temperature and centrifuged at 2,000 × g
for 15 min. Collected sera were stored at –70◦C for later
processing. Glucose concentrations in serum were measured by
using a commercially available reagent (OSR6121, Beckman
Coulter, Brea, CA, United States) on Olympus AU400
(BLOCK Scientific, North Bellport, NY, United States). The
concentrations of serum free fatty acids (FFAs) were assessed by
a commercially available kit (FA115, Randox Laboratories Ltd.,
Crumlin, United Kingdom) and serum triglycerides (TG) were
analyzed with triglycerides reagent (Code 12528, Biosystem,
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Barcelona, Spain). Both measurements were performed on the
semi-automatic biochemistry analyzer Rayto 1904-C (Rayto,
Shenzhen, China).

After blood collection and transcardial perfusion, livers and
retroperitoneal and perirenal depots of visceral adipose tissue
(VAT) were carefully excised, weighed, and stored in liquid
nitrogen until further analysis.

Preparation of Whole-Cell Extract
Frozen livers from individual animals were weighed and
homogenized with a glass–Teflon homogenizer in five volumes
(w/v) of ice-cold RIPA buffer [50 mM Tris-HCl, pH 7.2, 1 mM
EDTA-Na2, 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 2 mM dithiothreitol (DTT), protease and
phosphatase inhibitors]. Homogenates were sonicated (5 s/30 s
pause/5 s/30 s pause/5 s, 1A, 50/60 Hz, Hielscher Ultrasound
Processor, Teltow, Germany), incubated for 60 min on ice with
continuous agitation and vortexing, and centrifuged (16,000× g,
20 min, 4◦C, Eppendorf 5804/R, Hamburg, Germany). The
supernatants were used as the whole-cell extracts.

Preparation of Cytoplasmic, Nuclear,
Microsomal, and Mitochondrial Fractions
of the Liver
After thawing, livers from individual animals were weighed
and homogenized with Janke-Kunkel Ultra Turax (30 s/30 s
pause/30 s) in four volumes (w/v) of ice-cold homogenization
buffer (20 mM Tris-HCl pH 7.2, 10% glycerol, 50 mM NaCl,
1 mM EDTA-disodium, 1 mM EGTA Na2, 2 mM DTT, protease
and phosphatase inhibitors). The homogenates were filtered
through gauze and centrifuged (2,000 × g, 15 min, 4◦C). The
resulting supernatants (S1) were further processed to generate
cytoplasmic, microsomal, and mitochondrial fractions, while
the pellets (P1) were used to obtain nuclear fractions. The
S1 were centrifuged (14,000 × g, 30 min, 4◦C, Eppendorf
5804/R, Hamburg, Germany). Resulting supernatants (S2) were
further processed to generate cytoplasmic and microsomal
fractions, while the pellets (P2) were resuspended in one
volume of homogenization buffer, which contain 0.05% Triton
X-100 and were used as a mitochondrial fraction. The S2
were ultracentrifuged (200,000 × g, 90 min, 4◦C, Beckman
L7-55, Brea, CA, United States) and the final supernatants
were used as cytoplasmic fractions. The final pellets were
resuspended in 100 mM Na-pyrophosphate buffer (pH 7.4) and
centrifuged (200,000× g, 60 min, 4◦C, Beckman L7-55, Brea, CA,
United States) for the preparation of microsomal fractions. The
microsomal pellets were suspended in a storage buffer (50 mM
KPO4 pH 7.4, 0.1 mM EDTA-disodium, 10% glycerol, and
0.1 mM DTT Hielscher Ultrasound Processor, Teltow, Germany),
sonicated (5 s/30 s pause/5 s/30 s pause/5 s, 1A, 50/60 Hz,
Hielscher Ultrasound Processor, Teltow, Germany), and used
as microsomal fractions. For nuclear fractions preparation, P1
from the first centrifugation were washed twice in HEPES buffer
(25 mM HEPES pH 7.6, 1 mM EDTA-disodium, 1 mM EGTA-
disodium, 10% glycerol, 50 mM NaCl, 2 mM DTT, protease and
phosphatase inhibitors like in homogenization buffer, Eppendorf

5804/R, Hamburg, Germany, Eppendorf 5804/R, Hamburg,
Germany) by centrifugation (4,000 × g, 10 min, 4◦C). The
resulting pellets were suspended in one volume of NUN buffer
(25 mM HEPES, pH 7.6, 1 M Urea, 300 mM NaCl, 1% Nonidet
P-40, protease and phosphatase inhibitors). After incubation on
ice for 90 min with continuous agitation and frequent vortexing,
suspensions were centrifuged (8,000× g, 10 min, 4◦C, Eppendorf
5804/R, Hamburg, Germany). The resulting supernatants were
used as nuclear fractions. All steps were conducted at 0–4◦C and
all samples were aliquoted and stored at−70◦C.

Preparation of Membrane Fraction of the
Liver
Parts of frozen livers from individual animals were weighed and
homogenized with a glass-Teflon homogenizer in ten volumes
(w/v) of ice-cold DEA buffer (0.25% diethyl amine, 100 mM
NaCl, protease and phosphatase inhibitors) and centrifuged
(100,000 × g, 30 min, 4◦C, Beckman L7-55, Brea, CA, United
States). The pellets were homogenized in the same volume of 1%
Triton buffer (1% Triton, 150 mM NaCl, 50 mM Tris-HCl pH 7.4,
2 mM EDTA, protease and phosphatase inhibitors) with a glass-
Teflon homogenizer. Homogenates were put through a 23-gauge
needle, incubated for 30 min on ice, and centrifuged (100,000× g,
30 min, 4◦C, Beckman L7-55, Brea, CA, United States). The
supernatants were used as membrane fractions. Protein content
of all fractions was determined by the method of Spector (21)
using bovine serum albumin as a standard.

Corticosterone Assay
Liver CORT concentrations were determined in the cytoplasmic
fractions by a Corticosterone High Sensitivity EIA kit
(Corticosterone HSEIA, AC-15F1, Immunodiagnostic Systems
Ltd., Boldon Colliery, United Kingdom), according to the
manufacturer’s instructions. The standards and samples were
measured in duplicate. The plates were read at 450 and 650 nm
on the Multiskan Spectrum (Thermo Electron Corporation,
Waltham, MA, United States). The hormone concentrations
were determined using the 4PL curve-fitting method (Graph-Pad
Prism 5, GraphPad Software, Inc., San Diego, CA, United States)
and are given as ng/mg of proteins.

Western Blot Analysis
The samples were boiled in Laemmli’s buffer and 40 µg proteins
of cytoplasmic, microsomal, and whole cell extracts and 60 µg
proteins of nuclear, mitochondrial, and membrane fractions were
resolved on 8 or 10% sodium dodecyl sulfate-polyacrylamide gels.
After protein transfer from the gels to polyvinylidenedifluoride
membranes (Immobilon-FL, Merck Millipore, Burlington, MA,
United States), membranes were incubated overnight at 4◦C with
the following primary polyclonal antibodies: anti-AMPKα1/2
(sc-25792, 1:500), anti-CD36 (sc-7309, 1:1,000), anti-CPT1 (sc-
139482, 1:500), anti-IκB-α (sc-371, 1:250), anti-phospho-IκB-
α (Ser32) (sc-2859s, 1:250), anti-NFκB/p65 (sc-372, 1:1,000),
anti-Hexose-6-phosphate dehydrogenase (H6PDH) (sc-67394,
1:500), and anti-GR (sc- 8992, 1:250), all purchased from Santa
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Cruz Biotechnology (Dallas, TX, United States). Anti-phospho-
AMPKα1/2 (Thr 172) (2535, 1:1,000), anti-ACC (3676, 1:1,000),
and anti-phospho-ACC (Ser70), (1:1,000) were purchased from
Cell Signaling Technology (Danvers, TX, United States), while
anti-PGC1α (ab54481, 1:250), anti-Catalase (ab16731, 1:2,000),
anti-SOD1 (ab13498, 1:2,000), anti-SOD2 (ab13533, 1:2,000), and
anti-11β-HSD1 (ab393364, 1:1,000) were obtained from Abcam
(Cambridge, United Kingdom).

As the proteins of interest were detected in the different
fractions of the hepatocytes, constitutively expressed proteins
specific for each fraction were used as equal load controls.
Namely, anti-β-actin (ab8227, Abcam, 1:10,000) was used as
the loading control for cytoplasmatic fraction and whole cell
extract, while anti-Hsp60 (sc-13115, Santa Cruz, 1:1,000), anti-
Lamin B1 (sc-374015, Santa Cruz, 1:1,000), and anti-Calnexin
(ab22595, Abcam, 1:2,000) were used for mitochondrial, nuclear,
and microsomal fraction, respectively. Ponceau S was used as the
loading control for plasma membrane fraction. Membranes were
subsequently washed and incubated for 90 min with horseradish
peroxidase conjugated secondary antibodies, goat anti-rabbit IgG
(ab6721, Abcam, 1:20,000), or rabbit anti-mouse IgG (ab97046,
Abcam, 1:30,000). The immunoreactive protein bands were
visualized by chemiluminiscent (ECL) method using iBright
CL1500 (Thermo Fisher Scientific, Waltham, MA, United States)
and quantitative analysis was performed by iBright software.

RNA Isolation and Reverse Transcription
Total RNA was isolated from the liver using TRIreagent R©

(AmBion, Life Technologies, Austin, TX, United States).
Concentrations of isolated RNA were quantified on
NanoPhotometer N60 (Implen, Munich, Germany) by reading
the optical density at 260 nm, while the quality and integrity
of RNA was confirmed on 2% agarose gel. For the synthesis
of complementary DNA (cDNA), Applied Biosystems High-
Capacity cDNA reverse Transcription Kit (Thermo Fisher
Scientific, Waltham, MA, United States) was used according
to the manufacturer’s instructions. The cDNA was stored at
−70◦C until analysis.

Real-Time Polymerase Chain Reaction
The expression of glucokinase (Gck), Tlr4, stearoyl-CoA
desaturase 1 (Scd1), microsomal triglyceride transfer protein
(Mttp), and apolipoprotein B-100 (Apo B-100) genes was
analyzed using Power SYBR R© Green PCR Master Mix (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, United
States). Specific primers (Metabion, Planegg, Germany) for Gck
(forward 5′-AGA TGC TAT CAA GAG GAG AG-3′, reverse
5′-ACA ATC ATG CCG ACC TCA CAT-3′), Tlr4 (forward
5′-ATC ATC CAG GAA GGC TTC CA-3′, reverse 5′-GCT
AAG AGG GCG ATA CAA TTC-3′), Scd1 (forward 5′-TGG
TGC TCT TTC CCT GTT TGC-3′, reverse 5′-TGG GCT TTG
GAA GGT GGA CA-3′), Mttp (forward 5′-AAG GCC AAT
ATG GAC ATC CAG GTT-3′, reverse 5′-TGG TTA TTA CCA
CAG CCA CCC GAT-3′), and Apo B-100 (forward 5′-AGT
CTA CTG GAA GCC ATG AAG GG-3′, reverse 5′-AAT CTG
CTG AGG AAG CCT GCT CA-3′) were used for selective
amplification. Quantitative normalization of cDNA in each

sample was performed using β-actin (forward 5′-GAC CCA
GAT CAT GTT TGA GAC C-3′, reverse 5′-AGG CAT ACA
GGG ACA ACA CA-3′) as the endogenous control. Thermal
cycling conditions were 2 min incubation at 50◦C, 10 min
at 95◦C followed by 40 cycles of 95◦C for 15 s, and 60◦C
for 60 s. Quantification of Tnf α (Rn01525859_g1) and 5α-
reductase (Rn00567064_m1) genes expression was performed
using TaqMan R© gene expression FAM-labeled probe set (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, United
States). Quantitative normalization of cDNA in each sample was
performed using β-actin (Rn00667869_m1) as the endogenous
control. Thermal cycling conditions were 2 min incubation
at 50◦C, 10 min at 95◦C followed by 60 cycles of 95◦C
for 15 s, and 60◦C for 60 s. All real-time PCR reactions
were performed in duplicate using Quant StudioTM3 (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, United
States). Relative quantification of gene expression was performed
using the comparative 2−11Ct method. The same cDNA simple
was used as the calibrator on each plate. The results were
analyzed by Quant StudioTM Design & Analysis v1.3.1 (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, United
States) with a confidence level of 95% (p ≤ 0.05).

Statistical Analysis
All data are given as means ± SEM (n = 8). The data were
tested for normality by Shapiro–Wilk test. Normally distributed
data were analyzed by one-way ANOVA followed by Bonferroni
post-hoc test. Data with deviation from normal distribution were
analyzed by Kruskal–Wallis H test followed by Mann–Whitney
U post-hoc test with Bonferroni correction. A p-value < 0.05
was considered statistically significant. Statistical analyses were
performed by the STATISTICA 12 software (StatSoft, Inc., Tulsa,
OK, United States).

RESULTS

The Effects of Late-Onset Calorie
Restriction on Morphological and
Biochemical Parameters
Body weight, liver, and VAT mass were significantly increased
in aged rats on AL diet as compared to adult rats (24 mAL vs.
6 mAL, ∗p < 0.05 for body and liver mass; ∗∗∗p < 0.001 for VAT
mass), whereas CR treatment reduced these parameters to control
levels (24 mCR vs. 24 mAL, #p < 0.05 for body and liver mass;
###p < 0.001 for VAT mass). The VAT-to-body ratio was changed
in the same manner (increased, 24 mAL vs. 6 mAL, ∗∗∗p < 0.001;
decreased, 24 mCR vs. 24 mAL, ###p < 0.001), but liver-to-body
ratio did not show any changes (Table 1).

Serum glucose concentration was decreased in aged rats
regardless of the applied diet in comparison with adults (24 mAL
vs. 6 mAL, ∗p < 0.05; 24 mCR vs. 6 mAL, $p < 0.05; Table 1).
This was in agreement with elevated Gck mRNA levels in both
groups of older rats compared to adults (24 mAL vs. 6 mAL,
∗∗p < 0.01; 24 mCR vs. 6 mAL, $$$p < 0.001; Table 1). FFAs
in the serum were elevated in aged rats on AL diet as compared
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with adults (24 mAL vs. 6 mAL, ∗p < 0.05; Table 1), while CR
treatment did not provoke any differences. Serum triglyceride
level was also significantly increased in aged rats (24 mAL vs.
6 mAL, ∗p < 0.05), whereas CR treatment reduced this parameter
(24 mCR vs. 24 mAL, #p < 0.05).

Late-Onset Calorie Restriction Improves
Lipid Status in the Liver of Old Rats
In the liver of aged rats on AL diet regime, neither energy sensor
AMPK protein expression, nor its stimulatory phosphorylation
on Threonine 172 were changed compared with adults. The
level of phosphorylated form of AMPK, as well as phospho-
AMPK/total AMPK ratio, were elevated in rats after CR
treatment compared with animals fed AL (24 mCR vs. 24 mAL,
#p < 0.05; 24 mCR vs. 6 mAL, $$$p < 0.001; Figure 1A), implying
that reduced caloric intake led to increased AMPK activity.

The aging process resulted in enhanced expression of total
ACC protein level (24 mAL vs. 6 mAL, ∗∗p < 0.01) and
its phosphorylated form on Serine 79 (24 mAL vs. 6 mAL,
∗p < 0.05; Figure 1B). Late-onset CR reduced the level of total
and phosphorylated ACC as compared with AL diet regime
regardless of age (24 mCR vs. 24 mAL,###p < 0.001; 24 mCR vs.
6 mAL, $p < 0.05). The ratio of inhibitory phosphorylation to
total ACC was decreased in the liver of aged rats in comparison to
adult animals (24 mAL vs. 6 mAL, ∗p < 0.05), while attenuation
of de novo lipogenesis after CR was supported by increment of
this ratio in 24 mCR group in regard to 24 mAL group (24 mCR
vs. 24 mAL, #p < 0.05; Figure 1B). Examination of further steps
of FA metabolism showed the reduction of Scd1 mRNA level in
aged rats on AL diet as compared to adults (24 mAL vs. 6 mAL,

TABLE 1 | The effects of late-onset calorie restriction on morphological and
biochemical parameters.

6 mAL 24 mAL 24 mCR

Body mass (g) 403.75 ± 5.96 510.00 ± 28.45 * 423.75 ± 19.36 #

Mass of liver (g) 9.88 ± 0.28 11.66 ± 0.61 * 9.74 ± 0.45 #

Liver to body mass
ratio (x1,000)

24.48 ± 0.69 23.88 ± 1.55 23.04 ± 0.64

Mass of VAT (g) 5.40 ± 0.36 13.25 ± 1.70 *** 5.97 ± 0.82 ###

VAT to body mass
ratio (x1,000)

13.37 ± 0.84 26.08 ± 2.24 *** 13.77 ± 1.35 ###

Glucose (mmol/l) 8.51 ± 0.28 6.51 ± 0.58 * 6.70 ± 0.45 $

Gck mRNA (fold
change)

1.00 ± 0.19 6.00 ± 1.51** 9.53 ± 1.77$$$

FFA (mmol/l) 1.25 ± 0.20 5.33 ± 1.61 * 2.91 ± 1.10

TG (mmol/l) 0.73 ± 0.09 1.35 ± 0.14 * 0.85 ± 0.11 #

Liver CORT (ng/mg) 0.33 ± 0.02 0.57 ± 0.09 * 0.35 ± 0.03 #

Body weight, liver and visceral adipose tissue (VAT) mass, concentration of blood
glucose, free fatty acids (FFA) and triglycerides (TG), liver corticosterone (CORT),
and glucokinase (Gck) mRNA level were measured in 24th-month-old male Wistar
rats who were on ad libitum (AL) diet or on calorie restriction (CR) from 21st to 24th
months. All data are presented as means ± SEM (n = 8). Different symbols denote
significant differences between aged rats on AL diet and adults (24 mAL vs. 6 mAL,
*p < 0.05, **p < 0.01, ***p < 0.001), old rats on CR and on AL diet (24 mCR vs.
24 mAL, #p < 0.05, ###p < 0.001), and old rats on CR and adults fed AL (24 mAL
vs. 6 mAL, $p < 0.05, $$$p < 0.001).

∗∗p < 0.01; Figure 1C), while CR treatment significantly raised
the level of Scd1 (24 mCR vs. 24 mAL, ###p < 0.001; 24 mCR
vs. 6 mAL, $$p < 0.01). On the contrary, the gene expression of
Mttp was increased in aged rats as compared with adults (24 mAL
vs. 6 mAL, ∗∗p < 0.01) and decreased in CR group in regard to
aged rats on AL (24 mCR vs. 24 mAL, ##p < 0.01; Figure 1C).
This result was in agreement with reduction of Apo B-100 mRNA
level in rats after CR treatment in comparison with old rats on
AL diet (24 mCR vs. 24 mAL, ##p < 0.01; Figure 1C) and implied
that late-onset CR prevented triglycerides packaging in the liver.
As expected, triglycerides in serum were elevated in aged rats
as compared with adults (24 mAL vs. 6 mAL, ∗p < 0.05) and
decreased in CR group in regard to aged rats on AL diet (24 mCR
vs. 24 mAL, #p < 0.05; Table 1).

In accordance with the concentration of FFAs in the serum,
the protein level of CD36 transporter in the plasma membrane
was increased in old rats on AL diet as compared with adults
(24 mAL vs. 6 mAL, ∗p < 0.05; Figure 2A), while restricted diet
regime lowered and equalized its level with adults (24 mCR vs.
24 mAL, #p < 0.05; Figure 2A). The intensity of FA β-oxidation
was reduced during aging because the CPT1 protein level in the
hepatic mitochondrial fraction was reduced in both groups of
aged rats as compared to adult animals (24 mAL vs. 6 mAL,
∗∗∗p < 0.001; 24 mCR vs. 6 mAL $$$p < 0.001; Figure 2B).
However, the applied CR regime partially raised the CPT1 level
in comparison with aged animals on a standard diet (24 mCR
vs. 24 mAL, #p < 0.05; Figure 2B). This finding was supported
by increased level of PGC-1α in CR group in regard to groups
with AL diet regime (24 mCR vs. 24 mAL, #p < 0.05; 24 mCR vs.
6 mAL, $p < 0.05; Figure 2C).

Aging Process Decreases Antioxidant
Enzyme Expression, While Late-Onset
Calorie Restriction Exacerbates
Inflammatory Status in the Liver
The aging process, as expected, resulted in a decrease in protein
levels of all examined antioxidant enzymes, SOD1, SOD2, and
catalase, regardless of the diet regime (24 mAL vs. 6 mAL,
∗∗∗p < 0.001; 24 mCR vs. 6 mAL, $$p < 0.01 for SOD1; 24 mCR
vs. 6 mAL, $p < 0.05 for SOD2; 24 mAL vs. 6 mAL, ∗p < 0.05;
24 mCR vs. 6 mAL, $p < 0.05 for catalase; Figure 3), which
implies that late-onset CR did not ameliorate the effects of aging
on antioxidant enzymes.

Regarding the inflammation, increased ratio between
phosphorylated (at Ser32) and total form of NFκB inhibitor
(IκB) was observed in both groups of old rats, but with a greater
significance after CR treatment (24 mAL vs. 6 mAL, ∗p < 0.05;
24 mCR vs. 6 mAL, $$p < 0.01; Figure 4A). Increment in
IκB phosphorylation leads to its degradation and consequent
activation of NFκB. Although the aging and CR treatment had
no effect on NFκB protein level in the cytoplasm, its level was
increased in nuclear fraction of old rats regardless of the diet
regime (24 mAL vs. 6 mAL, ∗p < 0.05; 24 mCR vs. 6 mAL,
$$$p < 0.001), with a more severe increment of inflammatory
response after CR compared with aged rats on AL diet (24 mCR
vs. 24 mAL, #p < 0.05; Figure 4B). The level of proinflammatory
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FIGURE 1 | The levels of phosphorylated and total AMPK and ACC proteins and other mediators of lipid synthesis in the liver. Representative Western blots and
relative quantification of phospho (Thr172) and total AMPK (A) and phospho (Ser79) and total ACC (B) in the cytoplasmatic fraction of the liver of adults (6 mAL),
aged rats on AL diet (24 mAL), and old rats on CR (24 mCR). β-Actin was used as the loading control for cytoplasmatic fraction. Quantification of Scd1, Mttp, and
Apo B-100 mRNA levels (C) in the liver was done relative to the amount of β-actin. All values are given as means ± SEM (n = 8). Asterisk indicates a significant
difference between aged rats on AL diet and adults (24 mAL vs. 6 mAL, *p < 0.05, **p < 0.01), hashtag indicates a difference between old rats on different diet
regimes (24 mCR vs. 24 mAL, #p < 0.05, ##p < 0.01, ###p < 0.001), and symbol $ denotes a difference between old rats on CR and adults fed AL (24 mCR vs.
6 mAL, $p < 0.05, $$p < 0.01, $$$p < 0.001).

cytokine Tnf α was also significantly increased in aged rats on
AL diet and after restricted diet regime (24 mAL vs. 6 mAL,
∗p < 0.05; 24 mCR vs. 24 mAL, #p < 0.05; 24 mCR vs. 6 mAL,
$p < 0.05; Figure 4D). Interestingly, only the interaction between
CR and aging led to increased Tlr4 gene expression in the liver
of old rats after late-onset CR (24 mCR vs. 24 mAL, ##p < 0.01;
24 mCR vs. 6 mAL, $$p < 0.01; Figure 4C).

Late-Onset Calorie Restriction Lowers
the Level of Corticosterone and Its
Nuclear Receptor in the Liver
Protein level of 11β-HSD1 and the level of enzyme that provides
its cofactor, H6PDH, were unchanged in all the examined groups
(Figure 5A). However, the level of corticosterone in the liver
was increased in aged rats on AL diet as compared with adults,

while CR treatment significantly lowered its level (24 mAL vs.
6 mAL, ∗p < 0.05; 24 mCR vs. 24 mAL, #p < 0.05; Table 1).
Aging process stimulated glucocorticoid clearance in the liver,
as 5α-reductase mRNA level was increased in both groups of
old animals (24 mAL vs. 6 mAL, ∗p < 0.05; 24 mCR vs. 6mAL,
$p < 0.05; Figure 5B). As a result of 5α-reductase overexpression
and decreased corticosterone concentration, the protein level of
GR in the nuclear fraction of the liver was decreased in aged rats
on CR regime as compared to old animals on AL diet (24 mCR
vs. 24 mAL, #p < 0.05; Figure 5C).

DISCUSSION

On the one hand, the results from this study showed that late-
onset CR has some positive effects on age-related homeostasis
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FIGURE 2 | The levels of proteins involved in FA transport and β-oxidation. Representative Western blots and relative quantification of CD36 level in membrane
fraction (A), CPT1 level in mitochondrial (B), and PGC1α level in nuclear fraction (C) of the liver of adults (6 mAL), aged rats on AL diet (24 mAL) and old rats on CR
(24 mCR). Ponceau S, Hsp 60, and Lamin B1 were used as loading controls for membrane, mitochondrial, and nuclear fraction, respectively. All values are given as
means ± SEM (n = 8). Asterisk indicates a significant difference between aged rats on AL diet and adults (24 mAL vs. 6 mAL, *p < 0.05, ***p < 0.001), hashtag
indicates a significant difference between old rats on different diet regimes (24 mCR vs. 24 mAL, #p < 0.05), and symbol $ denotes a difference between old rats on
CR and adults fed AL (24 mCR vs. 6 mAL, $p < 0.05, $$$p < 0.001).

FIGURE 3 | Protein levels of antioxidant enzymes in the liver. Representative Western blots and relative quantification of SOD1 and Catalase in cytoplasmatic and
SOD2 protein level in whole cell extract of the liver of adults (6 mAL), aged rats on AL diet (24 mAL), and old rats on CR (24 mCR). β-actin was used as the loading
control for cytoplasmatic fraction and whole cell extract. All values are given as means ± SEM (n = 8). Asterisk indicates a significant difference between aged rats
on AL diet and adults (24 mAL vs. 6 mAL, *p < 0.05, ***p < 0.001) and symbol $ indicates a significant difference between old rats on CR and adults on AL diet
(24 mCR vs. 6 mAL, $p < 0.05, $$p < 0.01).

disturbances, as it leads to reduced body weight, VAT and
liver mass, and serum triglyceride level. In addition, restrictive
diet regime induces the activity of AMPK, suppresses de novo
FA synthesis, stimulates β-oxidation, decreases lipotoxicity, and

limits triglyceride synthesis and packaging in the liver. On
the other hand, inflammatory response associated with aging
becomes more severe after late-onset CR, which could be
ascribed to inability of old rats to restore the potential for
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FIGURE 4 | The levels of phosphorylated and total IκB and protein and gene expression of proinflammatory mediators in the liver. Representative Western blots and
relative quantification of phospho (Ser32) and total IκB in cytoplasmatic (A) and NFκB protein level in citoplasmatic and nuclear fractions (B) of the liver of adults
(6 mAL), aged rats on AL diet (24 mAL), and old rats on CR (24 mCR). β-actin and Lamin B1 were used as loading controls for cytoplasmatic and nuclear fraction,
respectively. Quantification of Tlr4 (C) and Tnfα (D) mRNA levels in the liver was done relative to the amount of β-actin. All values are given as means ± SEM (n = 8).
Asterisk indicates a significant difference between aged rats on AL diet and adults (24 mAL vs. 6 mAL, *p < 0.05), hashtag indicates a significant difference between
old rats on different diet regimes (24 mCR vs. 24 mAL, #p < 0.05, ##p < 0.01), and symbol $ denotes a difference between old rats on CR and adults on AL diet
(24 mCR vs. 6 mAL, $p < 0.05, $$p < 0.01, $$$p < 0.001).

antioxidant protection in the setting of stimulated FA oxidation.
Late-onset CR also reduced corticosterone concentration and
increased 5α-reductase expression in the livers of aged rats
limiting the hormone’s ability to activate the GR. This
probably results in diminution of anti-inflammatory properties of
glucocorticoids after late-onset CR and additionally contributes
to the deterioration of immune response in the liver of old rats.

One of the most evident age-induced alterations of standard-
fed old animals from this study is weight gain. Increased
body and adipose tissue mass could be referred to as an
anorexigenic response caused by age-related leptin resistance and
progressive imbalance between fat storage and lipolytic processes
in adipocytes (22, 23). Age-induced adiposity increases the level
of circulating FFAs and limits glucose utilization that burdens
liver’s efforts to maintain glucose tolerance and insulin sensitivity
(24, 25). This is in agreement with the increased hepatic
Gck expression and decreased blood glucose level observed in
old animals in our study. Long-term Gck overexpression and
hepatic glucose excess also observed in older mice and humans

are associated with an elevated rate of de novo lipogenesis,
increased hepatic triglyceride content, and circulating lipid
levels, which contribute to the ectopic lipid accumulation and
hypertriglyceridemia (26, 27). In this study, age-related shift of
fat metabolism toward lipogenesis in old rats was confirmed
by several findings: (1) increased ACC protein content, which
implies stimulated initial step of de novo FA synthesis, (2) Mttp
overexpression, which indicates enhanced triglyceride packaging,
and (3) decreased level of CPT1 protein, as a hallmark of
lower rate of FA β-oxidation. Observed increased FA influx via
the CD36 transporter and lowered Scd1 expression in old rats
have further worsened liver lipid status due to accumulation of
saturated FA that promotes hepatocellular lipotoxicity, injury,
and apoptosis (28).

Reduction of body fat in older individuals is one of the
essential benefits of energy-depleting conditions caused by a
restricted diet regime (29). Old rats from the present study had a
preserved ability to adequately respond to reduced caloric intake,
as stimulatory phosphorylation of AMPK, crucial energy sensor
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FIGURE 5 | Glucocorticoid prereceptor metabolism and GR protein level in the liver. Representative Western blots and relative quantification of 11β-HSD1 and
H6PDH protein levels in microsomal fraction (A) and GR protein levels in cytoplasmatic and nuclear fraction (C) of the liver of adults (6 mAL), aged rats on AL diet
(24 mAL), and old rats on CR (24 mCR). Calnexin, β-actin and Lamin B1 were used as loading controls for microsomal, cytoplasmatic, and nuclear fraction,
respectively. Quantification of 5α-reductase mRNA (B) level in the liver was done relative to the amount of β-actin. All values are given as means ± SEM (n = 8).
Asterisk indicates significant difference between aged rats on AL diet and adults (24 mAL vs. 6 mAL, *p < 0.05) and symbol $ indicates a significant difference
between old rats on CR and adults fed AL (24 mCR vs. 6 mAL, $p < 0.05).

in the liver, was increased. In this line, stimulated AMPK activity
raised the inhibitory phosphorylation of ACC, thus leading to
its repression, which resulted in the inhibition of FA de novo
synthesis and stimulation of energy-producing processes such as
β-oxidation (30). Indeed, it has been previously shown that ACC
knockout mice are characterized by intensified β-oxidation in
the muscle, heart, and liver, reduced body weight, and decreased
fat content, even after significant caloric overload (31). In our
study, redirection of lipid metabolism toward FA oxidation in
aged rats after CR was demonstrated by an increased level of
transcriptional coactivator PGC1α followed by partial increment
of CPT1. Although the CPT1 expression was increased after CR,
it could not reach protein level observed in adult rats. This could
be explained by reduced oxidative capacity, previously observed

in older people (32). Utilization of FA in β-oxidation after CR
decreased the abundance of substrate for triglyceride synthesis
and packing. It has been previously shown that increased AMPK
activity is accompanied with inhibition of glycerol-3-phosphate
acyltransferase, the first enzyme in the formation of glycerolipids
(33). After CR, triglyceride packaging and secretion in the form of
VLDL were most probably diminished, as transcription of genes
encoding Mttp and Apo B-100 was decreased and restored to the
level observed in adult animals. The beneficial effects of CR are
additionally proven by the significantly higher expression of Scd1,
even in regard to adults, leading to the removal of saturated FA
and its transformation into neutral lipid droplets in the liver (34).
Hence, late-onset CR not only inhibits lipogenesis and stimulates
β-oxidation but also leads to the reduction of hepatic lipotoxity,
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implying that applied diet regime was able to restore age-related
imbalance of fat metabolism.

Impairment of lipid metabolism during aging is associated
with increased FFAs and accumulation of cytotoxic lipids,
which could act as ligands and second messengers that activate
several protein kinases and trigger downstream proinflammatory
signaling cascade (35). Although the level of FFAs was increased
in standard-fed aged rats from this study, the expression of
Tlr4 receptor was unchanged. It was previously shown in
macrophages that the aging process could even reduce the
level of most TLRs and hence weaken their function (36, 37).
However, FFAs can stimulate proinflammatory transcriptional
regulator NFκB through initiation of Bax protein translocation
into lysosomes resulting in release of cysteine protease and
cathepsin B, potent activators of IκB kinase (38). In this study,
increased ratio between phosphorylated and total IκB, which
implies IκB ubiquitination and its subsequent degradation,
was observed in aged animals and was more prominent after
CR treatment. The lower level of NFκB inhibitor leads to
its activation and translocation to the nucleus, which is in
agreement with a higher level of NFκB protein observed in
nuclear fraction and enhanced transcription of Tnf α gene in
older rats. Interestingly, the activation of NFκB proinflammatory
signaling pathways in aged rats on standard diet was further
enhanced in rats exposed to late-onset CR. Other authors
reported that a different percentage of restricted calorie regime:
mild (15%), moderate (40%), and even higher (50%), lowered
cytokine expression and led to the alleviation of inflammatory
status (39–41). However, these CR treatments started earlier and
had different duration implying that aggravation of inflammatory
response observed in our study could rather be a consequence
of postponed CR start point. An important factor in NFκB
activation during aging could also be oxidative stress caused
by increased availability of ROS, potent activators of redox-
sensitive transcription factors, cytokines, and inflammasomes
(42). Decreased expression of hepatic antioxidant enzymes
SOD and catalase in our study confirmed impaired ability
of old rats to maintain redox balance. One of the most
expected outcomes of restricted diet regime is oxidative stress
reduction. However, many studies reported that, despite limited
oxidative damage, such dietary approach had a poor effect on
mitochondrial ROS production or antioxidant enzyme activity
(12). Similarly, in our study, the level of antioxidant enzymes
in aged rats after late-onset CR remained decreased, also
implying that their expression was not affected by the change
in dietary regime. The inability of aged rats to adapt the
expression of antioxidant enzymes to increased mitochondrial
β-oxidation caused by CR could lead to excess of ROS.
This can be, at least partially, the reason for significantly
deteriorated inflammatory reaction observed in old rats on
restrictive diet regime. Furthermore, increased expression of
Tlr4 receptor after late-onset CR could provoke additional
proinflammatory signaling pathway. It has been previously
shown that limited food access upregulated TLR4 in colonic
cells and macrophages, thus leading to elevated production of
TNFα (43). However, aggravated inflammatory response after
late-onset CR found herein is examined only in male rats and

represents a limitation of the present study. Indeed, previous
literature data points to important sex-related alterations in
rodent response to CR (44). Namely, it has been shown that
different types of CR initiate modified proinflammatory response
in female rats (45), implying that additional studies on female
rats should be performed in order to adjust dietary protocols and
therapeutic strategies.

Stressful conditions induced by aging and reduced caloric
intake are suitable for action of glucocorticoid hormones. As the
level of proteins involved in tissue-specific hormone regeneration
remains unchanged, increased corticosterone concentration
in the liver of standard-fed old rats was probably caused
by hormone overflow from circulation. Age-induced chronic
cytokine production could trigger corticosterone secretion and
maintain its elevated level in the circulation due to dysfunction of
negative feedback of the hypothalamic–pituitary–adrenal (HPA)
axis (46, 47). In spite of increased corticosterone, the level of
cytoplasmic GR and its translocation to the nucleus were not
changed by aging. The lack of GR activation should be attributed
to the increased expression of 5α-reductase with aging that
inactivates corticosterone to its tetrahydro metabolites, which
can bind to GR but cannot lead to its dimerization and nuclear
translocation (48). Although many studies have demonstrated a
stimulatory effect of energy restriction on HPA axis activity in
obese humans and animals (49), in this study, we observed a
decrease of liver corticosterone and its restoration to the control
level. This is in accordance with studies that showed a decrease
in circulating corticosterone concentrations following 6 weeks
of food deprivation in obese rats or following a 4-week severely
energy-restricted diet in obese male and female rats (50, 51). The
lower corticosterone level in the liver and retention of increased
expression of 5α-reductase resultantly lead to decreased GR level
in the nuclear fraction, which implies the reduced GR signaling in
the liver of old animals after CR. This can lead to the attenuation
of anti-inflammatory properties of glucocorticoids and further
progression of inflammatory response induced by aging. This
assumption is confirmed by profound activation of NFκB and
significantly increased Trl4 and Tnf α gene expression in the
liver of old animals on a restrictive diet regime. The possible
mechanism could lay in diminished interaction between GR
and NFκB and reduced expression of glucocorticoid-induced
leucine zipper (GILZ) that attenuates NFκB translocation to the
nucleus (52).

CONCLUSION

In conclusion, short duration and late-onset CR exerts beneficial
effect on lipid content, but has a negative impact on
hepatic inflammatory status. This implies that the type of
the diet could contribute to age-related chronic diseases
progression in older individuals and must be chosen carefully.
Reduction of lipogenic nutrients and supplementation with
antioxidants and vitamins and minerals that have anti-
inflammatory properties are recommended. Consumption of
foods that promote gut microbiome diversity and composition
could be especially beneficial because it reduces the level
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of bacterial lipopolysaccharides that provoke inflammatory
response via TLR4 receptor. Only targeted, balanced, and
mild regimens of CR with an appropriate duration and
start point could promote longevity and optimal conditions
for healthy aging.
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A decrease in TCA cycle activity may lead to impaired nutrition metabolism and
cellular energy shortage. Herein, we aimed to characterize the detailed metabolic
changes that compensate for energy shortages in energy-consuming organs (heart
and skeletal muscles) in mice with knockout of citrate synthase (CS), an important
enzyme in the TCA cycle. CS hetero knockout (CS+/−) mice and wild-type mice
were fed a low-carbohydrate ketogenic diet (LCKD) or high-fat, high-carbohydrate
diet (HFHCD) to induce metabolic changes. Body weight, blood serum parameters,
metabolic gene expression, and adenosine triphosphate (ATP) levels were measured in
the heart and skeletal muscles. Glycogen content, anabolic and catabolic biomarkers,
and morphological changes were also assessed in the skeletal muscles. After diet
feeding, there were no differences observed in the body weight and blood serum
parameters between wild-type and CS+/− mice. The cardiac expression of genes
related to the utilization of fatty acids, monocarboxylates, and branched amino acids
increased in LCKD-fed CS+/− mice. In contrast, no significant differences in gene
expression were observed in the muscles of LCKD-fed mice or the heart and muscles
of HFHCD-fed mice. ATP levels decreased only in the skeletal muscles of LCKD-fed
CS+/− mice. Additionally, the decrease in glycogen content, suppression of p70 S6
kinase, and presence of type I fiber atrophy were observed in the muscles of LCKD-
fed CS+/− mice. These results suggest that the energy-consuming organs with CS
insufficiency may undergo tissue-specific adaption to compensate for energy shortages
when the carbohydrate supply is limited.

Keywords: citrate synthase, heart, knockout mice, skeletal muscle, TCA cycle

Abbreviations: Akt, protein kinase B; AMPK, AMP-activated protein kinase; Atg1, atrogin-1; ATP, adenosine triphosphate;
BCAA, branched-chain amino acid; CS, citrate synthase; CSA, cross-sectional area; ERRα, estrogen-related receptor α; FA,
fatty acid; Gys-1, glycogen synthase-1; HFHCD, high-fat high-carbohydrate diet; LCKD, low-carbohydrate ketogenic diet;
KO, knockout; LC3, light chain 3; MCT-1, monocarboxylate transporter-1; MCT-1, monocarboxylate transporter-1; MuRF-
1, muscle RING finger-1; NRF1, nuclear respiratory factor 1; PGC1α, peroxisome proliferator-activated receptor γ coactivator
1α; S6K, p70 S6 kinase; TCA, tricarboxylic acid; WT, wild-type.
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INTRODUCTION

The production of adenosine triphosphate (ATP) is essential for
organ function, particularly for the mechanical and electrical
functions of high energy-consuming organs such as the heart and
skeletal muscles (1). In most cells, the mitochondrial tricarboxylic
acid (TCA) cycle acts as the central driver of ATP biosynthesis.
In eukaryotes, the TCA cycle operates in the matrix of the
mitochondria following the biosynthesis of acetyl-CoA via the
oxidation of mainly fat and carbohydrates (2, 3). Although fat
is the main substrate for cardiac ATP production, the heart can
also use other energy sources through multiple mechanisms, such
as the control of enzyme activity, signal transduction events, and
gene regulation (4, 5). In contrast, the skeletal muscles use glucose
as their main fuel source and can switch to the use of fatty acids
(FAs) under certain conditions (6).

Aging and metabolic diseases such as type 2 diabetes are
closely associated with a decrease in the mitochondrial capacity
including the TCA cycle activities (7–10), which could lead
to the disruption of nutrient metabolism and a shortage of
cellular energy. Recent studies have reported that the dysfunction
of the TCA cycle along with a loss or a decrease in the
activity of its related enzymes is involved in the etiology
of various diseases (11). However, the effects of such TCA
cycle impairment on the flexibility and capacity of substrate
metabolism in the heart and skeletal muscles have not yet been
thoroughly investigated. Tissue-specific adaptive responses to the
impairments of this pathway should be determined to understand
the mechanisms involved in the development of geriatric changes
and metabolic disorders.

Citrate synthase (CS) is the rate-limiting enzyme of TCA
cycle and plays a pivotal in regulating energy production
through mitochondrial respiration. CS converts acetyl-CoA and
oxaloacetate into citrate, and its activity is sometimes used as a
biomarker of mitochondrial content and function (12, 13). CS
activity in the muscles is increased by physical activities (14) and
decreases with aging (15, 16) or in metabolic disorders such as
type 2 diabetes (17). Animal studies revealed that in aged hearts,
the gene expression and catalytic activity of CS were significantly
decreased among TCA cycle enzymes (18, 19). Therefore, we
considered CS knockout mice to be useful to investigate the
effects of TCA cycle dysfunction on metabolic adaptations of the
heart and skeletal muscles.

Homozygote CS knockout (CS–/–) mice present with
embryonic lethality; therefore, heterozygous CS knockout
(CS+/−) mice are preferred. The gene and protein expression
and activity of CS in CS–/+ mice are approximately half of those
in their wild-type (WT) (+/+) siblings. However, unexpectedly,
we found that there were almost no differences in the growth,
morphology, blood parameters, insulin sensitivity, ATP levels,
and metabolic gene expression in the organs (including in the
heart and skeletal muscles) between WT and CS+/− mice fed
a regular diet (20). In contrast, previous reports showed that
the H55N polymorphism in the mouse Cs gene was linked to
low enzyme activity and the mice having this polymorphism
exhibited decreased glucose tolerance during high-fat diet feeding
(21, 22). Thus, we predicted that metabolic differences could
be observed between WT and CS+/− mice under specific
nutritional conditions.

Thus, we aimed to examine whether CS insufficiency affects
the metabolic response of the heart and skeletal muscles in mice
fed a special diet: a low-carbohydrate ketogenic diet (LCKD)
that mimics a fasting state or a high-fat, high-carbohydrate
(HFHCD) obesogenic diet that induces glucose intolerance.
In this study, we investigated how chronic impairment of
the mitochondrial CS activity affects the adaptive metabolic
response to a ketogenic or obesogenic environment. Decrease
in CS activity may cause energy deficiency, forcing the cell
to rely on the most primitive route of energy production:
cytosolic glycolysis. However, LCKD contains almost no
glucose, which is the only source of the glycolytic pathway,
and HFHCD induces insulin resistance (23), which disrupts
glucose uptake. Therefore, it is interesting to assess how CS-
insufficient organisms control their metabolism when consuming
an LCKD or HFHCD.

MATERIALS AND METHODS

Animals and Rearing Conditions
Heterozygous CS+/− founder mice were created at Lexicon
Genetics from their OmniBank library of knockout embryonic
stem cell clones. We crossed this CS+/− founder mice more
than ten times to transfer the null mutation onto the C57BL6/J
genetic background. We used only male mice for the present
studies. Male CS+/− mice and WT littermates at 8–11 weeks
of age were used in this study. The mice were housed
with 2–4 animals per cage in a temperature- and humidity-
controlled facility with a 12-h light/dark cycle and free access
to food and water.

Experimental Design and Diets
In the first experiment, the CS+/− (n = 7) and WT (n = 7) mice
were fed a low-carbohydrate diet (88% fat, 11% protein, and 1%
carbohydrate; 7.2 kcal/g), also called ketogenic diet because it
induced ketosis in the subject consuming it, for 8 weeks. In the
second experiment, the CS+/− (n = 7) and WT mice (n = 10)
were fed a high-fat, high-carbohydrate (42% fat, 18% protein,
and 40% carbohydrate; 4.7 kcal/g) for 8 weeks to induce obesity.
The ingredients of each diet were purchased from Oriental
Yeast Co. (Tokyo, Japan), and the composition of each diet is
shown in Supplementary Table 1. Apart from these two main
experiments, WT mice (10 weeks old, n = 6) were reared on a
normal rodent diet (AIN-93G, Oriental Yeast Co.) for 8 weeks to
confirm whether each experimental diet was effective at inducing
metabolic changes.

The body weight of the mice was measured every 2 weeks
throughout the experimental period. At the end of the
experimental period, the mice were fasted for 4 h and
anesthetized with isoflurane to collect blood samples into
1.5 mL microcentrifuge tubes. The mice were euthanized
by cervical dislocation under anesthesia and immediately
dissected to collect tissue samples from the heart and hindlimb
muscles. All animal procedures were approved by the Animal
Ethics Committee of Ochanomizu University (approval number:
19013 and 20018).
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Biochemical Measurements of Blood
Serum
The blood samples were centrifuged at 10,000 × g for 5 min
in a microcentrifuge (Model 3500, Kubota, Tokyo, Japan), and
the supernatant was transferred to a new tube and stored
at –20◦C until analysis. Blood glucose and non-esterified FA
levels were measured using the biochemical colorimetric assay
kits LabAssayTM Glucose (Cat. #298-65701, Wako, Osaka,
Japan), LabAssayTM Triglyceride (Cat. #290-63701, Wako) and
LabAssayTM NEFA (Cat. #294-63601, Wako) according to the
manufacturer’s protocols. The ketone body (3-hydroxybutyrate)
concentration was measured using a Ketone Test Sanwa kit (Cat.
#877434, Sanwa Kagaku, Tokyo, Japan), following the enzymatic
protocol. Insulin concentration was evaluated using a Mouse
Insulin ELISA kit (Morinaga, Yokohama, Japan), according to the
manufacturer’s instructions. All absorbance measurements were
performed using an EnSpire R© microplate reader (PerkinElmer,
Waltham, MA, United States).

Gene Expression Profiling by
Quantitative RT-PCR
The total mRNA was extracted from snap-frozen tissue using
Sepasol RNA I reagent (Nacalai Tesque, Kyoto, Japan), according
to the manufacturer’s protocol. The RNA was treated with DNase
and reverse-transcribed using ReverTra AceTM qPCR RT Master
Mix (Toyobo, Osaka, Japan). Diluted cDNA was used as a
template to quantify the relative mRNA concentration. SYBR R©

Premix Ex TaqTM (Takara Bio, Shiga, Japan) was used to prepare
the quantitative RT-PCR mixtures, which were evaluated on a
Thermal Cycler Dice R© Real Time System (Takara Bio), according
to the manufacturer’s instructions. The relative gene expression
values were normalized with that of the β-actin gene. The
sequences of the primers used to amplify each gene are shown
in Supplementary Table 2.

Measurement of Adenosine Triphosphate
Content
The ATP levels in each tissue were measured using a Tissue ATP
assay kit (Toyo B-Net Co., Tokyo, Japan). Briefly, frozen tissues
were weighed using a microanalytical balance, homogenized with
10 mL homogenate buffer (0.25 M sucrose, 10 mM HEPES-
NaOH, pH 7.4) on ice and centrifuged at 1,000 × g for 10 min at
4◦C. The supernatant was diluted 1:8 in ATP extraction reagent,
left to stand for extraction (30 min), and then used for ATP
measurement. ATP levels were quantified based on the luciferin
and luciferase chemiluminescence measured in an EnSpire R©

microplate reader (PerkinElmer) according to the manufacturer’s
protocol and expressed per mg of tissue weight.

Quantification of Glycogen in the Muscle
Tissue
Glycogen levels in the muscles collected from the mice were
measured using a method based on that of Chan et al.
(24). Briefly, the tissues were weighed using a microanalytical
balance, dissolved in 30% KOH at 95◦C, 2% Na2SO4, and 66%
ethanol were then added, and the final solution was centrifuged

(13,000 × g, 5 min at 4◦C) to obtain a pellet. The pellet was
washed twice with 66% ethanol, 0.2 M acetate buffer (pH 4.5) and
amyloglucosidase (Sigma-Aldrich, Tokyo, Japan) were added,
and the solution was incubated at 37◦C for 30 min. The glucose
content was measured using the LabAssayTM Glucose kit (Wako,
Tokyo, Japan) and the amount of glycogen per gram of tissue (wet
weight) was calculated.

Western Blotting Assays
Tissue samples of the gastrocnemius muscle were crushed in
liquid nitrogen and homogenized in lysis buffer containing
a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO,
United States). After centrifugation at 14,000 × g for 20 min
at 4◦C, the supernatant was aliquoted and stored at –20◦C.
The samples containing 40 µg of total proteins were loaded
onto a 10% SDS-PAGE gel, separated using Tris-glycine buffer
containing 0.1% SDS, and transferred onto polyvinylidene
fluoride membranes (GE Healthcare, Uppsala, Sweden).

The membranes were incubated overnight at 4◦C in Blocking
One-P solution (Nacalai Tesque, Kyoto Japan) with the following
antibodies: AMPK (1:1,000, #2532), phospho-AMPK (1:1,000,
#2535), Akt (1:1,000, #9272), phosphor-Akt (Ser473) (1:1,000,
#9271), S6K (1:1,000, #9202), phosphor-S6K (1:250, #9205),
and LC3B (1:500, #2775) (all from Cell Signaling Technology,
Danvers, MA, United States). The membranes were then
incubated with a secondary anti-rabbit IgG antibody (1:7,000,
Cell Signaling Technology; #7074) in Tris-buffered saline
containing 0.1% Tween 20 for 1 h at room temperature (20–
25◦C). The blots were developed using ECLTM prime western
blotting detection reagent (GE Healthcare), and images were
captured with an ImageQuantTM LAS 4000 (GE Healthcare)
detection system. Normalization was performed using an anti-
β-actin antibody (1:1,000, sc-47778; Santa Cruz Biotechnology,
Dallas, TX, United States) and a corresponding secondary anti-
mouse IgG antibody (1:7,000, #7076; Cell Signaling Technology).

Histological Analysis
Morphological changes in the muscles of LCKD-fed animals were
examined. Transverse cryosections of the gastrocnemius muscles
were used to assess the general tissue architecture and measure
the cross-sectional area (CSA) of each muscle fiber.

Muscle sections (8 µm thick) were fixed with 10%
formalin and then stained with hematoxylin and eosin. For
immunofluorescence staining, the sections were air-dried for
10 min and then incubated with blocking solution [phosphate-
buffered saline containing 0.1% Tween 20 (PBS-T), 5% bovine
serum albumin (BSA), and 0.1% fish gelatin] for 1 h at room
temperature. The sections were incubated overnight at 4◦C with
the mouse monoclonal antibodies directed to the anti-myosin
heavy chain, BA-F8 (1:100) specific for myosin heavy chain I
predominant in type I fiber or SC-71 (1:100) specific for myosin
heavy chain II predominant in type II fiber (Development Studies
Hybridoma Bank, Iowa City, IA, United States), diluted in PBS-T
containing 0.8% BSA and 0.1% fish gelatin. After washing three
times with PBS-T, the sections were incubated for 2 h at room
temperature with the following secondary antibodies: FITC-
conjugated anti-mouse IgG antibody (1:250, Thermo Fisher
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Scientific, Waltham, MA, United States) for BA-F8 or rhodamine
(TRITC)-conjugated anti-mouse IgG antibody (1:200, Jackson
ImmunoResearch, West Grove, PA, United States) for SC-71.
After washing three times with PBS-T, the sections were
mounted with Fluoromount-G R© (SouthernBiotech, Birmingham,
AL, United States). For each staining technique, 12 representative
fields per animal (four fields from three sections) were chosen,
and the myofiber areas in the samples were analyzed using a
digital microscope (BZ-X700; Keyence, Osaka, Japan) with its
associated software.

Statistical Analyses
The data were expressed as the mean ± standard error of
mean (SEM). All statistical analyses were performed using SPSS
Statistics for Windows software (version 24, SPSS, Inc., Chicago,
IL, United States). The normality of the variables was assessed
using the Shapiro–Wilk test. Unpaired Student’s t-test was used
to identify significant differences between two groups. Two-way
repeated analysis of variance was used to evaluate the differences
in body weight between the groups over time. A non-parametric
test (Mann–Whitney U-test) was used to compare the fiber areas
in the muscle samples. Statistical significance was set at p < 0.05.

RESULTS

Body Weight and Blood Parameters of
Citrate Synthase +/− and Wild-Type
Mice
The experimental design and body weight of mice during
the study are shown in Figure 1. There were no significant
differences in body weight between WT and CS+/− mice
on both LCKD and HCHFD feeding. The body weight of
the LCKD-fed mice decreased after 2 weeks, after which the
mice gained weight as they grew. In contrast, all mice fed a
HCHFD gained weight throughout the 8-week experimental
period (Figure 1). After 8 weeks, the average body weight
of LCKD-fed mice was 28.9 ± 1.0 g in the WT group and
28.7 ± 0.8 g in the CS+/− group, and that of HFHCD-fed
mice was 39.8 ± 1.1 g for WT mice and 40.5 ± 1.5 g for
CS+/− mice (Table 1). Similarly, there were no significant
differences in blood glucose, insulin, triglyceride, non-esterified
FA, or 3-hydroxybutyrate levels between WT and CS+/− mice
in both experiments (Table 1).

The results of comparison with the reference WT mice fed a
regular diet are shown in Supplementary Figure 1. Compared
with that of WT mice fed a regular diet, the body weight
of HFHCD-fed mice significantly increased, whereas the body
weight changes did not differ in LCKD-fed mice during the
8 weeks of experiment. In the blood parameters, the levels
of serum 3-hydroxybutyrate and non-esterified FA in LCKD-
fed mice and the levels of serum glucose and triglyceride in
HCHFD-fed WT mice were significantly higher than those
in the reference mice fed a regular diet. These data indicate
that both the experimental diets were effective at inducing
metabolic changes.

Expression Profile of Metabolic Genes
To assess the changes in metabolic fuel selection, the expression
levels of genes related to substrate utilization in the heart and
gastrocnemius muscles at the end of the 8-week experiment were
compared between WT and CS+/− mice using quantitative
RT-PCR. The tested genes and roles of their encoded proteins
in substrate metabolism are summarized in Figure 2. In both
the heart and gastrocnemius muscles, Cs mRNA expression was
significantly lower in CS+/− mice than that in WT mice, as
expected (Figure 3). In LCKD-fed mice, significant increases in
the expression of genes related to utilization of various substrates,
such as FAs, glucose, lactate, ketone bodies, and amino acids,
were observed in the heart of CS+/− mice as compared to
that in WT mice; however, there were no significant differences
in the expression of these genes in the gastrocnemius muscles
(Figure 3A). Among the genes related to mitochondrial electron
transport chain, the gene expression of cytochrome c oxidase
1 (Cox1) encoded on mitochondrial DNA and ATP synthase
F1 subunit beta (Atp-5b) encoded on genomic DNA were also
upregulated in the heart but not in the muscles of LCKD-
fed mice (Figure 3C). In contrast, in HFHCD-fed mice, the
expression of only the Cs gene was significantly different between
CS+/− and WT mice in both the heart and gastrocnemius
muscles (Figures 3B,D).

Next, the expression of transcription factors that regulate
the expression of substrate metabolism-related genes was
measured in the hearts of CS+/− and WT mice. The
mRNA expression levels of peroxisome proliferator-activated
receptor γ coactivator 1α (Pgc1α) and estrogen-related receptor
α (Errα), which mainly regulate genes involved in lipid
metabolism and mitochondrial electron transport, and that
of nuclear respiratory factor 1 (Nrf1), which is related
to mitochondrial biogenesis, were significantly higher in
CS+/− mice than those in WT mice fed an LCKD (Figure 4A).
These differences were not observed in the hearts of HFHCD-fed
mice (Figure 4B).

Adenosine Triphosphate Content in the
Heart and Gastrocnemius Muscle
ATP levels were measured in the heart and gastrocnemius
muscles of CS+/− and WT mice fed an LCKD or HFHCD.
The ATP content in the heart was similar between WT
and CS+/− mice in both experiments. However, in the
gastrocnemius muscles of LCKD-fed mice, ATP levels were
significantly lower in CS+/− mice than that in WT mice
(Figure 5). In HFHCD-fed mice, the ATP levels of the
gastrocnemius muscle were also lower in CS+/− mice than that
in WT mice, but the difference was not significant (Figure 5).

Glycogen Metabolism in the Muscles of
Low-Carbohydrate Ketogenic Diet-Fed
Mice
Because the muscle ATP levels decreased in LCKD-fed
CS+/− mice, we measured the glycogen content, an important
energy source for the muscles, in the muscle tissues of LCKD-
fed mice. At the end of the experimental period, muscle glycogen
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FIGURE 1 | Timeline of the experimental protocol (upper panel) and body weight of mice (lower panel) during the 8-week experimental period. Citrate synthase
hetero knockout mice (CS+/−) and their wild-type siblings (WT) were fed (A) a low-carbohydrate ketogenic diet (LCKD), or (B) a high-fat, high-carbohydrate diet
(HFHCD). Data are shown as the mean ± SEM (n = 7–10 per group).

TABLE 1 | Body weight and blood parameters.

LCKD HFHCD

WT CS+/− WT CS+/−

Initial body weight [g] 24.6 ± 0.9 23.8 ± 1.0 26.9 ± 0.4 28.1 ± 0.7

Final body weight [g] 28.9 ± 1.0 28.7 ± 0.8 39.8 ± 1.1 40.5 ± 1.5

Glucose [mg/dL] 234.3 ± 13.4 204.9 ± 14.4 299.0 ± 14.9 268.9 ± 11.2

Insulin [ng/ml] 0.86 ± 0.16 1.38 ± 0.37 3.86 ± 1.34 3.69 ± 0.81

Triglyceride [mg/ml] 43.6 ± 2.5 45.0 ± 6.6 51.2 ± 3.2 56.9 ± 4.9

NEFA [mEq/L] 1.05 ± 0.08 1.12 ± 0.11 0.63 ± 0.08 0.80 ± 0.08

3-HB [µmol/L] 1387.4 ± 292.5 1320.5 ± 265.6 235.9 ± 16.3 211.2 ± 24.9

LCKD, low-carbohydrate ketogenic diet; HFHCD, high-fat high-carbohydrate diet; WT, wild type mice; CS+/−, citrate synthase-knockout mice; NEFA, non-esterified fatty
acid; 3-HB, 3-hydroxybutyrate; n.d., not determined. The data are shown as mean ± SEM.

storage was significantly decreased in CS+/− mice compared
to that in WT mice (Figure 6A). The mRNA levels of glycogen
synthase-1 (Gys-1), a key enzyme in glycogen synthesis, tended
to be lower (p = 0.069) in the muscles of CS+/− mice than
that of WT mice.

Anabolic and Catabolic Signaling in the
Muscles of Low-Carbohydrate Ketogenic
Diet-Fed Mice
We also evaluated the responses of anabolic and catabolic
signaling in the muscles of LCKD-fed mice. The phosphorylation
of AMP-activated protein kinase (AMPK), a critical cellular
ATP sensor, as well as that of protein kinase B (Akt) and
p70 S6 kinase (S6K), which are anabolic signaling molecules,
was assessed. AMPK phosphorylation was significantly increased
in the muscles of CS+/− mice, which is consistent with the
decrease in the tissue ATP content (Figure 6B). Phosphorylation
of p70 S6K was significantly suppressed in the muscles of
CS+/−mice compared with that in WT mice, whereas the levels

of phosphorylated Akt did not significantly differ between the two
mouse groups (Figure 6B).

To evaluate the catabolic signaling, mRNA levels of the
muscle-specific ubiquitin ligases atrogin-1 (Atg1), and muscle
RING finger-1 (MuRF-1) as well as the levels of light chain 3
proteins LC3-I and LC3-II were determined. CS+/− and WT
mice showed no significant differences in the protein ratio of
LC3-II to LC3-I (a marker of autophagy) (Figure 6C) or in
the mRNA levels of Atg1 and MuRF-1 (Figure 6D), which
mediate protein degradation through autophagy-lysosomal and
the ubiquitin-proteasome systems, respectively, under conditions
of ATP shortage.

Muscle Morphology of
Low-Carbohydrate Ketogenic Diet-Fed
Mice
In the morphological analysis, CSA of the total myofibers
did not differ between WT and CS+/− mice (Figure 7A).
However, in LCKD-fed mice, further analysis of different
muscle fiber types indicated that the CSA of type I
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FIGURE 2 | Metabolic genes analyzed in this study. The names and abbreviations of the genes and roles of their encoding proteins in fuel metabolism are
summarized.

oxidative fibers was significantly lower in CS+/− mice
than in WT mice, whereas the CSA of type II glycolytic
fibers did not differ between WT and CS+/− mice
(Figure 7B).

DISCUSSION

In this study, we compared the metabolic and physiological
responses between WT and CS+/− mice fed with two types of
diets: a low-carbohydrate ketogenic diet (LCKD) and a high-fat,
high-carbohydrate (HFHCD) diet.

The body weight of mice decreased after starting the LCKD
feeding but increased steadily during HFHCD feeding. LCKD
consumption mimics the metabolic conditions of long-term
starvation, and leads to body weight reduction in both humans
and animals (25, 26). The possible causes of this weight loss
include appetite loss due to the appetite-suppressant actions of
ketosis or changes in appetite control hormones (27, 28), reduced
lipogenesis, and increased lipolysis (29, 30). In contrast, HFHCD
consumption induces obesity, leading to metabolic conditions
such as insulin resistance in rodents (23). However, neither of
these diets led to significant differences in body weight changes
between CS+/− and WT mice in this study, suggesting that
CS insufficiency did not affect hormonal or metabolic factors
involved in weight control.

Our results revealed an increase in the cardiac expression
levels of genes related to the utilization of energy substrates,
including FAs, glucose, lactate, ketone bodies, and amino acids
in LCKD-fed CS+/− mice. FAs are the main fuel source
for ATP in the heart; the adult myocardium utilizes FAs
to supply approximately 60–70% of the total ATP (5). The
heart increasingly relies on FA oxidation during intracellular
glucose shortages, which occur under certain conditions such as

diabetes (31). Thus, in the fasting-mimicking LCKD-fed mice,
the increased expression of genes related to FA oxidation in
CS+/− mouse hearts may be an adaptive response to energy
shortages caused by CS insufficiency.

We also observed increased gene expression of the PGC1α

coactivator and its transcription factor binding partners, ERRα

and NRF1, in the hearts of CS+/−mice. These molecules amplify
mitochondrial FA oxidation and respiration by regulating the
expression of genes related to lipid metabolism and oxidative
phosphorylation (32, 33). In fact, the cardiac expressions of
genes involved in not only FA oxidation but also oxidative
phosphorylation were increased in LCKD-fed mice. Therefore,
the increase in their expression levels may be part of a
compensatory response to CS insufficiency.

It is well known that the shift of substrate utilization
from FAs to glucose in the myocardium has been observed
in cardiac disorders (34, 35). Nevertheless, unexpectedly, the
expression levels of the genes related to cytosolic glycolysis
were not altered in the hearts of animals with CS insufficiency.
Similarly, recent studies showed that glycolysis and glucose
oxidation did not increase in failing hearts (36, 37) and
that the heart consumes small amounts of glucose as a fuel
source, whether healthy or failing (38). In agreement with
these findings, our results suggest that cardiac tissues do not
enhance glycolysis as an adaptive strategy to compensate for
energy shortages.

Lactate and ketone bodies have not received much attention
as oxidative fuel for the heart. However, in humans and
rodents, both fuels enter the cardiomyocytes mainly through
monocarboxylate transporter-1 (MCT-1) (39) and contribute
to energy production as an efficient energy substrate in the
heart (40). Our results showed that the expression levels of
genes related to lactate and ketone oxidation were significantly
increased in the heart of LCKD-fed CS+/− mice. As important
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FIGURE 3 | Effects of each diet exposure on metabolic gene expression in the heart and gastrocnemius muscles of citrate synthase-knockout mice (CS+/−, black
bars) and their wild-type siblings (WT, gray bars). The mRNA abundance was quantified and normalized to that of β-actin in (A,C) mice fed a LCKD and (B,D) mice
fed a HFHCKD. Values are expressed as the fold-change compared with expression levels in WT mice, which were arbitrarily set to 1 (∗p < 0.05; ∗∗p < 0.01;
∗∗∗p < 0.001 vs. WT).

energy substrates, the consumption of lactate and ketone
bodies increases by nearly two and threefold in failing hearts,
respectively (38), and the cardiac expression levels of Mct1
and Scot are upregulated under conditions of energy deficiency
such as during exercise training (41) and in the failing heart
(42). Therefore, the oxidation of lactate and ketone bodies may
be an alternative pathway of energy production in the CS-
insufficient heart.

The major amino acids consumed by the heart are glutamate
and branched amino acids (BCAAs), which contribute to
approximately 5% of total ATP generation (38, 43). Our results
revealed increased expression levels of genes related to amino
acid catabolism, particularly BCAAs, in the hearts of LCKD-
fed CS+/− mice. The contribution of amino acids to energy
production in the heart has not been widely examined; however,
a recent study revealed that the levels of BCAAs were increased
significantly in the heart a few days after pressure overload
or surgical infarction (44). Hence, BCAAs may be alternative
fuels in energy-deficient hearts. Increased expression levels of
genes encoding BCAA catabolic enzymes may be an adaptive
compensation in CS-deprived hearts under conditions of a
limited glucose supply.

In contrast to the results observed in the heart, the metabolic
gene expression levels in the muscles showed no significant

differences between CS+/− and WT mice, even in those
consuming a LCKD. Thus, the ATP content decreased, and
AMPK was activated in the muscles of LCKD-fed CS+/− mice.

FIGURE 4 | Effects of each diet exposure on the gene expression of
transcription factors and transcriptional co-activators related to fuel
metabolism in the hearts of citrate synthase-knockout mice (CS+/−, black
bars) and their wild-type siblings (WT, gray bars). The mRNA abundance was
quantified and normalized to that of β-actin in (A) mice fed a LCKD and (B)
mice fed a HFHCKD. Values are expressed as the fold-change compared with
the expression levels in WT mice, arbitrarily set to 1 (∗p < 0.05; ∗∗p < 0.01 vs.
WT).
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FIGURE 5 | Effects of each diet exposure on the ATP content of the hearts
and gastrocnemius muscles of citrate synthase-knockout mice (CS+/−,
black bars) and their wild-type siblings (WT, gray bars) fed a LCKD (left panel)
or a HFHCKD (right panel). Values are expressed on a wet weight basis
(∗p < 0.05).

These findings suggest that the metabolic gene expression in
the muscle tissues is not increased as a compensatory response
to decreased energy production. The mechanism by which
the different adaptive responses to insufficient CS are induced
in the heart and the muscles remains unclear. Nonetheless,

our findings are consistent with those of a previous study
revealing that the ATP content and production were decreased
by approximately 50% during aging in the muscle but not in the
heart mitochondria (45).

Under restricted carbohydrate intake, we observed that the
storage of glycogen, an important fuel for muscle contraction,
and the activation of S6K, a key anabolic signaling molecule,
were significantly suppressed in the muscles of CS+/− mice.
Further, the muscles presented fiber atrophy predominantly in
mitochondria-rich type I fiber. Under ATP deprivation, the
cells shift from a state of growth to that of survival mode.
A previous study reported that increased AMPK activity inhibited
mTOR and its downstream targets S6K, resulting in reduced cell
sizes and growth rates to protect cells from energy deprivation-
induced apoptosis (46). Furthermore, leg muscles release large
amounts of amino acids, which act as alternative energy sources
for the heart (38). Therefore, the inhibition of glycogen storage
and signaling suppression of protein synthesis in the muscles of
CS+/− mice may help ensure an adequate fuel supply to the
heart when dietary carbohydrates are restricted.

In previous studies, mice fed an HFHCD for 4 months
developed heart failure as well as cardiometabolic alterations
associated with mitochondrial protein modification (47,

FIGURE 6 | Effects of a ketogenic diet exposure on muscle glycogen, and anabolic and catabolic signaling in the gastrocnemius muscles of citrate
synthase-knockout mice (CS+/−) and their wild-type siblings (WT). (A) Muscle glycogen content (left panel) and mRNA levels of glycogen synthase 1 (Gys1) (right
panel). (B) Activation of AMP-activated kinase (AMPK) and anabolic signaling molecules Akt and p70 S6 kinase (S6K). β-Actin was used as a loading control.
(C) Protein levels of autophagy-related proteins LC3-I and LC3-II and the LC3-II/LC3-I ratio. (D) mRNA levels of atrogin-1 (Atg1) and muscle RING finger-1 (MuRF-1).
In mRNA and protein measurements, values are expressed as the fold-change compared with the values in WT mice, arbitrarily set to 1 (∗p < 0.05; ∗∗p < 0.01 vs.
WT). The images show representative results of two independent experiments.
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FIGURE 7 | Effects of a ketogenic diet exposure on muscle fiber size. The individual cross-sectional area of (A) total fibers stained with hematoxylin and eosin and
(B) type I and type II fibers stained with immunohistochemistry. Left panel, representative images of the stained sections are shown; right panel, values of the
cross-sectional area (CSA) are presented in a box-and-whisker plot. Boxes are constructed with the intervals between the first and third quartiles of the data
distribution; lines in the boxes are the median values; positive and negative bars are the 5th and 95th percentile individual values, respectively (∗p < 0.05).

48). Another study showed that HFHCD-feeding led to
decreased glucose tolerance in female mice with genetically
lower CS activity compared to that in wild-type mice (22).
Therefore, we expected that HFHCD-fed CS+/− mice
would develop metabolic disarrangement, at least in the
heart. However, no significant differences were observed in
metabolic parameters in both the heart and gastrocnemius
muscles between CS+/− and WT mice. Thus, further
studies with longer exposure to HFHCD or using female
animals are needed to clarify whether HFHCD consumption
affects energy metabolism in the heart and skeletal muscles
of CS+/−mice.

This study has some limitations. First, we assessed
mRNA expression related to mitochondrial capacity but
did not measure mitochondrial content. As the expression
of the mitochondrial DNA transcript Cox-1 was increased
in the heart of LCKD-fed mice, CS insufficiency might
lead to an increase in not only gene expression but also
mitochondrial copy number. This requires further investigation.
Second, we did not evaluate the functional changes in the
heart of LCKD-fed mice. Considering the increase in the
expression of genes related to fuel utilization in these
mice, it is necessary to investigate whether the cardiac
functions are preserved.

In conclusion, in mice under ketogenic conditions and with
low CS activity, the heart showed increased expression of genes
related to fuel utilization. In contrast, suppression of anabolic
signaling leading to oxidative fiber atrophy was observed in the
muscles. These findings suggest that the heart switches between
different fuel sources by regulating gene expression to adapt
to chronic energy shortages. In contrast, the skeletal muscles
may sacrifice their growth to secure fuel sources for the heart.

Our data provide an overview of fuel use in organs under
conditions of energy shortage and a basis for understanding
the etiology of metabolic disorders related to impaired TCA
cycle metabolism.
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Background: Large fluctuations in blood glucose levels greatly impact the health and

life span of elderly individuals. This study describes the characteristics of variability in

glycemic indices in centenarians with the aim of emphasizing the importance of glycemic

variability in elderly people.

Methods: We recruited individuals from Rugao City, Jiangsu Province, China from

April 2020 to May 2021. The study cohort included 60 centenarians and 60 first-

generation offspring, as well as 20 randomly selected non-cohabitant control individuals

aged 60–80 years. A FreeStyle Libre H (hospital version) continuous glucose monitoring

(CGM) device (Abbott Ireland UK) was used to measure glycemic variability. The indices

measured included the time in target glucose range (TIR), time below target glucose

range (TBR), time above target glucose range (TAR), mean amplitude of glycemic

excursions (MAGE), mean of daily differences (MODD), coefficient of variation (CV),

standard deviation of blood glucose (SDBG), continuous overlapping net glycemic action

(CONGA), glucose management indicator (GMI) and estimated glycated hemoglobin

(eHbA1c). Logistic regression was used to analyze the association between glycemic

variability and longevity.

Results: Mean blood glucose (MBG), eHbA1c, GMI, mean fasting plasma glucose (M-

FPG) and CONGA were lower in the centenarian group (p all < 0.05). PPGE-2 was

higher in the control group than that measured in the centenarian and first-generation

offspring groups (p < 0.05). There were no differences between the groups in MAGE,

MODD, MAG, or TIR (p > 0.05). The risk of not achieving longevity increased with

each one unit increase in MBG by 126% [2.26 (1.05–4.91)], eHbA1c by 67% [1.67

(1.03–2.72)], GMI by 568% [6.68 (1.11–40.30)], M-FPG by 365% [4.65 (1.57–13.75)],

M-PPG1h by 98% [1.98 (1.18–3.31)], CONGA1 by 102% [2.02 (1.01–4.06)], Li by

200% [3.00 (1.04–8.61)], and PPGE-2 by 150% [2.50 (1.39–4.50)]. However, the

risk of achieving longevity decreased with each unit increase of LBGI by 53% [0.47

(0.28–0.80)], ADRR by 60% [0.40 (0.18–0.86)], and TBR by 11% [0.89 (0.80–0.98)].
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Conclusion: Fluctuation in blood glucose levels in centenarians is relatively small.

Maintaining an average blood glucose level and keeping blood glucose fluctuations in

the normal range is conducive to longevity.

Keywords: centenarians, continuous glucose monitoring, glucose variability, hypoglycemia, longevity

INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic disease
characterized by a long course of disease and health
complications, which can shorten the lifespan of middle-
aged and elderly individuals (1). The World Health Organization
(WHO) has reported that DM is one of the first ten major causes
of death and disability globally (2). In China, ∼1.4 million
people die of DM every year, representing one death every
22 seconds (2). DM is therefore an important determinant
of reduced longevity (2). Analyzing the blood glucose status
of centenarians can help identify the associations between
blood glucose and longevity, thereby providing suggestions for
clinical blood glucose control that will facilitate healthy aging.
A study in Italian centenarians showed that fasting plasma
glucose (FPG) levels were significantly lower in centenarians
than in cohabitants (3). The results of the China Hainan
centenary cohort study and the China Hainan senior cohort
study also showed that blood glucose levels and the prevalence
of diabetes were lower in centenarians than those in non-
centenarians (4), while another study in Polish centenarians
reported that their blood glucose levels were significantly
lower than in elderly individuals (5). A previous study on
glycemic control only focused on periodic glucose measures
and average level of glycated hemoglobin (HbA1c). However,
the relative importance of glycemic variation over time has
attracted increasing attention, although only a few relevant
studies have been carried out in centenarians. There is evidence
that compared with hyperglycemia, an increase in the variability
of glucose levels may damage vascular endothelial cells and
that such changes are associated with a higher risk of cardio-
cerebrovascular and microvascular complications (6, 7).
Continuous glucose monitoring (CGM) may therefore be more
applicable to accurately evaluating variability in glucose levels.
Research has shown that HbA1c levels are reduced to a greater
extent after CGM compared with that achieved by glucometer
testing (8). It has also been shown that CGM can markedly
reduce the incidence of hypoglycemia in elderly people (9).
However, the use of CGM in centenarians has not been reported
extensively in the current literature. To address this situation,
we recruited centenarians from Rugao City, an area famous
for the longevity of its population (10). The first-generation of
the centenarians’ offspring and non-longevity individuals were
recruited as control groups. A comprehensive examination of
the relationship between glycemic variation and longevity was
performed in order to provide a clinical basis to facilitate healthy
aging in the population.

MATERIALS AND METHODS

Study Participants
We recruited individuals from Rugao City, Jiangsu Province
China from April 2020 to May 2021. The cohort included
60 centenarians, 60 first-generation offspring, and 20 non-
cohabitant controls aged 60–80 years from the same region
who were selected randomly during the same period. Each
individual was asked to complete a household survey. Exclusion
criteria included acute diabetic complications, being long-
term bedridden, secondary DM, malignancies, cognitive
impairment, severe infection, recent trauma, surgery or other
emergencies, severe systemic diseases, individuals currently
using glucocorticoids, and those who did not have sufficient time
to carry out continuous glucose monitoring (CGM). The final
cohort included 53 centenarians, 53 first-generation offspring
cohabitants, and 20 controls. The demographic characteristics
of these three groups are summarized in Table 1. The study
followed the Declaration of Helsinki thoroughly and was
approved by the medical research ethics committee of the
Second Affiliated Hospital of Nantong University.

Data Acquisition
Basic Data Collection
Demographic data including gender, age, educational level,
marital and fertility history, smoking and drinking status were
collected using professional medical questionnaires.

Glucose Monitoring
Continuous blood glucose was measured by a flash glucose
monitoring (FGM) and CGM system (Abbott, FreeStyle Libre
H, hospital version) (11) using standard protocols. The
measurements were recorded over at least 12 consecutive 24-
h periods, with the first and last 24-h periods excluded from
the analysis.

CGM Index
Mean blood glucose (MBG), standard deviation of blood
glucose (SDBG), coefficient of variation (CV), estimated glycated
hemoglobin (eHbA1c), glucose management indicator (GMI),
mean-fasting plasma glucose (M-FPG), mean-postprandial
plasma glucose (M-PPG), M-PPG-1h, M-PPG-2h, M-PPG-
3h, J index, M value, low blood glucose index (LBGI), high
blood glucose index (HBGI), average daily risk range (ADRR),
continuous overlapping net glycemic action (CONGA), mean
absolute glucose (MAG), lability index (Li), postprandial plasma
glycemic excursion (PPGE), PPGE-1, PPGE-2, PPGE-3, mean
amplitude of glycemic excursion (MAGE), largest amplitude of
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TABLE 1 | Clinical characteristics of the participants, according to group assignment.

Parameter Centenarian group First-generation offspring group Control group P

(n = 53) (n = 53) (n = 20)

Age (yr) 100.0 (100.0, 101.0) 69.0 (63.0, 75.0)a1 69.0 (65.0, 77.0)b1 <0.001

SBP (mmHg) 155.0 (134.3, 178.8) 142.0 (124.5, 156.0)a2 130.3 (121.0, 152.4)b2 0.001

DBP (mmHg) 73.5 (65.3, 84.0) 78.5 (71.8, 87.8) 73.0 (66.6, 85.9) 0.053

Gender

Male 12 (22.6) 39 (73.6)a1 7 (35.0)c2 <0.001

Female 41 (77.4) 14 (26.4) 13 (65.0) <0.001

Marital status n (%)

Married 1 (1.9) 47 (88.7)a1 19 (95.0)b1 <0.001

Single 52 (98.1) 6 (11.3) 1 (5.0) <0.001

Educational level n (%)

Illiterate 40 (75.5) 3 (5.7)a1 8 (40.0)b2c1 <0.001

Primary 11 (20.7) 21 (39.6) 8 (40.0) <0.001

Junior 1 (1.9) 21 (39.6) 3 (15.0)

Senior and above 1 (1.9) 8 (15.1) 1 (5.0)

Hypertension n (%)

Yes 17 (32.7) 20 (37.7) 6 (30.0) 0.794

No 35 (67.3) 33 (62.3) 14 (70.0) 0.794

DM n (%)

Yes 2 (3.8) 5 (9.4) 1 (5.0) 0.63

No 51 (96.2) 48 (90.6) 19 (95.0) 0.63

Smoking n (%)

Never 43 (81.1) 26 (50.0)a1 10 (50.0)b2

Quit 7 (13.2) 12 (23.1) 4 (20.0) 0.003

Yes 3 (5.7) 14 (26.9) 6 (30.0)

Drinking n (%)

Never 37 (71.1) 21 (40.4)a1 8 (40.0)b2

Quit 8 (15.4) 5 (9.6) 4 (20.0) 0.001

Yes 7 (13.5) 26 (50.0) 8 (40.0)

a1: centenarian group vs. first-generation offspring group, p < 0.001; a2: centenarian group vs. first-generation offspring group, p < 0.05; b1: centenarian group vs. control group, p

< 0.001; b2: centenarian group vs. control group, p < 0.05; c1: first-generation offspring group vs. control group, p < 0.001; c2: first-generation offspring group vs. control group, p

< 0.05.

glycemic excursion (LAGE), mean of daily differences (MODD),
time in the target glucose range (TIR), time below the target
glucose range (TBR), and time above the target glucose range
(TAR). The definition and interpretation of these indices are
shown in Supplementary Table 1.

Diagnostic Criteria
The diagnostic criteria for DM (12, 13) used in the study were
as follows: (1) polydipsia, polyuria, polyphagia, loss of body
weight, and a random blood glucose level ≥11.1 mmol/L, (2)
fasting plasma glucose (FPG) ≥7.0 mmol/L, (3) oral glucose
tolerance test (OGTT) 2-h postprandial blood glucose ≥11.1
mmol/L. Hypertension: elevation of systemic arterial pressure in
the resting state and a doctor’s office blood pressure ≥140/90
mmHg (14).

Statistical Analysis
Normally distributed continuous numerical variables were
expressed as mean ± standard deviation (SD). For each
group, the differences were analyzed using t-tests. Non-normally

distributed data were first logarithmically transformed and if still
skewed, the Mann-Whitney U or Kruskal-Wallis tests were used
to test the differences, expressed as median (interquartile range).
Categorical variables were expressed as n (%) and analyzed using
Chi-square tests. The association between longevity and blood
glucose indices were analyzed by logistic regression analyses.
Because the genetic relationship between centenarians and their
offspring would affect the results of the correlation analysis in
the study, the logistic regression analyses were only conducted
between centenarian and control groups, who did not have a
genetic relationship. The P-values were two-tailed, with P <

0.05 considered statistically significant. IBM SPSS for Windows,
version 26.0 software was used for the statistical analyses.

RESULTS

Study Cohort
Age and systolic blood pressure were significantly higher in
the centenarian group than in the first-generation offspring and
control groups (P < 0.05). The centenarian and control group
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TABLE 2 | Continuous blood glucose parameters according to group assignment.

Parameter Centenarian group First-generation offspring group Control group P

(n = 53) (n = 53) (n = 20)

MBG (mmol/L) 5.31 (4.8, 5.6) 5.6 (5.3, 5.9)a1 5.7 (5.1, 6.2)b1 0.001

SDBG (mmol/L) 1.4 ± 0.4 1.4 ± 0.5 1.6 ± 0.6 0.398

CV 0.2 ± 0.06 0.2 ± 0.06a2 0.3 ± 0.06 0.023

eHbA1c (%) 5.9 (5.1, 6.3) 6.4 (5.8, 6.9) a1 6.5 (5.5, 7.2) b2 0.001

GMI (mmol/mol) 37.6 (35.4, 38.9) 39.3 (37.6, 40.8) a1 39.7 (36.8, 41.9) b2 0.001

M-FPG (mmol/L) 4.1 (3.9, 4.6) 4.9 (4.5, 5.3)a1 4.8 (4.4, 5.1)b1 <0.001

M-PPG1h (mmol/L) 4.4 (4.0, 5.3) 5.2 (4.7, 5.8) a1 4.9 (4.6, 6.9)b2 <0.001

M-PPG2h (mmol/L) 5.7 ± 1.6 6.4 ± 1.8 6.6 ± 1.9 0.064

M-PPG3h (mmol/L) 6.2 ± 1.7 6.8 ± 2.2 6.4 ± 1.7 0.238

J index (mmol/L) 15.1 ± 5.2 18.5 ± 12.0 20.3 ± 12.7 0.080

M Value 29.8 (16.8, 46.2) 21.5 (15.5, 39.1) 33.2 (16.1, 64.2) 0.318

LBGI 3.7 ± 2.1 2.0 ± 1.7a1 2.1 ± 1.3 b2
<0.001

HBGI 0.2 (0.1, 0.6) 0.1 (0.1, 0.6) 0.6 (0.1, 1.2) 0.246

ADRR 33.2 (32.9, 33.8) 32.7 (32.4, 33.2)a1 32.7 (32.2, 33.4)b2 <0.001

CONGA1 (mmol/L) 5.5 (5.0, 5.8) 5.8 (5.4, 6.1)a2 5.9 (5.2, 6.5)b2 0.006

MAG (mmol/L) 2.94 ± 0.92 3.00 ± 1.16 3.21 ± 1.07 0.256

Li 1.3 (1.1, 1.6) 1.5 (1.0, 2.0) 1.6 (1.2, 2.) 0.158

PPGE (mmol/L) 2.7 ± 0.9 2.7 ± 0.9 2.9 ± 1.1 0.656

PPGE-1 (mmol/L) 3.3 ± 1.5 3.2 ± 1.7 2.8 ± 1.5 0.400

PPGE-2 (mmol/L) 2.1 ± 1.1 2.3 ± 1.3 3.2 ± 1.3b2c1 0.002

PPGE-3 (mmol/L) 2.7 ± 1.2 2.6 ± 1.1 2.8 ± 1.2 0.811

MAGE (mmol/L) 1.7 ± 0.4 1.7 ± 0.5 1.8 ± 0.5 0.707

LAGE (mmol/L) 5.3 ± 1.4 5.3 ± 1.9 5.7 ± 1.8 0.615

MODD (mmol/L) 0.9 ± 0.3 0.9 ± 0.4 1.1 ± 0.4 0.057

TIR 0.9 (0.8, 0.9) 0.9 (0.8, 0.9) 0.8 (0.8, 0.9) 0.094

TBR 0.06 ± 0.11 0.07 ± 0.09 0.10 ± 0.13 0.379

TAR 0.03 ± 0.09 0.02 ± 0.06 0.07 ± 0.20 0.676

a1: centenarian group vs. first-generation offspring group, p < 0.001; a2: centenarian group vs. first-generation offspring group, p < 0.05; b1: centenarian group vs. control group, p

< 0.001; b2: centenarian group vs. control group, p < 0.05; c1: first-generation offspring group vs. control group, p < 0.05.

had lower proportions of males and married individuals than the
first-generation offspring group (P < 0.001), while the illiteracy
rate was the highest in the centenarian group (P < 0.001). The
centenarian group was also more likely to include non-smokers
or drinkers (P < 0.05). There were no differences in diastolic
blood pressure, income, hypertension, and DM status between
the three groups (P > 0.05) (Table 1).

Comparison of Continuous Blood Glucose
Indexes Among the Three Groups
In the centenarian group, MBG, CONGA1, eHbA1c, GMI, M-
FPG, and M-PPG1h were lower (P < 0.05) and LBGI and
ADRR higher (P < 0.001) than those measured in the first-
generation offspring and control groups. The control group
had higher PPGE-2 than the centenarian and first-generation
offspring groups (P = 0.002). There was no significant difference
in TIR (P > 0.05) between the three groups (Table 2).

Association Between Blood Glucose
Fluctuation and Anti-longevity
The risk of not achieving longevity increased with each unit
increase in the blood glucose indicesMBGby 126% [OR (95%CI):
2.26 (1.05–4.91)], eHbA1c by 67% [OR (95%CI): 1.67 (1.03–
2.72)], GMI by 568% [OR (95%CI): 6.68 (1.11–40.30)], M-FPG
by 365% [OR (95%CI): 4.65 (1.57–13.75)], and M-PPG1h by
98% [OR (95%CI): 1.98 (1.18–3.31)]. The risk of not achieving
longevity also increased with each unit increase in CONGA1 by
102% [OR (95%CI): 2.02 (1.01–4.06)], Li by 200% [OR (95%CI):
3.00 (1.04–8.61)], and PPGE-2 by 150% [OR (95%CI): 2.50 (1.39–
4.50)]. However, the risk of not achieving longevity decreased
with each unit increase of LBGI by 53% [OR (95%CI): 0.47 (0.28–
0.80)], ADRR by 60% [OR (95%CI): 0.40 (0.18–0.86)], and TBR
by 11% [OR (95%CI): 0.89 (0.80–0.98)]. Among these indicators
of blood glucose variability, GMI had the largest OR value
and therefore showed the strongest correlation with longevity
(Table 3). However, associations between not achieving longevity
and SDBG,M-PPG2h,M-PPG3h, J index, MValue, HBGI, MAG,
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TABLE 3 | Logistic regression analysis of not achieving longevity and CGM

indices.

Parameter OR (95 % CI)a P OR (95 % CI)b P

MBG (mmol/L) 1.93 (1.11–3.36) 0.020 2.26 (1.05–4.91) 0.038

SDBG (mmol/L) 1.86 (0.66–5.26) 0.241 1.27 (0.34–4.69) 0.724

CV (%) 0.97 (0.89–1.06) 0.460 0.90 (0.80–1.01) 0.086

eHbA1c (%) 1.51 (1.07–2.14) 0.020 1.67 (1.03–2.72) 0.038

GMI (mmol/mol) 4.61 (1.28–16.69) 0.020 6.68 (1.11–40.30) 0.038

M-FPG (mmol/L) 3.33 (1.46–7.62) 0.004 4.65 (1.57–13.75) 0.005

M-PPG1h (mmol/L) 1.75 (1.15–2.67) 0.010 1.98 (1.18–3.31) 0.010

M-PPG2h (mmol/L) 1.32 (0.99–1.76) 0.060 1.22 (0.88–1.69) 0.238

M-PPG3h (mmol/L) 1.06 (0.78–1.44) 0.710 0.98(0.65–1.48) 0.936

J index (mmol/L) 1.08 (1.01–1.16) 0.038 1.09 (0.98–1.20) 0.100

M Value 1.01 (1.00–1.02) 0.098 1.01 (1.00–1.02) 0.262

LBGI 0.58 (0.40–0.85) 0.005 0.47 (0.28–0.80) 0.005

HBGI 1.51 (0.98–2.35) 0.064 1.55 (0.84–2.88) 0.161

ADRR 0.49 (0.28–0.85) 0.012 0.40 (0.18–0.86) 0.020

CONGA1 (mmol/L) 1.81 (1.09–3.01) 0.023 2.02 (1.01–4.06) 0.050

MAG (mmol/L) 1.33 (0.78–2.26) 0.292 1.22 (0.63–2.35) 0.553

Li 2.69 (1.12–6.45) 0.027 3.00 (1.04–8.61) 0.041

PPGE (mmol/L) 1.27 (0.74–2.19) 0.387 1.19 (0.61–2.34) 0.603

PPGE-1 (mmol/L) 0.76 (0.52–1.12) 0.164 0.54 (0.31–0.97) 0.040

PPGE-2 (mmol/L) 2.14 (1.34–3.42) 0.002 2.50 (1.39–4.50) 0.002

PPGE-3 (mmol/L) 1.08 (0.68–1.74) 0.736 1.03 (0.60–1.78) 0.910

MAGE (mmol/L) 1.41 (0.42–4.68) 0.580 1.05 (0.25–4.45) 0.943

LAGE (mmol/L) 1.22 (0.85–1.73) 0.279 1.12 (0.73–1.72) 0.612

MODD (mmol/L) 8.03 (1.52–42.44) 0.014 6.38 (0.82–49.60) 0.077

TIR (%) 1.02 (0.98–1.07) 0.287 1.05 (0.99–1.11) 0.103

TBR (%) 0.91 (0.84–0.99) 0.020 0.89 (0.80–0.98) 0.018

TAR (%) 1.09 (0.99–1.19) 0.054 1.10 (0.97–1.24) 0.130

a: Unadjusted; b: Adjusted for systolic blood pressure, gender, marital status and

educational level, smoking and drinking status.

Li, PPGE, PPGE-1, PPGE-3, MAGE, LAGE, MODD, TIR, TBR,
TAR were not found in this study.

DISCUSSION

The results of this study showed that the CGM indices
(MBG, eHbA1c, GMI, M-FPG, M-PPG1h, and CONGA1)
were significantly lower in centenarians than in first-generation
offspring and control groups. The centenarian group also had
significantly higher LBGI and ADRR than the first-generation
offspring and control groups. The risk of not achieving longevity
increased with each one unit increase of MBG (126%), eHbA1c
(67%), GMI (568%),M-FPG (365%),M-PPG1h (98%), CONGA1
(102%), Li (200%), and PPGE-2 (150%), although decreased
with each one unit increase of LBGI (53%), ADRR (60%), and
TBR (11%).

By providing information on glucose trends and measuring
fluctuations, CGM provides a better tool for glucose
management, treatment guidance, and patient motivation
(15). As shown in previous studies, marked blood glucose

fluctuations cause greater harm than persistent hyperglycemia
(16). Such fluctuations by generating reactive oxygen species
(ROS), vascular endothelial cell damage, and inflammation
(17–19) can result in kidney damage, diabetic retinopathy,
vascular damage, and pancreatic β-cell dysfunction (20–24),
thereby limiting individual lifespan. Mean blood glucose levels
and fluctuations are associated significantly with all-cause
mortality, with high levels resulting in reduced life expectancy
(25, 26). However, recent studies on longevity have focused
mainly on the effect of point blood glucose measurements, and
have shown that FPG levels and DM-associated morbidity are
lower in centenarians than in non-centenarians (4). It has also
been reported that there is an association between HbA1c and
risk of all-cause mortality (27). In recent years, many CGM
indices have been used to describe blood glucose variability with
evidence showing that MBG and SDBG reflect blood glucose
variability, while MBG affects HbA1c level (28). TIR, MOOD,
CV, CONGA, and Li have also been shown to reflect daily blood
glucose variability (29–31). LBGI and ADRR and TBR are better
markers of hypoglycemia and are known to be associated with a
greater risk of developing this condition (5, 32). However, there
are fewer comprehensive indices for CGM and many gaps in
research remain in the use of CGM in centenarians.

Using dynamic blood glucose monitoring, we found that:
(1) blood glucose parameters including MGB, eHbA1c, GMI,
and M-FPG were lowest in the centenarian group; (2) there
was no difference in blood glucose fluctuation parameters
such as MAGE, MODD, and MAG among the three groups;
(3) CONGA1 was lowest in the centenarian group, PPGE-2
was higher in the control group than in the centenarian and
sub-generation groups, and TIR which reflects blood glucose
compliance time was the same in the three groups. We also
found that MBG, eHbA1c, GMI, M-FPG, M-PPG1h, CONGA1,
Li, and PPGE-2 were associated with not achieving longevity,
indicating that increased blood glucose levels and fluctuations are
not conducive to longevity.

LBGI and ADRR were highest in the centenarian group
suggesting a higher risk of hypoglycemia than in the first-
generation offspring and control groups. Increases in LBGI,
ADRR, and TBR were associated with an increased likelihood of
longevity. To further examine these associations, we divided the
centenarian TBR into 2 groups according to their hypoglycemia
status (<3.0 mmol/L and 3.1–3.9 mmol/L) and found that in
the range of 3.1–3.9 mmol/L the rate of TBR was only 6.94%.
TBR in the <3.0 mmol/L group was close to zero, indicating an
absence of symptomatic hypoglycemia. Our results also showed
that centenarians had the lowest blood glucose levels of the three
groups, suggesting that these lower levels were conducive to
longevity. The results are shown in Supplementary Table 2.

The cross-sectional nature of our study limits our ability
to definitively identify the causal links between the measured
variables. However, given the potential importance of these
findings, we consider that follow-up cohort studies should be
carried out to further test these relationships. In addition, as
this study was conducted during the COVID-19 pandemic,
the sample size of the control group was smaller than would
be normally possible. We are therefore currently addressing
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this situation with additional recruitment which will allow for
independent validation of the outcomes.

Finally, on the basis of these data, we strongly encourage
clinicians to monitor blood glucose dynamics in addition to
obtaining “point” blood glucose measurements by utilizing
CGM. In addition, therapy should be oriented toward reducing
the magnitude of glycemic excursions, which may help patients
to achieve better health and result in them living longer.

Glucose metabolism disorders can lead to a series of
complications, such as microvascular pathologies of the nervous,
renal, and vision systems and an increased risk of adverse
macrovascular cardiovascular outcomes,that then lead to an
increase in mortality and a reduction in life expectancy
(33). Rozing’s study show that blood glucose homeostasis of
centenarian offspring was better than that of a control group
(non-centenarian offspring) (34). Therefore, maintaining the
steady state of glucose metabolism is conducive to realization of
healthy aging. The use of continuous blood glucose monitoring
can effectively reduce the average blood glucose and occurrence
of adverse events (such as hypoglycemia), thereby improving the
stability of blood glucose levels (35).

The mechanism of mild blood glucose fluctuations in
centenarians is unclear. Paolisso’s study showed that the level
of insulin resistance in centenarians was low, and the insulin
resistance was related closely to the occurrence of type 2 diabetes
and fluctuations in blood glucose levels (36). Although insulin
sensitivity will decrease with an increase in age due to a decrease
in muscle content and associated weakness (37) some studies
have reported that insulin sensitivity in centenarians was higher
(38, 39). This may also be a reason why the blood glucose status of
centenarians is relatively stable. However, the current study was a
household survey, and blood sampling involved household blood
collection. Due to the limited site and laboratory conditions,
an oral glucose tolerance test (OGTT) and euglycemic glucose
clamp could not be conducted. However, TyG, as a new index
to measure insulin resistance, also has certain credibility (40).
The results in Supplementary Table 4 show that for each unit

increase in TyG, the risk of not achieving longevity increased by
73% [OR (95%CI):1.73 (1.14,2.64)]. This result also indicates that
high insulin resistance is not conducive to longevity.
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Background and aims: Evidence regarding associations of circulating

saturated fatty acids (SFAs) with chronic diseases is mixed. The objective of

this study was to determine the associations between total or individual SFA

biomarkers and the risk of cardiometabolic diseases.

Methods: Four electronic databases were searched from inception to March

2022. Three investigators independently assessed for inclusion and extracted

data. Random-effects or fixed-effects models was used to estimate the

pooled relative risks (RRs) and corresponding 95% confidence intervals (CIs)

for the association of total or individual SFA biomarkers, including even-chain

SFAs (e.g., 14:0, myristic acid; 16:0, palmitic acid; 18:0, stearic acid), odd-chain

SFAs (e.g., 15:0, pentadecanoic acid; 17:0, margaric acid) and very-long-chain

SFAs (VLCSFAs; e.g., 20:0, arachidic acid; 22:0, behenic acid; 24:0, lignoceric

acid), with risk of incident type 2 diabetes (T2D), cardiovascular disease [CVD;

coronary heart disease (CHD) inclusive of stroke], CHD and stroke.

Results: A total of 49 prospective studies reported in 45 articles were

included. Higher concentration of circulating total SFAs was associated with

an increasing risk of cardiometabolic diseases, the risk increased significantly

by 50% for CVD (95%CI:1.31–1.71), 63% for CHD (95%CI:1.38–1.94), 38% for

stroke (95%CI:1.05–1.82), respectively. Similarly, levels of even-chain SFAs

were positively associated with higher risk of chronic diseases, with RRs

ranging from 1.15 to 1.43. In contrast, the risk of cardiometabolic diseases

was reduced with increasing odd-chain SFA levels, with RRs ranging from

0.62 to 0.91. A higher level of VLCSFAs corresponded to 19% reduction in

CVD. Further dose-response analysis indicated that each 50% increment in

percentage of total SFAs in circulating was associated with an 8% higher risk

of T2D (RR: 1.08, 95%CI: 1.02–1.14) and trends toward higher risk of CVD (RR:

1.15, 95%CI: 0.98–1.34). Inverse linear relationships were observed between

17:0 biomarker and T2D or CVD risk.
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Conclusion: Our findings support the current recommendations of reducing

intake of saturated fat as part of healthy dietary patterns. Further studies are

needed to confirm our findings on these SFAs in relation to cardiometabolic

outcomes and to elucidate underlying mechanisms.

Systematic review registration: [https://www.crd.york.ac.uk/prospero/

display_record.php?ID=CRD42022329182], identifier [CRD42022329182].

KEYWORDS

saturated fatty acid biomarker, cardiometabolic disease, type 2 diabetes, coronary
heart disease, stroke, cardiovascular disease, meta-analysis

Introduction

Limiting intake of saturated fatty acids (SFAs) has been
considered as a key component to reduce the risk of chronic
disorders for decades (1). The 2020 Dietary Guidelines for
Americans recommended that SFAs comprise below 10% of
total daily energy intake starting at age 2 years (2). The American
Heart Association/American College of Cardiology guidelines
have also set a target to decrease SFA intake to 5–6% of
calories (3). In vitro and animal studies have demonstrated that
SFAs can accelerate the atherosclerotic process, induce cellular
inflammation and influence the insulin sensitivity (4, 5). Results
from a meta-analysis of randomized controlled trials conducted
by the American Heart Association demonstrated that replacing
SFAs with unsaturated fats, especially polyunsaturated fats,
will lower the incidence of cardiovascular disease (CVD) by
approximately 30% (6). Therefore, it is important to accurately
evaluate the effects of SFAs on health for the control of
cardiometabolic diseases.

Associations of dietary SFAs with the incidence of major
cardiometabolic diseases have been reported by some large
prospective cohort studies, and findings of these studies were
inconsistent (7–9). Interpretation has been complicated by
the imprecision of dietary questionnaires, measurement errors,
different study designs, variation in population characteristics,
as well as bioavailability of these fatty acids (10–12). To reduce
these limitations, biomarkers which are free of misclassification,
reporting bias and other measurement errors can be used to
elucidate associations between the intake of SFAs and disease
risk (13, 14). An increasing number of prospective studies
have been performed to investigate the associations between
circulating total SFAs and risk of metabolic and cardiovascular
event; however, the results were conflicting (15–17). In addition,
previous studies mostly focused on the coronary heart disease
(CHD), evidence regarding associations of circulating SFA
with other cardiometabolic disease [such as type 2 diabetes
(T2D) and stroke] is still needed to be explored. Furthermore,

increasing evidence suggested that individual SFA tend to have
different biological functions (18). Previous meta-analyses in
2014 reported that even-chain SFAs were positively associated
with coronary risk (19); however, null or inverse association
was observed for other subtypes of SFAs such as odd-chain
SFAs and very-long-chain SFAs (VLCSFAs) in recent studies (20,
21). Therefore, the impact of individual SFA on cardiometabolic
disease needs to be further studied and established.

To fill this knowledge gap, a dose-response meta-analysis
of data from prospective studies was conducted to evaluate the
associations between the circulating even-chain SFAs, odd-chain
SFAs, VLCSFAs as well as the total SFAs and the incident of T2D,
CVD, CHD, and stroke.

Materials and methods

This study was registered in PROSPERO
(CRD42022329182) and reported in accordance with
the Preferred Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) guidelines.

Search strategy

A comprehensive literature search of Web of Science,
PubMed, EMBASE, and Cochrane Library were conducted to
identify relevant published articles from inception to March
2022. The following terms were used: “fatty acids” or “saturated
fatty acid” or “saturated fatty acids” or “lauric acid” or “myristic
acid” or “pentadecanoic acid” or “palmitic acid” or “margaric
acid” or “stearic acid” or “arachidic acid” or “heneicosylic acid”
or “behenic acid” or “tricosylic acid” or “lignoceric acid,” AND
“type 2 diabetes” or “diabetes mellitus” or “impaired glucose”
or “impaired fasting insulin” or “cardiovascular disease” or
“coronary heart disease” or “heart disease” or “ischemic heart
disease” or “coronary artery disease” or “myocardial infarction”
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or “stroke” or “ischemic stroke” or “haemorrhagic stroke,”
AND “blood” or “marker” or “biomarker” or “serum” or
“plasma” or “whole blood” or “adipose tissue” or “circulating”
or “erythrocytes” or “red blood cell” or “cholesterol esters,”
AND “prospective” or “nested case-control” or “cohort” or
“case-cohort” or “follow-up” or “longitudinal.” The search was
restricted to human studies without any language restriction.
Additionally, reference lists of retrieved articles, review articles,
and meta-analyses were manually scanned to identify any
other relevant studies. Corresponding authors of eligible articles
were contacted for any further relevant work, published or
unpublished, to reduce risk of publication bias.

Selection criteria

Studies were included in the meta-analysis if they satisfied
the following criteria: (1) the study design was prospective
(cohort, nested case-control, and case-cohort) with a follow-
up more than 1 year; (2) the exposures of interest were total
or individual SFA biomarkers [even-chain SFAs (e.g., 14:0,
myristic acid; 16:0, palmitic acid; 18:0, stearic acid), odd-chain
SFAs (e.g., 15:0, pentadecanoic acid; 17:0, margaric acid) and
VLCSFAs (e.g., 20:0, arachidic acid; 22:0, behenic acid; 24:0,
lignoceric acid)] measured in any type of tissue [circulating
blood (whole blood, serum, plasma, and erythrocyte fraction) or
adipose tissue]; (3) the endpoints of interest included incident
T2D, CVD, CHD, and stroke; (4) the adjusted relative risks
(RRs), odds ratios, or hazard ratios with corresponding 95%
confidence intervals (CIs) or standard errors were presented
or could be calculated. Whenever reports referred to identical
outcomes from the same population, only those with the
highest number of cases or the longest follow-up times were
retained to avoid data duplication. Potentially eligible studies
were assessed independently by three investigators (ZQL,
HYL, and HJ), with discrepancies resolved by discussion until
consensus was reached.

Data extraction and quality
assessment

Data extraction were conducted independently by 3
investigators (ZQL, HYL, and HJ). A standardized data
collection form was applied to extract the following baseline
characteristics from each study: first author name, publication
year, study location, study name, study design, follow-up
duration, participant characteristics (age, proportion of men,
and number of participants), SFA subtype, biological sample
type (plasma, serum, erythrocyte membrane, and adipose
tissue), assessment method [gas chromatography (GC),
gas-liquid chromatography (GLC), and nuclear magnetic
resonance-based profiling (NMR)], outcomes of interest

(type and number of cases), covariates adjusted for in the
multivariable model, and the risk estimate with 95%CIs for all
categories of each biomarkers. When studies reported multiple
results based on different numbers of covariates included in
statistical adjustments, the results that adjusted for the most
number of variables were extracted.

Study quality was performed by the same authors according
to the validated Newcastle-Ottawa Scale (NOS) (22), which
awards 0–9 points and incorporates information on selection
(range 0–4 points), comparability (range 0–2 points), and
outcome assessment (range 0–3 points). We considered NOS
scores of 0–3, 4–6, and 7–9 as low, medium, and high quality,
respectively. Any discrepancy in data extraction or quality
assessments between investigators were discussed or resolved by
a senior author (LM) until a joint consensus was reached.

Data synthesis and statistical analysis

In this meta-analysis, the RRs were used as the common
measures of associations across studies, and odds ratios and
hazard ratios were considered approximations of RRs. As
different studies might report different exposure categories,
methods previously described were used to derive estimates
of associations corresponding to the comparison between
the top and bottom third of SFAs distributions for the
meta-analysis (19). The strategy was to harmonize different
comparison groups used in individual studies, such as quartiles,
quintiles, or other categorizations, or per standard deviation
(SD) change. In brief, for studies that provided RRs per SD
change of SFAs, we applied a factor of 2.18 to the log RR to
derive the RRs comparing extreme thirds, assuming a normal
distribution. Similarly, the factor of 2.54 or 2.80 was applied to
convert estimates for comparing extreme quartiles or quintiles,
respectively. The standard error of the transformed log RRs was
calculated after applying the same factors (23). When studies
used multiple measures as biomarker, the overall risk estimate
was based on different duration of intake reflection according
to the following list: adipose tissue, erythrocyte phospholipids,
plasma phospholipids, total plasma or serum, and cholesterol
esters. Studies that separately reported results by sex without
presenting overall estimates were pooled to derive a single effect
size for the study. Assessment of heterogeneity between the
studies was based on Q test and I2 statistic (24). A Cochran’s
Q P < 0.10 and I2 value > 50% was considered to indicate
significant heterogeneity and the random-effects model was
used. Otherwise, fixed-effects model was performed. Meta-
regression was conducted to examine sources of heterogeneity
and the influence of potential residual confounding factors,
such as study design [prospective cohort study (PC), prospective
case-cohort study (PCC), or nested case-control study (NCC)],
geographical location (the United States, Europe, or Asia),
assessment method (GC, GLC, or NMR), biomarker type
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(plasma, serum, erythrocyte membrane, or adipose tissue),
number of cases (< 300 or ≥ 300), as well as study quality
(moderate or high). Dose-response analyses were conducted
based on the method proposed by Greenland and Longnecker
(25), studies that reported RRs with 95%CIs for at least three
exposure categories were included. When studies reported only
the total number of cases or total person-years and the exposure
was defined in quantile, the distribution of cases or person-years
was calculated by dividing the total number by the number of
quantiles. For the studies that did not present the median or
mean doses of SFAs, we chose the midpoint of each category as
the alternative. When the highest category did not have an upper
bound, the length of the open-ended interval was assumed to
be the same as that of the adjacent interval. When the lowest
category was open-ended, the lower bound was set to zero.
Sensitivity analyses were conducted by omitting one study in
each turn to assess the impact of individual studies on the overall
estimated risk. Potential publication bias was explored by using
visual appreciation of funnel plots, Begg’s rank correlation and
Egger’s weighted regression tests. The influence of a potential
publication bias on findings was explored by using the Duval
and Tweedie trim and fill procedure (26). All analyses were
performed using Stata, version 12.0 (Stata Corporation, College
Station, TX, United States). All P-values reported are two-sided
and a P-value < 0.05 was considered statistically significant,
except where otherwise specified.

Results

Studies retrieved and characteristics

A total of 14,919 potentially relevant citations were
identified by search strategy, of which 2,935 duplicates were
initially excluded. After screening titles and abstracts, 11,808
records were further removed, leaving 176 articles retrieved for
full-text review. Finally, a total of 49 studies reported in 45
articles were included for the present meta-analysis (Figure 1)
(15–17, 20, 21, 27–66).

The main characteristics of the included prospective studies
are listed in Supplementary Table 1. The 49 identified studies
comprised of 21 prospective cohort studies, three case-cohort
studies, and 25 nested case-control studies. The number of
participants in each included study varied from 188 to 95,854,
with a total of 220,590 participants and 46,355 cases (21,252
T2D cases, 14,613 CVD cases, 7,314 CHD cases, and 3,176
stroke cases). 24 studies were conducted in the United States,
15 in Europe, and 10 in Asia. The duration of follow-up
in prospective studies ranged from 1.5 to 30.7 years. The
average age of participants ranged from 48.9 to 79.2 years.
32 studies comprised both men and women as participants,
nine studies included men only and eight included women
only. Concentrations of circulating SFAs were quantified by GC

FIGURE 1

Flow chart of study selection.

(n = 28), GLC (n = 18), NMR (n = 2), and GC-tandem mass
spectrometry (n = 1). 48 studies measured SFA biomarkers in
circulating blood (21 in plasma, 15 in erythrocyte membrane,
and 12 in serum) and one in adipose tissue. Most studies were
adjusted for age (n = 47) and smoking (n = 46), and alcohol
drinking (n = 40), physical activity (n = 39) and body mass index
(n = 38) were also controlled for in many studies. The results
of the study quality assessment showed that 44 studies were
graded as high quality, others were graded as moderate quality
(Supplementary Table 2).

Association between saturated fatty
acid biomarkers and type 2 diabetes

Twenty-two studies were assessed to estimate risk between
the concentrations of SFA biomarkers and T2D, including
166,745 participants and 21,252 T2D events (17, 20, 27–44).
The pooled estimate indicated that a higher level of total
SFAs was associated with a non-significant higher risk of T2D
(RR: 1.14, 95%CI: 0.83–1.56, P = 0.43; Pheterogeneity < 0.001;
Figure 2 and Supplementary Figure 1). For even-chain
SFAs, compared with participants in the lowest tertile, those
in the highest tertile of 16:0 level had a 28% significantly
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FIGURE 2

Pooled relative risks of T2D, CVD, CHD, stroke comparing the
highest with the lowest tertile of SFA biomarkers. CHD, coronary
heart disease; CI, confidence interval; CVD, cardiovascular
disease; SFAs, saturated fatty acids; T2D, type 2 diabetes;
VLCSFAs, very-long-chain SFAs.

higher T2D risk (RR: 1.28, 95%CI: 1.07–1.52, P = 0.01;
Pheterogeneity < 0.001; Supplementary Figure 2). Similar
association was also found between other two even-chain
SFAs and CVD risk, with the RR of 1.17 (95%CI: 1.01–1.36,
P = 0.03; Pheterogeneity = 0.004; Supplementary Figure 3) for
14:0 and 1.25 (95%CI: 1.04–1.49, P = 0.01; Pheterogeneity < 0.001;
Supplementary Figure 4) for 18:0, respectively. By contrast,
when comparing the extreme tertiles of odd-chain SFA level,
the risk in T2D decreased significantly by 24% for 15:0
(RR: 0.76, 95%CI: 0.63–0.91, P = 0.003; Pheterogeneity = 0.002;
Supplementary Figure 5), 38% for 17:0 (RR: 0.62, 95%CI: 0.44–
0.87, P = 0.01; Pheterogeneity < 0.001; Supplementary Figure 6).
Higher VLCSFAs status was associated with a non-significant
lower risk of T2D [RR was 0.79 for 20:0 (95%CI: 0.62–1.00,

P = 0.06; Pheterogeneity < 0.001; Supplementary Figure 7), 0.83
for 22:0 (95%CI: 0.65–1.07, P = 0.16; Pheterogeneity < 0.001;
Supplementary Figure 8), 0.90 for 24:0 (95%CI: 0.70–1.16,
P = 0.42; Pheterogeneity = 0.001; Supplementary Figure 9)].
The association between circulating SFAs and T2D risk was
not significantly modified by study type, sex, geographical
location, number of cases, assessment method, biomarker type
and study quality (Supplementary Figures 10–12). The result
of dose-response analysis found that each 50% increment in
percentage of total SFAs in circulating corresponded to an 8%
(RR: 1.08, 95%CI: 1.02–1.14, P = 0.01; Plinearity = 0.84) higher
risk of T2D. For every 50% increase in percentage of odd-
chain SFAs concentration in total SFAs, the risk of T2D was
reduced by 8% for 15:0 (RR: 0.92, 95%CI: 0.83–1.02, P = 0.11;
Plinearity = 0.25), 16% for 17:0 (RR: 0.84, 95%CI: 0.76–0.92,
P < 0.001; Plinearity = 0.12), respectively.

Association between saturated fatty
acid biomarkers and cardiovascular
disease

Association between circulating SFAs and risk of CVD
were investigated in 27 studies, with 53,845 participants and
14,613 CVD events (15, 16, 21, 45–66). Participants in the
highest category of circulating total SFAs had a 50% higher
risk with CVD compared with those in the lowest category
(RR: 1.50, 95%CI: 1.31–1.71, P < 0.001; Pheterogeneity = 0.56;
Supplementary Figure 13). For even-chain SFAs, the pooled
results indicated that higher 16:0 status was associated with
a 31% increased risk of CVD (RR: 1.31, 95%CI: 1.11–1.56,
P = 0.002; Pheterogeneity < 0.001; Supplementary Figure 14).
Similarly, higher levels of 14:0 was also associated with a 15%
higher risk of CVD (RR: 1.15, 95%CI: 1.01–1.32, P = 0.03;
Pheterogeneity < 0.001; Supplementary Figure 15). For odd-
chain SFAs, higher levels of the sum of 15:0 and 17:0 had
a 15% lower risk of CVD (RR: 0.85, 95%CI: 0.79–0.92,
P < 0.001; Pheterogeneity = 0.15; Supplementary Figure 16). For
VLCSFAs, in comparison with the lowest category, the highest
category of 24:0 was associated with a 19% (RR: 0.81, 95%CI:
0.71–0.91, P = 0.001; Pheterogeneity = 0.45; Supplementary
Figure 17) reduced risk of CVD. 15:0, 17:0, 18:0, 20:0,
and 22:0 biomarkers were not significantly associated with
incidence of CVD (Supplementary Figures 18–22). In stratified
analyses, the association between 16:0 status and CVD risk
was significantly stronger among NCC studies (RR: 1.86,
95%CI: 1.32–2.62) compared with PC studies (Supplementary
Figures 10–12). In the dose-response analysis, a non-significant
linear association was noted between total SFAs biomarker and
CVD risk, with the RR of 1.15 (95%CI: 0.98–1.34, P = 0.09;
Plinearity = 0.96) for each 50% increment in percentage of total
SFAs in circulating. For every 50% increment in percentage of
17:0 and 24:0 concentrations of total SFAs, the RR of CVD
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decreased by 18% for 17:0 (RR:0.82, 95%CI: 0.70–0.97, P = 0.02;
Plinearity = 0.84), 10% for 24:0 (RR:0.90, 95%CI: 0.82–0.98,
P = 0.02; Plinearity = 0.14), respectively.

Association between saturated fatty
acid biomarkers and coronary heart
disease

A total of 14 studies with 7,314 cases in 26,772 participants
were included to investigate the relationship between circulating
SFAs and CHD risk (15, 16, 49–59). The overall effect
estimates of CHD comparing the top to bottom categories
were 1.63 for total SFAs (95%CI: 1.38–1.94, P < 0.001;
Pheterogeneity = 0.45; Supplementary Figure 23). For even-
chain SFAs, the pooled result indicated that a higher level
of 16:0 was associated with a higher risk of CHD (RR:
1.43, 95%CI: 1.00–2.06, P = 0.05; Pheterogeneity = 0.003;
Supplementary Figure 24). The levels of odd-chain SFAs was
associated with a significantly lower CHD risk by 17% for 15:0
(RR: 0.83, 95%CI: 0.72–0.97, P = 0.02; Pheterogeneity = 0.21;
Supplementary Figure 25), 9% for 17:0 (RR: 0.91, 95%CI: 0.85–
0.99, P = 0.03; Pheterogeneity = 0.22; Supplementary Figure 26)
and 14% for the sum of 15:0 and 17:0 (RR: 0.86, 95%CI:
0.79–0.93, P < 0.001; Pheterogeneity = 0.23; Supplementary
Figure 27), respectively. No significant associations were
observed between 14:0, 18:0 concentrations and incidence of
CHD (Supplementary Figures 28, 29). In stratified analyses, no
evidence of heterogeneity was detected between subgroups. Due
to the limited number of included studies, evaluation for dose-
response analysis between SFA biomarkers and risk of CHD
was not performed.

Association between saturated fatty
acid biomarkers and stroke

The association between circulating SFAs with stroke
risk were investigated in nine studies, comprising 16,589
participants and 3,176 stroke events (49, 60–66). The estimated
RR of stroke for the comparison of extreme categories
was 1.38 for total SFAs (95%CI: 1.05–1.82, P = 0.02;
Pheterogeneity = 0.76; Supplementary Figure 30). For even-
chain SFAs, both 16:0 and 14:0 biomarkers showed positive
associations with stroke risk, with the pooled effect estimates
of 1.37 (95%CI: 1.15–1.63, P < 0.001; Pheterogeneity = 0.11;
Supplementary Figure 31) and 1.19 (95%CI: 1.06–1.35,
P = 0.004; Pheterogeneity = 0.10; Supplementary Figure 32),
respectively. No significant associations were detected for
circulating 15:0, 17:0 or 18:0 and stroke risk (Supplementary
Figures 33–35). No evidence of heterogeneity was detected
within any of the subgroups. Dose-response analysis between
circulating SFAs and stroke risk was limited by a lack of studies.

Sensitivity analysis and publication bias

Sensitivity analysis showed that no single study substantially
changed the statistical significance or direction of the combined
RR for any of the outcomes. Visual inspection of the funnel
plot did not reveal substantial asymmetry (Supplementary
Figures 36–67). Similarly, the results of the Egger’s tests and
Begg’s tests indicated that no evidence of publication bias was
found for associations between circulating SFAs and incidence
of these cardiometabolic diseases (P > 0.05 for both tests).

Discussion

In the present meta-analysis, higher concentration of
circulating total SFAs was associated with an increasing risk
of CVD, CHD, and stroke, rather than T2D. Compared with
the adverse effect of even-chain SFAs, odd-chain SFAs and
VLCSFAs showed a significant inverse association with these
cardiometabolic diseases. Our study suggested that individual
circulating SFAs may not be equally associated with the risk of
chronic diseases, which raises the possibility of generating public
health recommendations and nutritional guidelines of SFAs in
these cardiometabolic diseases prevention.

Previous studies have found that higher dietary intake
of SFAs was associated with an increasing risk of chronic
health condition (67). Data from prospective cohort studies also
showed that dietary replacement of SFAs with polyunsaturated
fat or whole grain carbohydrates might significantly reduce
the incidence of cardiometabolic disease (8). Nevertheless,
investigations into the effects of dietary SFA consumption on
chronic disease in humans have been limited by challenges
in accurately assessing saturated fat intake from dietary
questionnaires, due to errors in recall and wide variations in SFA
content of otherwise similar foods. In this setting, measurements
of circulating fatty acids provide a more valid and objective
biomarker of dietary fat. Up to date, the associations between
circulating saturated fats and the risk of vascular disease still
remain controversial. A meta-analysis conducted in 2013 have
found essentially null associations between circulating SFAs and
coronary risk (19), while a recent matched case-control study
among 2,428 postmenopausal women in the Women’s Health
Initiative Observational Study showed that 1 mol% increase in
plasma phospholipid SFAs was associated with a 20% higher
CHD risk (59). Similarly, among 7,354 participants from the
European Prospective Investigation into Cancer study who were
free of CHD at baseline, the risk of developing CHD almost
doubled in participants with highest level of circulating SFAs,
when compared with those with lowest level (68). Consistent
with these recent findings, the present studies suggested that
circulating total SFAs was associated with an increased risk of
cardiovascular events. Meanwhile, this result was also supported
by subgroups analysis of even-chain SFAs which increment
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in circulating myristic acid, palmitic acid and stearic acid
corresponded to the increased risk of these diseases. As the
major components of SFAs, 14:0, 16:0, and 18:0 contribute
more than 90% of the fatty acid composition of plasma (69).
The strength of the positive associations with cardiometabolic
risk were similar for this fatty acid subtype and total SFAs,
indicating that the detrimental effects of SFAs may mainly be
attributed to even-chain SFAs. The results of the present study
also indicated that the positive association with cardiometabolic
diseases was more pronounced for high palmitic acid level, as
compared with other even-chain SFAs (such as: myristic acid,
and stearic acid). In a study of 6,379 postmenopausal women
followed up for 10 years, participants in the highest category of
circulating palmitic acid level experienced a 24% higher T2D
risk compared with those in the lowest category, whereas a
weak or no association was found for other even-chain SFAs
(39). Similarly, the results from the Cardiovascular Health Study
also showed an increased risk of cardiometabolic diseases with
increasing circulating concertation of palmitic acid, rather than
stearic acid (38). Therefore, our observations, together with
evidence from previous studies, indicated that decreasing even-
chain SFA level, especially palmitic acid, confers benefits for the
prevention of cardiometabolic diseases.

The potential mechanisms through which circulating SFAs
especially even-chain SFAs increase the risk of chronic disorders
have been proposed, including producing inflammation,
inducing lipoprotein disorders, and activating endoplasmic
reticulum (ER) stress (70–73). Systemic inflammation is
recognized as an important contributor to insulin resistance
and atherosclerosis, all of which drives the development of
metabolic diseases and CVD (72, 74). In previous in vitro
experiments, Pal et al. found that even-chain SFAs could induce
proinflammatory cytokine expression in adipocytes through the
FetA and TLR4 pathway, resulting in insulin resistance (75).
Animal experiments have also suggested that SFAs like 16:0
could activate the NLRP3 inflammasome in macrophages by an
AMPK-autophagy-ROS signaling pathway (76). Along with the
activating of proinflammatory responses, SFAs was thought to
impair the LDL-receptor activity and consequently increase the
concentration of LDL-cholesterol (LDL-C), an apolipoprotein
B-containing lipoprotein that can become trapped in the
artery wall and ultimately implicated in the generation of
atherosclerosis (77, 78). The adverse effect of palmitic acid
on lipoprotein metabolism might explain part of the stronger
association between palmitic acid and risk of cardiometabolic
diseases. A previous animal study suggested that increasing
the absolute amount of dietary 16:0 could increase LDL-
cholesterol (LDL-C) more than other even-chain SFAs, through
specific modulation of the expression of the LDL receptor and
apolipoprotein B genes (79). Clinical trials also showed that
serum total cholesterol, apo A-I concentrations and plasma
cholesteryl ester transfer protein activity significantly increased

in the palmitic acid diet as compared with the stearic acid
diet (80, 81). Meanwhile, emerging evidence has suggested that
palmitic acid but not myristic or stearic acid exerts adverse
effects on ER function by stimulating stress signaling XBP1
and ATF6 (82), which may play a pivotal role in arresting
the cell cycle progression in islet (83) and initiating a positive
feedback loop in production of even-chain SFAs via de novo
lipogenesis (84), ultimately contributes to the occurrence of
metabolic diseases.

Compared with the deleterious effects of even-chain SFAs,
the present results suggested that a higher level of odd-
chain SFAs was associated with a lower risk of chronic
conditions. Data from Northern Sweden Health and Disease
Study suggested that each percent increase of the proportion
of this fatty acid species was significantly associated with
a risk reduction of a first myocardial infarction (54). The
Västerbotten Intervention Programme has also reported that
for participants who were free from diabetes at baseline,
per SD increase in circulating 15:0 and 17:0 confer relative
reductions in T2D incidence of 29 and 46%, respectively
(30). The protection against dysregulated lipid metabolism
and low-grade inflammation have been proposed to underlie
the beneficial role of odd-chain SFAs because the disorder
of fat homeostasis and the expression of inflammatory
proteins trigger atherosclerosis and other metabolic syndrome
(85). In the European Prospective Investigation into Cancer
and Nutrition-InterAct study, inverse associations have been
observed between plasma phospholipid 15:0 and 17:0 and lipid
markers, such as total cholesterol, triglycerides, apolipoprotein
A-1, apolipoprotein B. This study also suggested that increasing
odd-chain SFAs was accompanied by a decreased C-reactive
protein, per 1-SD increment of the sum of 15:0 and 17:0
was associated with a 10% decrement of this inflammatory
marker (86). Additionally, emerging evidence has indicated
that this subclass of fatty acids may provide protection
against incident T2D by ameliorating the degree of insulin
resistance and β-cell dysfunction. In a multicenter study
analyzing different race groups in America without diabetes
at baseline, Santaren et al. found that serum concentrations
of pentadecanoic acid was positively associated with insulin
sensitivity and β cell function (Disposition Index), suggesting
that this fatty acid species may play a role in T2D prevention
(87). Moreover, as the primary source of odd-chain SFAs,
similar association was also found in dairy products (53, 88–
93). Two recent meta-analyses of randomized controlled trials
reported significant reduction in cardiovascular events with
dairy foods intake (94, 95). Despite the possible interactions
among these two odd-numbered FAs and multiple bioactive
substances in dairy products are largely unknown, the previous
studies for dairy consumption still lend support to accumulating
evidences of an inverse association between odd-chain SFAs and
chronic disease.

Frontiers in Nutrition 07 frontiersin.org

515252

https://doi.org/10.3389/fnut.2022.963471
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-963471 August 9, 2022 Time: 14:28 # 8

Li et al. 10.3389/fnut.2022.963471

For VLCSFAs, the present study of an inverse association
between circulating VLCSFAs and CVD risk was in line
with the results from previous epidemiological studies (20,
96). While diet is unlikely the main source of these SFAs
in the human body (97), the VLCSFAs can be synthesized
endogenously (98, 99) and serve as essential components
of sphingolipids that is the key constituents of membranes
in the human body (100, 101). Previous studies have
demonstrated a potential association between sphingolipid
metabolism and early markers of the latter chronic disease
condition such as adiponectin. In a rat model treated with
dietary sphingolipids, a 45-day VLCSFAs supplementation
significantly improved adiponectin signaling and consequently
increased insulin sensitivity (102). Moreover, as the elongation
products of long chain SFAs, this consistent association
has also been observed between these fatty acids and
plasmalogen (103), an ether lipid which may function as
cellular antioxidants and scavenge a variety of reactive oxygen
species (104).

Some limitations of this study should be mentioned.
Firstly, individual blood SFAs were quantitatively measured
once and changes of these SFAs over time might lead to
potential random measurement error caused by within-person
variation. However, among the Nurses’ Health Study and
Nurses’ Health Study II participants, reasonable validity and
reproducibility of concentration of SFAs such as 15:0, 16:0,
and 24:0 have been demonstrated with intraclass correlation
coefficients, indicating a single measurement of fatty acid
biomarker levels can reliably represent long-term levels over
time (105). Secondly, participants with high SFAs consumption
tended to have more unhealthy dietary habits and engage
in less physical activity (8) which associated with higher
cardiometabolic risk (106). Despite all included studies have
adjusted for potential confounding factors, we cannot fully
exclude the impact of residual or unmeasured confounding on
the observed associations. Because of the prospective design
of the current study, misclassification caused by potential
confounders such as lifestyle was independent of the outcome
ascertainment and was therefore more likely to be non-
differential, which would tend to attenuate true associations
toward the null. However, the positive association between
16:0 status and CVD risk appeared to be more evident among
NCC studies compared with PC studies. This may be attributed
to their inherent limitations as the NCC studies are more
prone to be influenced by survival bias due to all the cases
and controls are enrolled at the same time, which may lead
to an overestimation of the magnitude of the association
(107). Thirdly, different subtypes of SFAs may have possible
additive or synergistic effects that results in the development
of cardiometabolic diseases. Further additional studies are
warranted to assess the potential interaction between levels
of different SFA types and cardiovascular disease. Finally,
publication bias should be ascertained. Although no significant

publication bias was detected, the potential bias could not be
completely ruled out.

Conclusion

Our meta-analysis of existing prospective studies indicated
that a higher concentration of total SFAs and even-chain
SFAs was associated with an increasing risk of cardiometabolic
diseases, which supported the current recommendations of
reducing intake of saturated fat as part of healthy dietary
patterns. In addition, our finding of protective effects of odd-
chain SFAs has potentially important clinical implications
for preventing cardiometabolic diseases. Further studies are
apparently needed to confirm our findings on these SFAs
in relation to cardiometabolic outcomes and to elucidate
underlying mechanisms.
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Background/objectives: There are limited data on the association between

dairy products consumption and nonalcoholic fatty liver disease (NAFLD).

This study was conducted to evaluate the association between total intake

of di�erent dairy products and fatty liver index (FLI), a marker of subclinical

fatty liver.

Methods: A total of 7,540 adults were included in this population-based cohort

study. Dairy products consumption was evaluated by a validated interview

questionnaire for food intake frequency. The FLI was calculated using the

standard formula. Liver enzyme levels, lipid profiles, glycemic profiles and

demographic characteristics were recorded for all participants. Univariate and

multiple logistic regression models were used to respectively assess the mean

percentage di�erence of mean FLI and odds ratios (ORs) for subclinical NAFLD

across quantiles of dairy consumption.

Results: The mean age of all participants was 48.81 ± 9.631 years. FLI

measurements for men and women were 26.71 ± 23.39 and 39.99 ±

26.64 respectively, which was significantly higher in women (P < 0.05).

Multiple logistic regression analysis demonstrated that the amount of milk

consumption was an independent preventive predictor of FLI (OR = 0.96; 95%

CI: 0.94–0.99), conversely, it did not predict higher levels of liver enzymes.

In term of cheese intake, participants in the third tertile of cheese intake

had significantly lower FLI than lower tertiles (P = 0.01). However, there

wasn’t any significant association between cheese intake and the odds of

FLI in the multivariate model (P > 0.05). We didn’t find any significant

association between yogurt consumption and NAFLD indicators (P > 0.05).
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Conclusion: Higher milk consumption was inversely associated with FLI.

However, there wasn’t any significant association between other types of dairy

products and NAFLD indicators.

KEYWORDS

nonalcoholic fatty liver diseases, dairy, yogurt, cheese, cohort

Introduction

Nonalcoholic Fatty Liver Disease (NAFLD) is a clinical

histopathological condition in which triglyceride accumulates

in the liver cells of patients with little or no history of

alcohol consumption (1). This disease usually happens when fat

accumulation reaches 5–10% of the liver’s weight. NAFLD has a

wide histological spectrum ranging from simple steatosis to non-

alcoholic steatohepatitis (NASH) andmore severe complications

like cirrhosis or liver fibrosis (2, 3).

The total Prevalence of NAFLD based on a Meta-analytic

study from 22 countries, has been reported as 25.24 % (4).

In Asia, the number of patients with NAFLD is gradually

increasing (5) due to lifestyle changes (high-fat diet, low physical

activity, central obesity, and type 2 diabetes mellitus), which is

comparable to Western countries (6).

NAFLD can lead to cirrhosis, cardiovascular disease, type 2

diabetes mellitus, and chronic kidney disease if left untreated (7).

Today, various studies have shown that improving the

microbial profile of the intestine plays an important role in

the prevention and treatment of NAFLD by reducing oxidative

stress and inflammation, as well as decreasing triglycerides

(TG) accumulation in the liver (8–12). As a result, the chance

of hepatic steatosis will decrease. Dairy products are widely

included in daily diet due to their high nutrition contents

of protein, fat, minerals, and vitamins (13). Currently, it is

recommended to limit the consumption of dairy products

due to high levels of saturated fat and cholesterol, in order

for reducing the risk of cardiovascular disease. However, a

cross-sectional analysis of the Oslo Health Study has shown

that increasing the frequency of consumption of some dairy

products, such as cheese, is positively associated with improved

serum concentrations of high-density lipoprotein (HDL) and

is inversely related to serum triglyceride levels (14). Moreover,

the consumption of some dairy products, especially those

Abbreviations: NAFLD, Nonalcoholic fatty liver disease; FLI, Fatty liver

index; OR, Odds ratio; FFQ, Food frequency questionnaire; BMI, body

mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein;

AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT,

gamma-glutamyl transferase; ALP, alkaline phosphatase; SBP, systolic

blood pressure; DBP, diastolic blood pressure; ANOVA, One-way Analysis

of Variance.

fortified with probiotics, appears to reduce the level of low-

density lipoprotein (LDL) cholesterol in human intervention

studies (15).

This study aims to focus on the relevance of dairy products

consumption with NAFLD and fatty liver index in a large-

population cohort in Fasa, Iran.

Patients and methods

Study population

In a population-based cohort, at least 10,000 people within

the age range of 35–70 years old from Sheshdeh, the suburb of

Fasa city and its 24 satellite villages were recruited. A detailed

demographic, socioeconomic, anthropometric, nutrition, and

medical history was obtained for each individual besides limited

physical examinations and determination of physical activity

and sleep patterns supplemented by body composition and

electrocardiographic records (16). Participants older than 35

years with one of the following conditions were included in

the study: alanine aminotransferase level >30 U/L, Gamma-

glutamyltransferase >35 U/L.

Individuals with evidence of alcohol consumption of more

than 20 grams per day, hepatitis, drug-induced liver disease,

Wilson’s disease, hereditary hemochromatosis, encephalopathy,

or variceal bleeding were excluded from the study. Routine

laboratory assessments were done, and a comprehensive

biobank was compiled for future biological investigations. All

data were stored online using a dedicated software.

Measurement of clinical parameters
and biochemical analysis

Fatty liver index (FLI) is a standard predictor of hepatic

steatosis severity. The following formula was designed

and validated by Bogoni et al. for calculating FLI using

laboratory and anthropometric data, including gamma glutamyl

transferase concentration, triglyceride, Body mass index and

waist circumference (17).

FLI = (e 0.953 × loge (TG) + 0.139 × BMI + 0.718 × loge

(GGT) + 0.053 × WC – 15.745) / (1 + e 0.953 × loge (TG) +
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0.139 × BMI + 0.718 × loge (GGT) + 0.053 × WC – 15.745)

× 100

To calculate the amount of dairy intake, a validated food

frequency questionnaire (FFQ) was used. Different dairy

products consumption was recorded separately according to the

amount of daily, weekly, monthly and annual intake units. The

questionnaire included 100 items with a specified serving size, 7

response frequency categories from “almost never eat” to “twice

or more per day” for foods, and 8 response frequency categories

from “almost never drink” to “Four or more times a day” for

beverages. Total daily energy and nutrient intake are calculated

based on the latest available table of Iranian food composition.

Frequency of consumption of dairy products (milk, yogurt,

cheese, doogh, curd and cream and any other dairy products)

in the last month was assessed using 7 categories of answers as

follows: Almost never, less than once a week, once a week, 2–

3 times a week, 4–6 times a week, once a day and twice a day.

Detailed information about the design, foods included and the

validity of this questionnaire has been reported elsewhere (18).

Previous validation studies of this FFQ designed specifically for

Iranian adults revealed good correlation between dietary intakes

assessed by a similar FFQ and multiple days of 24-h dietary

recalls (18, 19).

Statistical analysis

The characteristics of the participants across this study

were showed in quartiles of FLI. Continuous variables were

presented as mean ± SD and categorical variables as frequency

and percentages (%). Data were analyzed using SPSS (version

18; SPSS Inc., Chicago, IL, USA) by running the student’s t-

test and one way ANOVA, and chi-squared tests. Odds ratios

(ORs) and corresponding 95% confidence intervals (CIs) were

estimated from univariate and multiple logistic regression for

being classified with an undesirable level of FLI, ALT, AST

and GGT and increasing quartile groups (Q1–Q4) for intake

of dairy products. Multiple logistic regression models using

backward elimination method were applied, adjusted for age,

energy, physical activity, BMI, vitamin D levels, selenium

levels, smoking status, hypertension, hypercholesterolemia,

and diabetes mellitus, and for each relevant food items.

Statistical tests were two-sided and P < 0.05 was considered

statistically significant.

Results

Characteristics of study participants by
sex and age

Characteristics of the study participants are presented in

the Table 1. Data from 7,540 participants (59% female) were

included in the final analysis. The mean age of all participants in

this study was 48.81± 9.631 years. BMI was significantly higher

in females as compared with males (26.63 ± 4.79 kg/m2 vs.

23.27 ± 4.17 kg/m2; P < 0.001). FLI was higher in females than

males (39.991± 26.64 vs. 26.708± 23.39; P< 0.05). Also, serum

levels of HDL, TC, LDL, FBS, SBP and DBP were significantly

higher in females than males (P < 0.001). Dietary intakes of

study participants across quartile of FLI score are presented in

Table 2. A greater FLI score was significantly associated with the

higher intake of carbohydrates, fruits, vegetables, meats, beans,

dairy, vitamin D and selenium (P < 0.05).

Association of fatty liver index with dairy
products

Crude and multiple-adjusted models for mean intake of

dairy intake across quartiles of FLI are shown in Table 3. After

controlling for potential confounders, participants in the highest

quartile of FLI didn’t have higher odds for dairy products

intake [(OR = 1.00; 95% CI: 0.99, 1.00; P = 0.084) for males

and (OR = 1.00; 95% CI: 0.99, 1.01; P = 0.306) for females].

Also, both females and males in the highest quartile of FLI

didn’t have higher odds for consumption of milk, yogurt,

cheese, doogh, curd and cream (P > 0.05). We also examined

the association between ALT and AST quartiles and odds of

dairy consumption. The results showed that individuals in the

highest ALT quartile did not have odds of more dairy products

consumption. Participants in the highest quartile of AST had

higher odds only for cream intake (OR= 0.97; 95% CI: 0.95,

0.99; Ptrend = 0.011). There wasn’t any significant association

between other dairy products and ALT and AST quartiles (P

> 0.05).

The results of univariate and multiple analyses for

determining independent association between fatty liver index

and dairy consumption are shown in the Table 4. The mean FLI

in the tertile 3 milk intake was 34.08 (95% CI: 32.99, 35.17)

that wasn’t significantly different from tertile 1 (P = 0.171).

Mean liver enzymes did not differ significantly in different milk

consumption tertiles (P = 0.08 for AST, P = 0.174 for ALT, and

P= 0.491 for GGT).

The association between the amount of dairy consumption

and severity of fatty liver disease is shown in Table 4. When

controlled for confounding factors, multiple logistic regression

analysis demonstrated that the amount of milk consumption

was the independent preventive predictor of FLI (OR = 0.96;

95% CI: 0.94, 0.99; P = 0.025), but was not the predictors

of higher levels of AST, ALT and GGT (P > 0.05). For the

cheese intake, participants in the tertile 3 had significantly

lower FLI than the lowest tertile 35.04 (95% CI: 33.98, 36.10;

P = 0.01). Individuals in the highest tertile of cheese intake had

higher levels of ALT than lowest tertile 18.24 mg/dl (95% CI:
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TABLE 1 Baseline characteristics of study participants.

Variables Total (n = 7,540) Men (n = 3,048) Women (n = 4,492) P-value

Age 48.81± 9.631 49.48± 9.666 48.36± 9.581 <0.001

BMI (kg/m2) 25.27± 4.84 23.27± 4.17 26.63± 4.79 <0.001

Waist circumference (cm) 92.274± 11.8734 87.483± 10.7930 95.526± 11.4660 <0.001

Current smoker (%) 1,985 (26.3 %) 1,770 (58.1 %) 215 (4.8 %) <0.001

Physical activities (Met-h/day) 41.379± 11.078 45.622± 14.346 38.499± 6.772 <0.001

Total cholesterol (mg/dl) 182.70± 37.808 174.03± 34.775 188.58± 38.645 <0.001

Triglycerides (mg/dl) 122.89± 71.818 121.63± 72.313 123.74± 71.476 0.210

HDL-cholesterol (mg/dl) 51.66± 16.026 47.64± 14.525 54.39± 16.419 <0.001

LDL-cholesterol (mg/dl) 106.41± 31.882 101.99± 29.820 109.41± 32.874 <0.001

Fasting glucose (mg/dl) 90.90± 25.815 88.66± 21.220 92.42± 28.417 <0.001

AST (U/l) 20.20± 4.584 21.07± 4.633 19.60± 4.454 <0.001

ALT (U/l) 18.02± 5.385 18.65± 5.677 17.59± 5.133 <0.001

GGT (U/l) 17.08± 7.882 18.58± 8.311 16.07± 7.408 <0.001

ALP (U/I) 203.27± 62.184 205.58± 58.175 201.71± 64.723 0.008

SBP (mmHg) 110.69± 18.655 109.19± 17.692 111.70± 19.216 <0.001

DBP (mmHg) 74.08± 11.916 73.15± 11.654 74.72± 12.050 <0.001

FLI 34.621± 26.202 26.708± 23.398 39.991± 26.641 <0.001

BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transferase;

ALP, alkaline phosphatase; SBP, systolic blood pressure; DBP, diastolic blood pressure; FLI; fatty liver index.

Data are mean± standard deviation or as n (%), The data analyzed using Student’s t-test or chi-square test.

18.02, 18.45; P = 0.001). However, there wasn’t any significant

association between cheese intake and odds of fatty liver index

(P > 0.05).

Participants in the highest tertile of yogurt intake had

significantly higher FLI scores 36.70 (95% CI: 35.56, 37.85; P

< 0.001) and AST concentration 20.03 mg/dl (95% CI: 19.84,

20.22; P = 0.026). We did not find a significant association

between yogurt consumption and fatty liver index or biomarkers

(P > 0.05).

Discussion

The results of this study clearly indicate that participants

with higher FLI score consume more dairy, cheese and yogurt

compared to the subjects with lower FLI. Moreover, there is no

strong correlation between dairy consumption and fatty liver

indicators and only milk consumption is a preventive indicator

of FLI. Also, in our study, the consumption of dairy products in

women hadmore protective effects against NAFLD than in men.

The impacts of dairy products on the amounts of liver-

derived lipoproteins have been widely studied and discussed

previously (20, 21). Several studies have looked at dietary

factors, including dairy intake as the key interventional variable

on NAFLD-related parameters in NAFLD patients. In some

observational studies, researchers have reported an inverse

association between low-fat dairy intake and the severity of

NAFLD. Ferolla et al. in a cross-sectional study of 96 patients

with NAFLD observed an inverse association between low

fat dairy intake and NAFLD severity (22). Similar findings

were found in another study (23). Conversely, it has been

shown that some dietary regiments which contain adequate

amounts of dairy products such as DASH (Dietary Approaches

to Stop Hypertension) can have a positive effect on reducing

the symptoms of NAFLD. Razavi Zade et al. conducted a

clinical trial with 3 daily servings with low dairy products to

evaluate the effects of DASH diet on the NAFLD severity and

showed adherence to DASH eating pattern leads to a significant

reduction in serum levels of ALT, AST, and insulin resistance

(24). However, part of the positive effects of DASH diet on

fatty liver can be attributed to high amounts of fibers and

phytochemicals in the DASH diet (25).

In the present study, except for milk and FLI correlation, we

did not observe any correlations between dairy products and

fatty liver biomarkers. Contrary to our findings, in a 6-week

randomized controlled trial, Dugan et al. found a significant

reduction in ALT, AST, hepatic steatosis index, and mRNA

expression of IL-6 and IL-1β in peripheral blood mononuclear

cells (PBMCs), following the consumption of 3 daily servings

of low-fat dairy (296mL 1% milk, 170 g non-fat yogurt, 56.7 g

2% cheese) as compared with isocaloric carbohydrate-based

control foods (26). A recent meta-analysis was done on the

Frontiers inNutrition 04 frontiersin.org

596060

https://doi.org/10.3389/fnut.2022.962834
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Keshavarz et al. 10.3389/fnut.2022.962834

TABLE 2 Participant characteristic and dietary intake according to FLI quartile.

Total FLI, quartiles

Quartile 1 (n = 1,885) Quartile 2 (n = 1,884) Quartile 3 (n = 1886) Quartile 4 (n = 1885) P-value

FLI 6.395± 2.852 19.195± 4.799 40.314± 7.263 72.569± 12.454 <0.001

BMI, kg/m2 19.999± 2.211 23.630± 2.135 26.435± 2.225 31.042± 3.783 <0.001

Age 47.49± 9.469 48.94± 9.948 49.16± 9.812 49.65± 9.147 <0.001

Smoking status, % 779 (41.4%) 490 (26.0%) 407 (21.6%) 309 (16.4%) <0.001

Diabetes, % 81 (4.3%) 173 (9.2%) 237 (12.6%) 339 (18.0%) <0.001

Hypertension, % 147 (7.8%) 301 (16.0%) 410 (21.7%) 651 (34.5%) <0.001

Hypercholesterolemia, % 153 (8.1%) 249 (13.2%) 327 (17.3%) 455 (24.1%) <0.001

physical activity (Met-h/day) 44.523± 12.922 42.266± 11.873 40.320± 9.875 38.407± 8.059 <0.001

Energy, kcal 2,949.230± 1,159.784 2,976.097± 1,114.890 2,886.361± 1,121.060 2,909.666± 1,145.891 0.071

Protein, g 94.558± 40.842 92.953± 37.827 92.357± 38.295 92.013± 38.633 0.191

Carbohydrate, g 501.27± 204.83 490.19± 197.97 491.97± 206.10 470.85± 188.48 <0.001

Fruit, g/d 353.096± 316.174 379.641± 302.302 399.193± 318.931 423.674± 335.956 <0.001

Vegetables, g/d 597.414± 338.962 636.174± 331.090 664.631± 350.200 717.518± 403.156 <0.001

Grains, g/d 372.769± 204.430 381.838± 212.351 379.374± 211.520 382.936± 211.981 0.447

Meats and beans g/d 150.558± 91.025 145.492± 83.309 140.905± 80.312 140.087± 83.842 <0.001

Dairy, g/d 201.501± 181.891 200.343± 162.967 209.012± 177.231 223.612± 184.515 <0.001

Milk, g/d 41.894± 64.497 41.918± 63.989 42.078± 79.580 41.478± 69.028 0.994

Cheese, g/d 18.448± 19.933 16.865± 16.244 17.243± 17.721 19.509± 21.458 <0.001

Yogurt, g/d 88.754± 92.848 89.789± 87.997 95.806± 94.337 103.108± 100.118 <0.001

Calcium, mg 1,417.222± 712.958 1,393.980± 657.089 1,400.386± 671.894 1,398.778± 663.375 0.737

Riboflavin, mg 2.453± 1.075 2.399± 1.002 2.378± 0.992 2.393± 1.005 0.120

Vitamin D, IUs 1.435± 1.178 1.412± 1.030 1.348± 1.016 1.345± 0.975 0.014

Vitamin E, mg 8.388± 4.124 8.533± 4.096 8.299± 3.781 8.484± 4.019 0.282

Selenium 152.895± 77.523 147.591± 73.298 144.941± 73.542 142.119± 72.438 <0.001

FLI; fatty liver index; BMI, body mass index.

Data are mean± standard deviation or as n (%), The data analyzed using Student’s t-test or chi-square test.

association between food groups and the risk of NAFLD which

included three cross sectional studies and one case control study.

The cross-sectional studies didn’t find a significant correlation

between dairy consumption and the likelihood of NAFLD.

However, the case–control study showed a positive association

between dairy product consumption and the possibility of

NAFLD (27).

The diversity in the type of dairy products and their fat

percentages may partly account for the difference observed

in the results. Most previous studies that have reported

significant changes on fatty liver related indicators following

dairy consumption have examined the effect of low-fat dairy

products, while in our study participants consumed both high-

fat and low-fat dairy products. In fact, the diet of Iranian

people especially those in rural areas is mostly based on high

consumption of high-fat dairy products (28). Esmaillzadeh

et al. studied 486 healthy Iranian women aged 40–60 years

and found an inverse association between low fat dairy intake

and C-reactive protein, IL-6 and soluble vascular cell adhesion

molecule (29). Moreover, they reported an increase in serum

amyloid A and soluble vascular cell adhesion molecule-1 among

women with high fat dairy consumption (30). High-fat dairy

products contain high levels of saturated fatty acids which play

a key role in dyslipidemia, insulin resistance and inflammation,

that altogether are major risk factors for NAFLD (31).

In contrast with our findings, Zhang et al. in a cross-

sectional study of 24,389 adults found that participants with

yogurt consumption more than 4 times per weeks had lower

likelihood for NAFLD (32). Other similar studies have shown a

preventative role for yogurt consumption in the development of

other chronic diseases such as cardiovascular disease and type 2

diabetes (29, 33). Most studies that have shown the positive effect

of yogurt consumption on liver enzymes have used a variety of

probiotic yogurts (9, 34).

In our study, participants in the higher FLI quartile

consumed significantly more yogurt than subjects in the lower

quartile of FLI. The present study was a cross-sectional study and

due to the nature of cross-sectional studies it is not possible to

identify the causal relationship between two variables. However,

it seems that this difference might be attributed to the fact
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TABLE 3 Odds ratio (95% CI) frommultiple logistic regression by dairy food type.

Sex Crude model Adjusted modela

FLI Q1

(M = 1,112,

W = 773)

Q2 (M = 818,

W = 1,066)

Q3 (M = 649,

W = 1,237)

Q4 (M = 469,

W = 1,416)

P-trend Q1

(M = 1,112,

W = 773)

Q2

(M = 818,

W = 1,066)

Q3 (M = 649,

W = 1,237)

Q4 (M = 469,

W = 1,416)

P-trend

Dairy products M 1 (Ref) 1.00 (0.99–1.00)

P= 0.611

1.00 (1.00–1.00)

P= 0.501

1.00 (1.00–1.00)

P= 0.084

0.201 1 (Ref) 1.00 (0.99–1.00)

P= 0.350

1.00 (0.99–1.00)

P= 0.686

1.00 (0.99–1.00)

P= 0.701

0.811

W 1 (Ref) 1.00 (1.00–1.00)

P= 0.036

1.00 (1.00–1.00)

P= 0.000

1.00 (1.00–1.00)

P= 0.000

<0.001 1 (Ref) 1.00 (1.00–1.00)

P= 0.291

1.00 (0.99–1.00)

P= 0.447

1.00 (0.99–1.01)

P= 0.306

0.671

Milk M 1 (Ref) 1.00 (0.99–1.00)

P= 0.855

1.00 (0.99–1.00)

P= 0.896

0.99 (0.99–1.00)

P= 0.316

0.777 1 (Ref) 1.00 (0.99–1.00)

P= 0.953

1.00 (0.99–1.00)

P= 0.813

0.99 (0.99–1.00)

P= 0.188

0.404

W 1 (Ref) 1.00 (0.99–1.00)

P= 0.313

1.00 (1.00–1.00)

P= 0.192

1.00 (1.00–1.00)

P= 0.113

0.421 1 (Ref) 1.00 (1.00–1.01)

P= 0.119

1.00 (0.99–1.00)

P= 0.263

1.00 (0.99–1.01)

P= 0.346

0.452

Cheese M 1 (Ref) 0.99 (0.99–0.99)

P= 0.030

0.99 (0.98–0.99)

P= 0.028

1.00 (0.99–1.01)

P= 0.318

0.006 1 (Ref) 0.99 (0.99–1.01)

P= 0.291

0.99 (0.98–1.01)

P= 0.215

1.01 (0.99–1.02)

P= 0.274

0.224

W 1 (Ref) 1.00 (0.99–1.01)

P= 0.991

1.00 (0.99–1.01)

P= 0.166

1.01 (1.00–1.02)

P= 0.000

<0.001 1 (Ref) 0.99 (0.98–1.01)

P= 0.568

1.00 (0.99–1.01)

P= 0.972

1.01 (0.99–1.02)

P= 0.310

0.126

Yogurt M 1 (Ref) 1.00 (0.99–1.00)

P= 0.603

1.00 (1.00–1.00)

P= 0.057

1.00 (1.00–1.00)

P= 0.012

0.047 1 (Ref) 1.00 (0.99–1.00)

P= 0.593

1.00 (0.99–1.00)

P= 0.991

1.00 (0.99–1.00)

P= 0.861

0.890

W 1 (Ref) 1.00 (1.00–1.00)

P= 0.182

1.00 (1.00–1.00)

P= 0.001

1.00 (1.00–1.01)

P= 0.000

<0.001 1 (Ref) 0.99 (0.99–1.00)

P= 0.542

0.99 (0.99–1.00)

P= 0.498

1.00 (0.99–1.00)

P= 0.838

0.798

Dough M 1 (Ref) 1.00 (0.99–1.00)

P= 0.437

1.00 (0.99–1.00)

P= 0.636

1.00 (1.00–1.00)

P= 0.139

0.229 1 (Ref) 0.99 (0.99–1.00)

P= 0.321

1.00 (0.99–1.00)

P= 0.937

1.00 (0.99–1.00)

P= 0.972

0.667

W 1 (Ref) 1.00 (1.00–1.00)

P= 0.182

1.00 (1.00–1.00)

P= 0.001

1.00 (1.00–1.01)

P= 0.000

<0.001 1 (Ref) 1.00 (1.00–1.01)

P= 0.088

1.00 (0.99–1.00)

P= 0.144

1.00 (0.99–1.00)

P= 0.142

0.384

Curd M 1 (Ref) 0.98 (0.96–1.00)

P= 0.089

0.98 (0.96–1.01)

P= 0.129

1.01 (0.98–1.03)

P= 0.404

0.058 1 (Ref) 0.97 (0.95–1.01)

P= 0.146

0.98 (0.94–1.02)

P= 0.389

0.99 (0.95–1.04)

P= 0.878

0.391

W 1 (Ref) 0.99 (0.97–1.03)

P= 0.447

0.99 (0.97–1.01)

P= 0.461

1.00 (0.98–1.02)

P= 0.985

0.710 1 (Ref) 0.98 (0.95–1.01)

P= 0.295

0.99 (0.95–1.03)

P= 0.492

0.95 (0.89–1.01)

P= 0.101

0.262

Cream M 1 (Ref) 0.97 (0.95–0.99)

P= 0.042

0.98 (0.96–1.01)

P= 0.125

0.96 (0.93–0.99)

P= 0.022

0.029 1 (Ref) 1.01 (0.96–1.06)

P= 0.693

1.02 (0.97–1.07)

P= 0.484

1.02 (0.97–1.08)

P= 0.423

0.791

W 1 (Ref) 1.00 (0.98–1.03)

P= 0.754

1.01 (0.98–1.03)

P= 0.682

0.99 (0.97–1.02)

P= 0.932

0.925 1 (Ref) 0.99 (0.96–1.02)

P= 0.592

0.98 (0.94–1.03)

P= 0.460

0.99 (0.95–1.04)

P= 0.962

0.622

(Continued)

F
ro
n
tie

rs
in

N
u
tritio

n
fro

n
tie

rsin
.o
rg

616262

https://doi.org/10.3389/fnut.2022.962834
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


K
e
sh

a
v
a
rz

e
t
a
l.

1
0
.3
3
8
9
/fn

u
t.2

0
2
2
.9
6
2
8
3
4

TABLE 3 (Continued)

Sex Crude model Adjusted modela

ALT Q1 (M = 699,

W = 1,230)

Q2 (M = 689,

W = 1,200)

Q3 (M = 737,

W = 1,106)

Q4 (M = 923,

W = 956)

P-trend Q1

(M = 699,

W = 1,230)

Q2

(M = 689,

W = 1,200)

Q3 (M = 737,

W = 1,106)

Q4 (M = 923,

W = 956)

P-trend

Dairy products M 1 (Ref) 1.00 (1.00–1.00)

P= 0.171

1.00 (1.00–1.00)

P= 0.632

1.00 (1.00–1.00)

P= 0.002

0.006 1 (Ref) 1.00 (0.99–1.00)

P= 0.873

1.00 (0.99–1.00)

P= 0.153

1.00 (1.00–1.00)

P= 0.335

0.063

W 1 (Ref) 1.00 (1.00–1.00)

P= 0.436

1.00 (1.00–1.00)

P= 0.216

1.00 (1.00–1.00)

P= 0.178

0.514 1 (Ref) 1.00 (0.99–1.00)

P= 0.847

1.00 (0.99–1.00)

P= 0.665

1.00 (0.99–1.00)

P= 0.729

0.975

Milk M 1 (Ref) 1.00 (0.99–1.00)

P= 0.639

0.99 (0.99–1.00)

P= 0.407

1.00 (0.99–1.00)

P= 0.397

0.318 1 (Ref) 0.99 (0.99–1.00)

P= 0.134

0.99 (0.99–1.00)

P= 0.054

1.00 (0.99–1.00)

P= 0.703

0.107

W 1 (Ref) 1.00 (0.99–1.00)

P= 0.784

1.00 (0.99–1.00)

P= 0.934

1.00 (0.99–1.00)

P= 0.293

0.669 1 (Ref) 1.00 (0.99–1.00)

P= 0.971

1.00 (0.99–1.00)

P= 0.551

1.00 (0.99–1.00)

P= 0.488

0.641

Cheese M 1 (Ref) 1.00 (0.99–1.01)

P= 0.099

0.99 (0.99–1.01)

P= 0.775

1.01 (1.00–1.01)

P= 0.034

0.030 1 (Ref) 1.00 (0.99–1.01)

P= 0.183

0.99 (0.99–1.00)

P= 0.417

1.00 (0.99–1.01)

P= 0.164

0.053

W 1 (Ref) 0.99 (0.99–1.00)

P= 0.576

1.00 (0.99–1.00)

P= 0.697

1.01 (1.00–1.01)

P= 0.035

0.052 1 (Ref) 0.99 (0.99–1.00)

P= 0.554

1.00 (0.99–1.01)

P= 0.948

1.00 (0.99–1.01)

P= 0.086

0.122

Yogurt M 1 (Ref) 1.00 (0.99–1.00)

P= 0.591

1.00 (0.99–1.00)

P= 0.747

1.00 (1.00–1.00)

P= 0.068

0.236 1 (Ref) 1.00 (0.99–1.01)

P= 0.518

0.99 (0.99–1.00)

P= 0.234

1.00 (0.99–1.00)

P= 0.982

0.489

W 1 (Ref) 1.00 (1.00–1.00)

P= 0.236

1.00 (1.00–1.00)

P= 0.173

1.00 (0.99–1.00)

P= 0.847

0.438 1 (Ref) 1.00 (0.99–1.00)

P= 0.815

1.00 (0.99–1.00)

P= 0.811

0.99 (0.99–1.00)

P= 0.139

0.324

Dough M 1 (Ref) 1.00 (1.00–1.01)

P= 0.005

1.00 (1.00–1.01)

P= 0.035

1.00 (1.00–1.01)

P= 0.000

0.001 1 (Ref) 1.00 (1.00–1.01)

P= 0.135

1.00 (0.99–1.00)

P= 0.529

1.00 (1.00–1.01)

P= 0.098

0.077

W 1 (Ref) 1.00 (0.99–1.00)

P= 0.789

1.00 (1.00–1.00)

P= 0.240

1.00 (1.00–1.00)

P= 0.241

0.522 1 (Ref) 1.00 (0.99–1.00)

P= 0.657

1.00 (0.99–1.00)

P= 0.981

1.00 (0.99–1.00)

P= 0.916

0.968

Curd M 1 (Ref) 0.99 (0.97–1.01)

P= 0.694

0.99 (0.97–1.02)

P= 0.538

1.01 (0.98–1.02)

P= 0.475

0.508 1 (Ref) 0.99 (0.97–1.02)

P= 0.480

0.98 (0.96–1.01)

P= 0.352

1.00 (0.98–1.02)

P= 0.769

0.481

W 1 (Ref) 0.99 (0.97–1.01)

P= 0.334

0.99 (0.98–1.01)

P= 0.613

1.00 (0.98–1.02)

P= 0.952

0.723 1 (Ref) 0.98 (0.97–1.01)

P= 0.220

0.99 (0.97–1.01)

P= 0.331

0.99 (0.97–1.02)

P= 0.770

0.579

Cream M 1 (Ref) 0.98 (0.96–1.01)

P= 0.254

0.98 (0.96–1.01)

P= 0.190

0.99 (0.96–1.01)

P= 0.267

0.522 1 (Ref) 0.98 (0.96–1.01)

P= 0.322

0.98 (0.96–1.01)

P= 0.252

0.99 (0.97–1.01)

P= 0.436

0.657

W 1 (Ref) 1.01 (0.98–1.02)

P= 0.570

0.99 (0.97–1.02)

P= 0.945

1.00 (0.98–1.02)

P= 0.906

0.912 1 (Ref) 1.01 (0.98–1.03)

P= 0.464

1.00 (0.97–1.02)

P= 0.872

1.01 (0.98–1.03)

P= 0.580

0.846
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TABLE 3 (Continued)

Sex Crude model Adjusted modela

AST Q1 (M = 551,

W = 1,354)

Q2 (M = 737,

W = 1,191)

Q3 (M = 820,

W = 1,039)

Q4 (M = 940,

W = 908)

P-trend Q1

(M = 551,

W = 1,354)

Q2

(M = 737,

W = 1,191)

Q3 (M = 820,

W = 1,039)

Q4 (M = 940,

W = 908)

P-trend

Dairy products M 1 (Ref) 1.00 (0.99–1.00)

P= 0.439

1.00 (0.99–1.00)

P= 0.633

1.00 (1.00–1.00)

P= 0.318

0.191 1 (Ref) 1.00 (0.99–1.00)

P= 0.273

1.00 (0.99–1.00)

P= 0.163

1.00 (0.99–1.00)

P= 0.985

0.280

W 1 (Ref) 1.00 (0.99–1.00)

P= 0.159

1.00 (0.99–1.00)

P= 0.520

1.00 (0.99–1.00)

P= 0.132

0.376 1 (Ref) 1.00 (0.99–1.00)

P= 0.215

1.00 (0.99–1.00)

P= 0.289

1.00 (0.99–1.00)

P= 0.097

0.366

Milk M 1 (Ref) 0.99 (0.99–1.00)

P= 0.182

1.00 (0.99–1.00)

P= 0.631

1.00 (0.99–1.00)

P= 0.587

0.199 1 (Ref) 0.99 (0.99–1.00)

P= 0.137

0.99 (0.99–1.00)

P= 0.287

1.00 (0.99–1.00)

P= 0.866

0.323

W 1 (Ref) 1.00 (0.99–1.00)

P= 0.658

1.00 (0.99–1.00)

P= 0.558

1.00 (0.99–1.00)

P= 0.937

0.803 1 (Ref) 1.00 (0.99–1.00)

P= 0.708

1.00 (0.99–1.00)

P= 0.712

1.00 (0.99–1.00)

P= 0.831

0.897

Cheese M 1 (Ref) 1.00 (0.99–1.01)

P= 0.621

0.99 (0.99–1.00)

P= 0.761

1.00 (0.99–1.01)

P= 0.239

0.362 1 (Ref) 1.00 (0.99–1.01)

P= 0.747

0.99 (0.99–1.00)

P= 0.511

1.00 (0.99–1.01)

P= 0.484

0.450

W 1 (Ref) 0.99 (0.99–1.00)

P= 0.099

0.99 (0.99–1.00)

P= 0.687

0.99 (0.99–1.00)

P= 0.104

0.225 1 (Ref) 0.99 (0.99–1.00)

P= 0.215

1.00 (0.99–1.00)

P= 0.877

0.99 (0.99–1.01)

P= 0.476

0.496

Yogurt M 1 (Ref) 1.00 (0.99–1.00)

P= 0.886

1.00 (0.99–1.00)

P= 0.417

1.00 (0.99–1.00)

P= 0.551

0.454 1 (Ref) 1.00 (0.99–1.00)

P= 0.964

0.99 (0.99–1.00)

P= 0.141

1.00 (0.99–1.00)

P= 0.917

0.297

W 1 (Ref) 1.00 (0.99–1.00)

P= 0.571

1.00 (0.99–1.00)

P= 0.772

0.99 (0.99–1.00)

P= 0.057

0.180 1 (Ref) 1.00 (0.99–1.00)

P= 0.713

1.00 (0.99–1.00)

P= 0.584

0.99 (0.99–1.00)

P= 0.050

0.199

Dough M 1 (Ref) 0.99 (0.99–1.00)

P= 0.313

1.00 (0.99–1.00)

P= 0.498

1.00 (0.99–1.00)

P= 0.275

0.109 1 (Ref) 0.99 (0.98–1.00)

P= 0.204

1.00 (0.99–1.00)

P= 0.963

1.00 (0.99–1.00)

P= 0.708

0.296

W 1 (Ref) 0.99 (0.99–1.00)

P= 0.118

0.99 (0.99–1.00)

P= 0.128

1.00 (0.99–1.00)

P= 0.655

0.294 1 (Ref) 0.99 (0.99–1.00)

P= 0.123

0.99 (0.99–1.00)

P= 0.055

1.00 (0.99–1.00)

P= 0.378

0.188

Curd M 1 (Ref) 1.00 (0.97–1.02)

P= 0.988

0.99 (0.96–1.01)

P= 0.422

0.99 (0.97–1.01)

P= 0.556

0.784 1 (Ref) 0.99 (0.97–1.02)

P= 0.876

0.98 (0.96–1.01)

P= 0.277

0.99 (0.96–1.01)

P= 0.375

0.612

W 1 (Ref) 0.99 (0.98–1.01)

P= 0.756

0.98 (0.96–1.00)

P= 0.159

1.00 (0.98–1.02)

P= 0.984

0.480 1 (Ref) 0.99 (0.98–1.01)

P= 0.744

0.98 (0.95–1.00)

P= 0.057

0.99 (0.97–1.01)

P= 0.576

0.236

Cream M 1 (Ref) 0.98 (0.97–1.01)

P= 0.329

0.96 (0.93–0.98)

P= 0.005

0.97 (0.95–0.99)

P= 0.031

0.017 1 (Ref) 0.98 (0.96–1.01)

P= 0.293

0.96 (0.94–0.98)

P= 0.004

0.97 (0.95–0.99)

P= 0.020

0.011

W 1 (Ref) 1.01 (0.98–1.03)

P= 0.372

1.01 (0.98–1.02)

P= 0.960

1.01 (0.98–1.03)

P= 0.602

0.813 1 (Ref) 1.01 (0.98–1.04)

P= 0.312

1.01 (0.98–1.03)

P= 0.551

1.01 (0.98–1.03)

P= 0.472

0.726

W, women; M, men.

Odds ratio (95% CI) are from multiple logistic regression for being classified with an undesirable level of FLI, ALT, AST and GGT and increasing quintile groups (Q1–Q4) for intake of dairy products. Q1, lowest intake, is the reference category.

Statistically significant p-values are in supers.
aMultivariable-adjustedmodel adjusted for age (years), energy (kcals/day), physical activity (minutes/week), BMI (kg/m2), Vitamin D levels, Selenium levels, smoking status (yes, no), hypertension (yes, no), hypercholesterolemia (yes, no), and diabetes

(yes, no), and for each relevant food items.
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TABLE 4 Univariate and multiple analyses to determine the independent association between fatty liver index and dairy consumption.

Milk

Tertile 1 (n = 2,952) Tertile 2 (n = 2,368) Tertile 3 (n = 2,220)

Mean (95% CI) P–value ANOVA

FLI 35.32 (34.35–36.29) 34.25 (33.23–35.27) 34.08 (32.99–35.17) 0.171

AST 20.07 (19.91–20.24) 20.20 (20.02–20.39) 20.35 (20.16–20.55) 0.088

ALT 17.96 (17.77–18.15) 17.92 (17.71–18.14) 18.20 (17.97–18.42) 0.174

GGT 17.21 (16.92–17.51) 16.97 (16.68–17.25) 17.03 (16.68–17.37) 0.491

OR (95% CI)a

FLI 1 (Ref) 0.99 (0.99–1.00)0.230 0.96 (0.94–0.99)0.025

AST 1 (Ref) 1.00 (0.99–1.02)0.608 1.00 (0.99–1.02)0.223

ALT 1 (Ref) 0.99 (0.98–1.01)0.529 1.00 (0.99–1.01)0.826

GGT 1 (Ref) 0.99 (0.98–1.00)0.260 0.99 (0.99–1.00)0.439

Cheese

Tertile 1 (n = 3,075) Tertile 2 (n = 1,996) Tertile 3 (n = 2,469)

Mean (95% CI) P–value ANOVA

FLI 35.55 (32.65–34.46) 35.73 (34.57–36.89) 35.04 (33.98–36.10) 0.010

AST 20.14 (19.98–20.30) 20.22 (20.03–20.42) 20.24 (20.06–20.43) 0.678

ALT 17.75 (17.56–17.94) 18.16 (17.93–18.40) 18.24 (18.02–18.45) 0.001

GGT 16.84 (16.59–17.08) 17.32 (16.96–17.67) 17.19 (16.85–17.54) 0.071

OR (95% CI)a

FLI 1 (Ref) 1.00 (0.99–1.01)0.137 1.00 (0.99–1.01)0.936

AST 1 (Ref) 1.01 (0.99–1.02)0.326 1.00 (0.98–1.01)0.850

ALT 1 (Ref) 1.01 (0.99–1.02)0.119 1.00 (0.99–1.01)0.373

GGT 1 (Ref) 1.01 (0.99–1.01)0.110 1.00 (0.99–1.01)0.598

Yogurt

Tertile 1 (n = 2,514) Tertile 2 (n = 2,938) Tertile 3 (n = 2,088)

Mean (95% CI) P–value ANOVA

FLI 32.73 (31.71–33.74) 34.75 (33.81–35.69) 36.70 (35.56–37.85) 0.000

AST 20.13 (19.96–20.31) 20.37 (20.20–20.54) 20.03 (19.84–20.22) 0.026

ALT 17.84 (17.63–18.06) 18.10 (17.90–18.30) 18.11 (17.88–18.34) 0.143

GGT 16.86 (16.58–17.13) 17.05 (16.75–17.35) 17.39 (17.03–17.74) 0.073

OR (95% CI)a

FLI 1 (Ref) 1.00 (0.99–1.00)0.577 1.00 (0.99–1.01)0.879

AST 1 (Ref) 1.01 (0.99–1.02)0.201 0.98 (0.97–1.00)0.073

ALT 1 (Ref) 0.99 (0.98–1.01)0.815 0.99 (0.97–1.00)0.099

GGT 1 (Ref) 0.96 (1.00–0.99)0.964 1.00 (0.99–1.01)0.523

aMultivariable-adjusted model adjusted for sex, age (years), energy (kcals/day), physical activity (minutes/week), BMI (kg/m2), Vitamin D levels, Selenium levels, smoking status (yes,

no), hypertension (yes, no), hypercholesterolemia (yes, no), and diabetes (yes, no), and for each relevant food items.

that people who are at risk of NAFLD increase their yogurt

consumption to get more probiotics because of the positive

role of bacteria in yogurt against NAFLD, especially probiotic

yogurt. The positive effect of yogurt on fatty liver has been

attributed to the presence of various probiotic compounds

in yogurt. Animal studies have shown that some bacterial

strains, such as Lactobacillus, have the ability to reduce the

inflammation caused by high levels of lipopolysaccharide (LPS)

and subsequent hepatic toll-like receptor 4 (TLR4) activation

in NAFLD patients (35). Additionally, part of the beneficial

effects of dairy products, especially low-fat dairy products, might

be due to high amounts of nutrients, especially magnesium,

potassium, protein and calcium in dairy products, which in turn

can increase the whole-body fat oxidation (36, 37).
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In the present study, we conducted sex-specific analyses

which showed that the consumption of dairy products in

women had stronger protective effects against NAFLD than

in men. While the exact mechanisms for this difference are

unclear, several studies have reported a higher risk of NALFD

in men and post-menopausal women than in pre-menopausal

women (38, 39). Interestingly, experimental results suggest a

protective role for estradiol in hepatic injuries by suppressing

lipid accumulation and liver fibrosis (40). The presence of

estrone (E1) and 17β-estradiol (E2) in raw whole cow’s milk has

been demonstrated (41). Dairy products have been estimated

to account for up to 60% of estrogens in a German diet (42).

Some studies have shown that the estrogen in dairy products

may increase the concentration of estrogen in the serum (43).

The results of some studies contradicted with the findings

of our study. Lee et al. in a study of 5171 adults showed higher

dairy protein intake was significantly and inversely associated

with the risk of incident NAFLD in men and women aged

≥50 years (44). They suggested that replacing macronutrients

equivalent to carbohydrate intake with dairy protein intake

may have contributed to lowering the risk of developing

NAFLD (32, 44). It has also been suggested that some of the

beneficial effects of dairy products in preventing NAFLD are

related to the whey protein found in dairy products. Several

human and animal studies have shown that whey protein or

dairy products reduce weight and fat mass (45–47). Other

mechanisms have been suggested for the beneficial effects of

dairy products against NAFLD, some of which are related to

insulin resistance. The population-based prospective Coronary

Artery Risk Development in Young Adults study found an

inverse association between frequency of dairy intake and

development of insulin resistance syndrome (48). Also, a meta-

analysis study showed that the consumption of dairy products,

especially low-fat dairy products had a beneficial effect on

Homeostatic Model Assessment for Insulin Resistance (HOMA-

IR), waist circumference, and body weight (49).

This study has several important advantages including the

large sample size, and extensive information on lifestyle and

dietary factors, which allowed us to control for many potential

confounders. In this study, we adjusted the results for several

variables, especially BMI which is a crude measure of body fat

and is associated with NAFLD and may negatively affect the

accuracy of the results (32). On the other hand, the present

study was not free of limitations. Due to the structure of

the questionnaires used, we were not able to examine low-fat

and high-fat dairy products separately. Also, because of the

nature of questionnaires filled in interviews, there is always

possibility of bias which can affect the accuracy of the results.

Another limitation of the current study was the presence of some

potential confounding factors such as diabetes, hyperlipidemia,

and high blood pressure and their variability between FLI

quartile. However, in the adjustedmodels, we adjusted the effects

of these confounding factors. Finally, because of the difficulties

in budget management and the high sample size, we were not

able to assess the liver through imaging studies. Evaluation of

hepatic steatosis and fibrosis could increase the accuracy of the

results in future studies.

Conclusion

In summary, this population-based cohort study didn’t

show any strong association between dairy products

consumption and NAFLD indicators. However, a modest

inverse correlation was observed between milk consumption

and FLI. Therefore, based on the results of this study,

consumption of appropriate amounts of milk, especially low-fat

types (at least one unit of milk more than 5–6 times a week)

can play a positive role in preventing NAFLD. The results

of the present study seem to be in line with the existing

recommendations for consumption of a healthy dietary pattern

to prevent NAFLD.
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In the protein nutrition strategy of middle-aged and elderly people, some

believe that low protein is good for health, while others believe high protein is

good for health. Facing the contradictory situation, the following hypothesis

is proposed. There is a process of change from lower to higher ratio of protein

nutritional requirements that are good for health in the human body after

about 50 years of age, and the age at which the switch occurs is around

65 years of age. Hence, in this study, 50, 25-month-old male rats were

randomly divided into five groups: Control (basal diet), LP (low-protein diet

with a 30% decrease in protein content compared to the basal diet), HP (high-

protein diet with a 30% increase in protein content compared to the basal

diet), Model 1 (switched from LP to HP feed at week 4), and Model 2 (switched

from LP to HP feed at week 7). After a total of 10 weeks intervention, the liver

and serum samples were examined for aging-related indicators, and a newly

comprehensive quantitative score was generated using principal component

analysis (PCA). The effects of the five protein nutritional modalities were

quantified in descending order: Model 1 > HP > LP > Control > Model 2.

Furthermore, the differential metabolites in serum and feces were determined

by orthogonal partial least squares discriminant analysis, and 15 differential

metabolites, significantly associated with protein intake, were identified by

Spearman’s correlation analysis (p < 0.05). Among the fecal metabolites, 10

were positively correlated and 3 were negatively correlated. In the serum,

tyrosine and lactate levels were positively correlated, and acetate levels were

negatively correlated. MetaboAnalyst analysis identified that the metabolic

pathways influenced by protein intake were mainly related to amino acid and

carbohydrate metabolism. The results of metabolomic analysis elucidate the

mechanisms underlying the preceding effects to some degree. These efforts
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not only contribute to a unified protein nutrition strategy but also positively

impact the building of a wiser approach to protein nutrition, thereby helping

middle-aged and older populations achieve healthy aging.

KEYWORDS

comprehensive quantitative score, metabolomics, aging, dietary patterns, nuclear
magnetic resonance

Introduction

The global prevalence of obesity has increased markedly,
almost tripling in the past few decades, and it has become
increasingly common in the elderly (1). Unhealthy lifestyles,
especially poor nutritional intake, are to blame. Nutritional
imbalances, especially excess food intake, are associated
with many severe aging-related diseases, such as diabetes,
cardiovascular disease, Alzheimer’s disease, and cancer (2–
4). Although dietary restriction may improve obesity in
older adults, prolonged dietary restriction is undoubtedly
unrealistic because of low adherence. Recent studies have
shown that dietary restriction delays aging because of protein
restriction rather than total dietary calorie restriction (5–
7). Malondialdehyde (MDA), total antioxidant capacity (T-
AOC), and interleukin-6 (IL-6) are typical biomarkers that
reflect the body’s aging status (8). Several randomized clinical
trials and animal studies have found that low-protein (LP)
diets are well suited to improve the body’s metabolic health
by increasing T-AOC levels, decreasing MDA levels, and
lowering IL-6 concentrations, thus demonstrating the benefits
of LP diets in combating oxidative stress and improving
inflammation levels (9–11). In addition, protein restriction can
lower serum insulin growth factor (IGF-1) and enhance insulin
sensitivity. Both animal and human studies have shown that
normal glucose metabolism, lower insulin levels, and higher
insulin sensitivity can constitute markers of healthy aging
and longevity (12). Insulin resistance can promote oxidative
stress and inflammation through multiple pathways (13), cause
cognitive dysfunction (14), accelerate cardiovascular aging (12),
and increase the risk of frailty in older populations (15).
Protein restriction can alter epigenetic modifications, and such
alterations may have long-term effects on gene expression
and organ function (16). In terms of epigenetic mechanisms,
protein restriction can improve health by affecting transcription
and translation as well as gene expression profile (17). For
example, protein restriction can inhibit tumor growth through
epigenetic modification and inhibition of the IGF/Akt/mTOR
pathway (18), and can mediate effects on stem cell function
through epigenetic changes (19). Thus, protein restriction
can also influence lifespan by affecting epigenetic programs.
Various dietary patterns that favor longevity have distinct

features of LP diets. In the Okinawan dietary pattern, the
proportion of carbohydrate energy supply is as high as 85%,
whereas protein accounts for only 9% (20). Low protein intake
is also a characteristic of the dietary longevity pattern of
Guangxi, China, which is being studied by our team for many
years (21).

However, contradictory phenomena have also been
observed. Robert et al. reported that protein malnutrition in
the elderly causes sarcopenia (22). Arthur et al. found that
protein deficiency in the elderly is associated with sarcopenic
obesity and cardiovascular diseases (23). Green et al. found
that protein restriction promotes metabolic health in mice,
but the specific benefits depend on sex, strain, restriction level,
and age (24). These results raise questions about whether
the elderly should also be on an LP diet. A growing body
of evidence suggests that starting or continuing an LP diet
later in life may be flawed for some adults over 65 years
of age. Morgan et al. studied the relationship between
protein intake and mortality from related diseases through
a questionnaire in the United States (25). They suggested
that “low protein intake in middle-aged people and high
protein intake in older people may be beneficial for health
and longevity.” In the face of conflicting research results,
years of exploration by a combined team led to the following
hypothesis: the nutritional protein requirements are not
constant after the age of 50, but there is a smooth change
from the need for a lower to higher content rates. The switch
occurs around the age of 65 years, and the drastic change is
detrimental to health.

Some studies have demonstrated that supplementation with
a high-protein (HP) diet in protein-malnourished older adults
can increase muscle mass (26, 27). However, a short-term switch
from an LP to an HP diet may negatively affect older adults
with relatively poor self-regulation. Long-term epidemiological
studies have shown that HP intake is associated with an
increased risk of cardiovascular diseases, diabetes, and mortality
(28, 29). The changes in metabolic function, the risk of kidney
disease (30), and the risk of age-related diseases such as cancer,
associated with abrupt dietary shifts indicate that the dietary
patterns of older adults need to be studied more intensively and
carefully (31). It is essential to understand the reasons behind
the “harmful” and “beneficial” results of recommended LP and
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HP diets in different age groups. What are the corresponding
changes in the body metabolism? Does the rapid transition
from an LP to HP diet cause metabolic disturbances in older
adults? Research on these questions has rarely been reported.
Therefore, it is necessary to explore the physical changes
in middle-aged and elderly populations when changing from
an LP to HP diet.

Changes and trajectories in metabolic profiles can provide
direct and indirect information to explore alterations in
metabolism during dietary interventions (32). Therefore, it
is essential to use metabolomic techniques to explore the
metabolic impact of changes in protein intake. As a downstream
application of systems biology, metabolomics can accurately
capture changes in the state of the organism and identify
possible signals or biomarkers and has become an essential
tool for understanding the mechanisms of organismal health.
A growing number of studies have shown that metabolites
play crucial roles in physiological and pathological aging.
Aging and dietary interventions cause changes in metabolites,
and alterations in metabolites and metabolic pathways can
help to elucidate the mechanisms of diseases or treatments
(33). In addition, changes in multiple metabolites have been
associated with oxidative stress and inflammation. Several
biomarkers such as polyunsaturated fatty acids, glucose,
ornithine, arginine, and lactate are associated with dietary
habits, apoptosis, mitochondrial dysfunction, inflammation,
lipid metabolism, autophagy, and oxidative stress resistance
(34, 35), and thus can serve as biomarkers of aging to some
extent to reflect the aging status of individuals. Therefore,
analyzing metabolomic profiles of feces and serum can provide
comprehensive access to overall metabolic information and
a strong foundation to explore the effect of protein intake
shifts on aging.

Based on this, we aimed to explain the action pattern
of protein nutrition by mimicking the human aging process
in rats. Based on the intake of isocaloric diets, the diet
of rats was changed from LP to HP nutrition in different
groups and at different time points. By characterizing aging-
related indicators and analyzing non-targeted fecal and serum
metabolomic profiles, we verified the accuracy of the above
mentioned hypothesis, explored the physical changes in middle-
aged and elderly populations when changing from an LP to
HP diet, and provide new ideas and references for developing
healthy dietary patterns in middle-aged and elderly populations.

Materials and methods

Animals and experimental design

Fifty, 25-month-old, male SD rats (equivalent to human
age 62.5 years) were purchased from Ziyuan Lab Animal
Ltd. (Hangzhou, China) (36) (animal certification number

SCXK-2019-0004). All animal experiments were conducted in
accordance with the Animal Ethics Committee of Guangxi
University (Approval No. GXU-2022-248). The rats were
housed in a room with constant temperature (24 ± 2◦C),
maintained at a relative humidity of 60± 10%, controlled with a
12-h alternating day/night light/dark cycle, and fed ad libitum
with the same food and water during the acclimation period.
After 1 week of acclimatization, the rats were randomly divided
into five groups and received a 10-week dietary intervention
(10 rats per group): control group (basal diet), LP diet group
(LP diet with a 30% decrease in protein content compared to
the basal diet), HP diet group (HP diet with a 30% increase in
protein content compared to the basal diet), Model 1 (switched
from LP to HP feed at week 4), and Model 2 (switched from
LP to HP feed at week 7). Rat feed was purchased from Keao
Feed, Ltd. (Beijing, China). LP and HP diets were made from
the standard chow as the base, with corn starch, maltodextrin,
casein, L-cystine, sucrose, cellulose, lard, mixed vitamin V10037,
mixed mineral S10022G, and hydrocholine bitartrate as the
configuration ingredients, respectively. To ensure the same daily
calorie intake for each group of rats, the weights of the LP and
HP feeds were adjusted according to the ratio of total energy
to obtain special feeds with total energy consistent with the
standard feed. Body weight was measured weekly during the
10-week treatment by means of the ME10402 electronic balance
(METTLER TOLEDO Instruments Co., Shanghai, China). After
10 weeks, rat feces were collected. After testing the open-
field experiment, all rats were fasted for 12 h, and then
were anesthetized with isoflurane and sacrificed by cervical
dislocation, and serum and liver tissues were collected. The
experimental design, animal grouping, and composition of the
experimental diets are shown in Figure 1.

Open-field experiments

Open-field experiments were performed according to
literature (37), and the experiments can assess rats’ spontaneous
exploration, locomotor, and anxiolytic abilities in new
environments (38). The experimental setup consisted of
a 100 × 100 × 40 cm blue medical ABS plastic box and
SuperMaze animal behavior analysis software (XR-Xmaze,
Shanghai Xinruan Information Technology Co., Shanghai,
China) to monitor the behavioral trajectory of the rats.
The open-field experiment was conducted after 10 weeks of
dietary intervention and the rats were sacrificed on the day
after the open-field experiment. The rats were brought into
the experimental site 3 h in advance to adapt to the new
environment while maintaining low light illumination and
silence in the environment. Each rat was placed in the central
area of the open field. The average movement speed, number
of central area entries, and number of upright hind limbs
of rats in the open field were recorded for 5 min. The data
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FIGURE 1

Schematic diagram showing the experimental design, animal grouping, and composition of the experimental diet.

were analyzed using the SuperMaze software for statistical and
trajectory processing.

Quantification of liver tissue
malondialdehyde, serum total
antioxidant capacity, and interleukin-6

The liver was immediately frozen in liquid nitrogen and
stored at −80◦C. On the day of the assay, the liver tissue was
removed and weighed accurately for the assay. Add 4 times the
volume of saline by weight and homogenize mechanically in
an ice water bath to produce a liver tissue homogenate. MDA
in liver tissue and T-AOC in serum were measured using the
MDA assay kit (A003-1-1) and the T-AOC assay kit (A015-
1-2), respectively (Nanjing Jiancheng Bioengineering Institute,
Nanjing, Jiangsu, China), and serum inflammatory factor IL-6
was measured using a rat interleukin-6 ELISA test kit (JL20896)
(Shanghai Jianglai Biotechnology Co., Ltd., Shanghai, China).

Statistical analysis of comprehensive
health indicators and quantitative
evaluation of health indicators

To comprehensively characterize the effects of protein
nutrition on aging of experimental animals, a new
determination method termed as the comprehensive
quantitative evaluation was established based on the
multivariate statistical analysis theory. Principal component
analysis (PCA) was used to quantitatively analyze the health
status of the rats (39). This study selected five indicators:
T-AOC, MDA, IL-6, mean movement speed, and number of
upright hind limbs. To eliminate the effect of differences in the
data scale of different indicators, the raw data of each indicator
were standardized and transformed into dimensionless data.
MDA and IL-6 levels, two negative indicators of health status,
were normalized, and the control group data were used as
a reference to investigate the change in health status. The
health statuses of the rats were quantitatively expressed using
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comprehensive health evaluation indices. The overall evaluation
score (f sum) was calculated using the following equation:

fsum =
v1

M

(∑4

= 1
aiXi

)
+
v2

M

(∑4

= 1
biXi

)

+
v3

M

(∑4

= 1
ciXi

)
+
v4

M

(∑4

= 1
biXi

)
(1)

where Xi denotes the standardized values of the indicators
for each test group, ai, bi, ci, and di are the first, second,
third, and fourth principal component values for each group,
respectively, vi is the variance explained by the sample under
each principal component, and M is the cumulative variance
explained by the sample.

Fecal and serum untargeted
metabolomics analysis based on
1H-nuclear magnetic resonance

Fecal and serum sample preparation for
metabolomic analysis

Feces were collected from each group of rats at week 10
by the massage abdomen method and stored in an ultra-low
temperature refrigerator at −80◦C. Fifty milligrams of feces
were collected in a 2 ml centrifuge tube and 500 µl PBS/D2O
buffer (0.1 M, pH 7.4) containing 10% D2O (v/v) and 0.005%
sodium 3-(trimethylmethylsilyl)propionate (TSP) (w/v) was
added. The samples were vortexed and mixed for 15 s, and then
freeze-thawed three times repeatedly with liquid nitrogen. The
mixture was homogenized for 2 min in a S10 handheld high-
speed homogenizer (Ningbo Xinzhi Biotechnology Co., Ningbo,
Zhejiang, China), followed by centrifugation (12,000 g, 15 min,
4◦C). Supernatants were removed and the extraction procedure
was repeated. The supernatant obtained after extraction was
collected by centrifugation (12,000 g for 20 min at 4◦C).
The resulting supernatant (550 µl) was added to a 5 mm
nuclear magnetic resonance (NMR) tube and mixed well
for measurement.

The serum samples obtained were thawed on ice, and 200 µl
of serum was aspirated into a 2 ml sterile eppendorf tube
and 400 µl of PBS/D2O buffer (0.1 M, pH 7.4) containing
15% D2O (v/v) was added. The samples were mixed well and
centrifuged (12,000 g, 20 min, 4◦C). The supernatant (550 µl)
was slowly aspirated into a 5 mm NMR tube and mixed well
for measurement.

1H-nuclear magnetic resonance parameters for
metabolomics analysis

Prepared rat fecal and serum samples were placed on a
Bruker Avance 500 MHz NMR spectrometer (Bruker, Karlsruhe,
Germany) with a Prodigy liquid nitrogen cryogenic probe for
NMR mapping. The water peaks were suppressed by pre-
saturation with a NOESYPR1D pulse sequence (recycle delay −

90◦ − t1 − 90◦ − tm − 90◦ − acquisition) with the following
parameters: number of scans, 64; temperature, 25◦C; spectral
width, 10,000 Hz; measurement frequency, 500.13 MHz;
chirality delay, 2.0 s; sampling points, 65,536 points; sampling
time, 3.277 s; fixed echo time, 2 ms; number of cycles, 16.

Nuclear magnetic resonance data processing
and multivariate statistical analysis

After all tests, data from the fecal and serum samples
were imported into MestreNova 14.2 (Mestrelab Research
SL, Santiago de Compostela, Spain). An exponential window
function with a broadening factor of 0.3 Hz was multiplied
before performing the Fourier transform, and the phase was
manually adjusted with respect to the baseline. Fecal spectra
were calibrated using the methyl resonance at TSP (δ 0.0) as the
reference, and serum spectra were calibrated using the methyl
resonance at lactate (δ 1.33) as the reference. To eliminate the
spurious effect of water suppression, the water peak integral at δ

4.70–5.15 ppm in the fecal spectrum and the water peak integral
at δ 4.64–5.10 ppm in the serum spectrum were removed.
The region of chemical shift interval δ 0.00–9.00 ppm was
integrated into segments with δ 0.002, and the integration results
were normalized.

Multivariate statistical analysis of the data was performed
using MetaboAnalyst 5.0.1 PCA was performed to determine
the overall distribution of the samples. Orthogonal partial least
squares discriminant analysis (OPLS-DA) was performed to
identify differences between the groups, and the stability of
the model was ensured by cross-validating the parameters Q2,
R2, and variance analysis of the cross-validated residuals (CV-
ANOVA) (p < 0.05). Differential metabolites were screened
according to variable projective importance (VIP >1) and
independent sample t-tests (p < 0.05). Differential metabolites
with Spearman correlation coefficient | r| > 0.4 and p < 0.05
were considered metabolites correlated with protein intake.
The correlated differential metabolites were then subjected to
metabolic pathway analysis based on the Kyoto Encyclopedia of
Gene and Genomes (KEGG) database with an impact threshold
value >0.08 for metabolic pathways. The results with interaction
scores >0.4 were selected using Search Tool for Interactions of
Chemicals (STITCH) to construct a metabolic pathway network.

Statistical analysis

SPSS26.0 software (SPSS Inc., Chicago, IL, USA) was used
to statistically analyze the test data. The results are expressed
as mean ± SD. Differences in continuous variables, such as
body weight, were analyzed using repeated measures ANOVA
followed by Tamhane T2 test after performing sphericity test and
normality test to ensure the prerequisites for repeated measures

1 https://www.metaboanalyst.ca/
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ANOVA. The Wilcoxon nonparametric test was used to assess
differences in metabolites and biochemical indicators before
and after the intervention. Spearman’s correlation analysis was
used to examine the relationship between changes in metabolite
and protein intake.

Results

Effect of protein intake shift on
behavioral and physiological
parameters in rats

After dietary interventions, the physiological conditions of
the rats were characterized by examining the following seven
parameters: body weight, average movement speed during the
open-field experiment, number of upright hind limbs, number
of central region entries, liver MDA levels, serum T-AOC levels,
and serum inflammatory factor IL-6 levels. The body weight
results are shown in Figure 2A. The LP diet group lost 7.77% of
their body weight over a 9-week period. The HP diet and control
groups gained 4.86 and 6.67% of body weight, respectively. The
rats in both Model 1 and Model 2 groups regained weight after
switching the diet pattern. A 3.76% weight gain was observed
in Model 1, and a 3.75% weight gain was observed in Model 2
within 6 weeks after switching the diet. Significant differences
were found using repeated measures ANOVA between the LP
group and Model 2 and that between HP and control groups
(p < 0.001). The results indicated that the LP diet effectively
reduced the body weight of the aged rats.

The results of the open-field experiment are shown in
Figures 2B–D. Unlike the LP group, the HP group showed
significant increases of 47.74 and 226.39% in the mean
movement speed (Figure 2B) and the number of upright hind
limbs (Figure 2C), respectively (p < 0.05). In contrast, although
there was an increase in the Model 1 group, the difference was
insignificant. In addition, the number of upright hind limbs
and the number of passes through the center of the open
field (Figure 2D) could also indicate the anxiety levels of the
experimental animals. The higher the number of upright hind
limbs and the higher the number of passes through the open
field center, the lower were their anxiety. Although the number
of times the rats passed through the center of the open field
did not vary significantly among the groups (p > 0.05), it was
evident that the members of the LP group crossed the center of
the open field least, reflecting a higher level of anxiety. Overall,
the LP diet increased the anxiety levels of the aging rats, while
the HP diet reversed the high anxiety level of rats that were
earlier on the LP diet. This also suggests that an LP diet that does
not consider the demand pattern is detrimental to the health of
the organism.

Malondialdehyde levels in the liver tissue (Figure 2E) were
significantly decreased by 46.55% in the LP diet group compared

to that in HP diet group (p = 0.003) and by 30.18 and 18.32%
compared to those in the Model 1 and Model 2 groups,
respectively, but the differences were not significant. Serum
T-AOC levels (Figure 2F) were significantly higher by 186.78%
(p = 0.001), and serum IL-6 levels (Figure 2G) were significantly
lower by 35.77% (p = 0.003) in the LP group than in the HP diet
group. Compared with HP diet group, T-AOC levels increased
by 94.3 and 80.8%, and IL-6 levels decreased by 22.02 and
13.88% in Model 1 and Model 2, respectively, with no significant
differences.

To comprehensively characterize the effects of protein
nutrition on aging of experimental animals, the following five
indices were selected: average movement speed, number of
upright hind limbs, liver MDA levels, serum T-AOC levels, and
serum inflammatory factor IL-6 levels. The above indicators
were first scored comprehensively and quantitatively using PCA,
and four principal components were extracted according to a
cumulative variance contribution rate greater than 85%. The
contribution of each variable and the factor-loading matrix are
shown in Figure 2H, and the cumulative variance contribution
rate reached 98.73%. The standardized indicators and factor
loading matrix were substituted into Equation 1, and the violin
plot of the obtained results is shown in Figure 2I. The results
showed that Model 1 had the highest combined quantitative
score, followed by the HP and LP groups, while Model 2 had
the lowest combined quantitative score. Compared with total LP
and HP diets, the switch from an LP to an HP diet produced two
extreme divisions. Model 1 with the highest score, indicates that
the switch from LP to HP nutrition can help healthy aging in test
rats after a certain period of adaptation. Model 2 with the lowest
score, indicates that a sudden switch from LP to HP nutrition
can negatively impact on the health of the body in a short period
(3 weeks).

Nuclear magnetic resonance
metabolic profile of rat feces and
serum

The fecal and serum metabolites of rats were identified based
on the chemical shifts and signal diversity of each metabolite,
combined with coupling information from the public database
BMRB2 and 2D NMR profiles from authentic literature (32,
40–42). Forty-three metabolites were detected in rat feces
(Figure 3A), and forty were detected in rat serum (Figure 3B).
The assignments of major metabolites from fecal and serum
samples of rats are shown in Supplementary Tables 1, 2.
These metabolites include amino acids (e.g., tyrosine and
valine), carbohydrates (e.g., glucose and xylose), intermediates
of the TCA cycle (e.g., citrate, fumarate, and succinate),

2 http://www.bmrb.wisc.edu
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FIGURE 2

Basic physiological parameters of rats and the comprehensive assessment of aging status. (A) Body weight, (B) mean movement speed of rats in
the open field experiment, (C) number of upright hind limbs of rats in the open field experiment, (D) number of central region entries of rats in
the open field experiment, (E) liver MDA level, (F) serum T-AOC level, and (G) serum inflammatory factor IL-6 level. All values above are
expressed as mean ± SD (n = 10), *p < 0.05, **p < 0.01, ***p < 0.001. (H) Factor loading matrix of the principal components of the health index.
(I) Violin plot of Fsum scores of rats in each group.

energy metabolites (e.g., pyruvate and lactate), short-chain fatty
acids (SCFA) (e.g., acetate and butyrate), ketone bodies (e.g.,
acetone and 3-hydroxybutyrate), intestinal flora metabolites
(e.g., dimethylamine and trimethylamine), glycoproteins (e.g.,
N-acetylglucosamine), and other substances.

Differential metabolites in rat fecal and
serum samples

Fecal and serum 1H-NMR data were analyzed to determine
the variability of the metabolites between the groups. The
unsupervised PCA scores of feces and serum are shown in
Supplementary Figures 1A, 2A, respectively. The p-value of
the PERMANOVA test for fecal and serum PCA was less
than 0.001, which implied that the intervention of different

protein nutritional modalities had a significant effect on the
metabolic status of the rats. However, there were groups with
non-significant differences in the Adonis paired test for PCA,
suggesting that PCA did not completely distinguish between all
groups of rats. To achieve maximum separation of fecal and
serum metabolites in each group of rats, further analysis was
performed using the OPLS-DA model. The OPLS-DA score
plots and VIP score rankings for feces and serum are shown
in Supplementary Figures 1B–E, 2B–E, respectively. The Q2Y
of all groups were close to one [R2 > 0.4, p(CV) < 0.05]. The
results of the model parameters indicated that the model fit was
highly reliable and could effectively separate the fecal and serum
metabolites of each group of rats.

Twenty and 13 differential metabolites were screened
in feces and serum, respectively, compared to controls
based on a combination of VIP values (VIP >1) and
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FIGURE 3

Representative 1H-NMR metabolic profiles of rat feces and serum. (A) Representative 1H-NMR metabolic profiles of rat feces. 1, lipid; 2, butyrate;
3, isoleucine; 4, leucine; 5, valine; 6, propionate; 7, ethanol; 8, lactate; 9, alanine; 10, citrulline; 11, arginine; 12, acetate; 13, proline; 14,
N-acetylglucosamine; 15, glutamate; 16, methionine; 17, glutamine; 18, pyruvate; 19, succinate; 20 PUFA; 21, aspartate; 22, dimethylamine; 23,
trimethylamine; 24, asparagine; 25, histidine; 26, choline; 27, β-xylose; 28, taurine; 29, betaine; 30, phenylalanine; 31, methanol; 32, α-glucose;
33, β-glucose; 34, inositol; 35, glycine; 36, threonine; 37, glycolate; 38, α-xylose; 39, uracil; 40, fumarate; 41, 3-hydroxyphenyl propionic acid;
42, tyrosine; 43, hypoxanthine. (B) Representative 1H-NMR metabolic profiles of rat serum. 1, lipid; 2, isoleucine; 3, leucine; 4, valine; 5,
isobutyrate; 6, 3-hydroxybutyrate; 7, lactate; 8, alanine; 9, lysine; 10, acetate; 11, N-acetylglucosamine; 12, glutamate; 13, glutamine; 14, O-acetyl
glycoprotein; 15, acetone; 16, acetoacetate; 17, pyruvate; 18, succinate 19, carnitine; 20, citrate; 21, dimethylamine; 22, trimethylamine; 23,
creatine; 24, choline; 25, phosphorylcholine; 26, β-glucose; 27, trimethylamine oxide; 28, betaine; 29, scyllo-inositol; 30, α-glucose; 31, glycine;
32, threonine; 33, propanetriol; 34, inositol; 35, arginine; 36, 1-methylhistidine; 37, histidine; 38, tyrosine; 39, phenylalanine; 40, formate.

the Wilcoxon nonparametric test results (p < 0.05). The
differential metabolites identified in the feces and serum
and their correlation coefficients are shown in Tables 1, 2,
respectively. Among fecal metabolites, the levels of amino acids
(arginine, histidine, glycine, leucine, tyrosine, glutamate, and
threonine), hypoxanthine, and lipids were reduced while lactate,
N-acetylglucosamine, and pyruvate levels were elevated in the
LP diet group. In contrast, arginine, valine, and acetate levels
were increased and the levels of succinate, polyunsaturated fatty
acids, uracil, lipids, α-xylose, and N-acetylglucosamine were
decreased in the HP diet group. Among the serum metabolites,

the levels of alanine, lactate, and pyruvate increased and that
of 3-hydroxybutyrate decreased in the LP diet group. Acetate,
phenylalanine, tyrosine, and glutamate levels were increased and
N-acetylglucosamine levels were decreased in the HP diet group.

To illustrate the changes in serum and fecal metabolites
and the differences in metabolite levels between the groups of
rats, we produced metabolite hierarchical clustering heat maps
for feces and serum, as shown in Figures 4A,B, respectively.
The graphs show that the variation of metabolites in response
to diet was greater in feces than in serum. More differential
metabolites were identified in feces, and the magnitude of
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TABLE 1 Correlation coefficients of fecal differential metabolites between different paired comparison groups.

Metabolites FC

Model 1 vs. control Model 2 vs. control LP vs. control HP vs. control

α-Xylose −0.63536 −1.2312

Acetate +0.31746

Arginine −0.85319

Asparagine −0.60505

Glutamate −0.62497 −0.81163

Glycine −0.59124 −0.57278 −0.75023

Histidine −0.52255 −0.9696 −1.5287

Hypoxanthine −0.4194 −0.55583

Lactate +1.2126 +1.2757 +0.96242

Leucine −0.91305 −1.324 −2.3603

Lipid −0.75249 −0.71621 −0.83976 −0.65864

N-acetylglucosamine +0.71973 −0.75979

PUFA −1.3631 −1.5501

Pyruvate +1.0634

Succinate −1.4668 −1.8356

Threonine −1.3134 −0.9945

Trimethylamine −0.35337

Tyrosine −1.302

Uracil −0.83561 −0.75283 −1.1564

Valine +0.66537

FC (fold change) indicates the fold change of metabolites between two groups as the logarithmic value of the mean ratio between two groups with a base of 2; + and− indicate the increase
or decrease of metabolite concentration in the previous group, respectively.

TABLE 2 Correlation coefficients of serum differential metabolites between different paired comparison groups.

Metabolites FC

Model 1 vs. control Model 2 vs. control LP vs. control HP vs. control

3-Hydroxybutyrate −0.32961 −0.52644 −0.27046

Acetate +0.3388 +0.6747

Alanine +0.29435 +0.2173 +0.51014

Choline +0.44545

Glutamate +0.69206

Glycine −0.33434 −0.48691

Isobutyrate +0.75203 +1.2462

Lactate +0.60182 +0.83173 +0.90002 +0.4537

Lysine +0.53865

N-acetylglucosamine −0.58918

Phenylalanine +1.3653 +0.97413

Pyruvate +0.90236

Tyrosine +0.65458

FC (fold change) indicates the fold change of metabolites between two groups as the logarithmic value of the mean ratio between two groups with a base of 2; + and− indicate the increase
or decrease of metabolite concentration in the previous group, respectively.

the metabolite changes was greater. The HP diet significantly
increased the levels of amino acids and their derivatives and
decreased the levels of carbohydrate metabolic intermediates
in both feces and serum. The LP diet was found to have an

effect opposite to that of the HP diet: the levels of amino
acids and their derivatives were reduced, and the levels of
carbohydrate metabolic intermediates were increased. Although
the only difference between Model 1 and the high-protein group
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was the 3-week LP diet intervention, the metabolite clustering
heat map showed a significant difference between the metabolite
concentrations of the two groups.

Correlation analysis between
differential metabolites and protein
intake

The differences in protein intake among the different
groups of rats during the dietary intervention led to significant
differences in the fecal and serum metabolites between these
groups. Therefore, it was necessary to further investigate the
correlation between protein intake and differential metabolites
in rats using Spearman’s correlation analysis. The selection
criteria to identify correlated differential metabolites was set as
| r| > 0.4 and p < 0.05. The normalized peak area box plots
of all correlated differential metabolites are shown in Figure 5.
The results showed that some essential amino acids (leucine
and valine), conditionally essential amino acids (arginine
and histidine), and some essential amino acids involved in
physiological metabolic regulation (glutamate, tyrosine, alanine,
and glycine) in feces were positively correlated with protein
intake. In addition, asparagine and hypoxanthine levels were
positively correlated with protein intake. In contrast, pyruvate,
succinate, and N-acetylglucosamine levels were negatively
correlated with protein intake. Serum tyrosine and acetate levels
were positively correlated with protein intake, whereas lactate
levels were negatively correlated with protein intake.

Metabolic pathway analysis

To clarify the effects of differential protein intake on
biochemical pathways, we further mapped the newly identified
differentially correlated metabolites to metabolic pathways
using MetPA (Metabolomics Pathway Analysis). The results
are shown in Figure 6A. Changes in protein intake mainly
affected amino acid synthesis and metabolism, such as
arginine biosynthesis; phenylalanine, tyrosine, and tryptophan
biosynthesis; histidine metabolism; alanine, aspartate, and
glutamate metabolism; arginine and proline metabolism;
glycine, serine, and threonine metabolism; and glutathione
metabolism. In addition, metabolic pathways related to
carbohydrate metabolism, such as glycolysis/gluconeogenesis,
glyoxylate, and dicarboxylate metabolism, pyruvate metabolism,
and the TCA cycle, were also identified.

To explore the interaction between the correlated
differential metabolites in these metabolic pathways, we
constructed a metabolic network of correlated differential
metabolites using STITCH. The results are shown in Figure 6B.
The results indicate that all correlated differential metabolites
interact with each other, directly or indirectly. The remaining

differential metabolites were closely related, with the exception
of hypoxanthine and N-acetylglucosamine. Strong interactions
were observed between the amino acids alanine, glycine,
arginine, histidine, glutamate, leucine, and asparagine and
the metabolites lactate, pyruvate, succinate, and acetate
(all interaction scores >0.9). This reflects the strong role
of amino acid metabolism in the formation of essential or
non-essential amino acids in organisms through amino-acid
conversion and the interaction between amino acid and
carbohydrate metabolisms. To better understand this situation,
we generalized the metabolic pathways disturbed by protein
intake. The results are shown in Figure 6C.

Discussion

Currently, there are different views on protein nutrition
requirements in middle-aged and elderly people (43–45). To
understand and reveal the underlying mechanisms, this study
explored this issue using rat models to mimic the human
aging process. The effects of different protein nutritional
intakes on health status were examined comprehensively by
characterizing aging-related indicators in rat models combined
with non-targeted fecal and serum metabolomic changes.
A comprehensive quantitative evaluation of behavioral factors,
antioxidant capacity, and inflammatory factors in rats showed
that a dietary pattern shift from low to high protein had better
anti-aging effects after a certain period of adaptation compared
to long-term LP or HP diets. The results of the metabolomic
analysis also revealed the mechanisms underlying these effects.

Comprehensive quantitative
assessment of aging status

This study found that an LP diet reduces body weight,
oxidative stress, and inflammation. The HP diet compensated
for the weight loss that occurred with the LP diet and maintained
the exercise capacity of the rats. In a study by Mitchell et al.,
protein restriction was found to improve levels of oxidative
stress and inflammation in mice (46). In the study by Mitsuishi
et al., weight and exercise capacity were increased in older
adults by a HP dietary intervention (47). These results are
consistent with the findings in our study. A new quantitative
method was established to characterize the health status of
rats as scientific and comprehensive as possible. Through
PCA, multiple analytical terms were converted into several
key generalized indicators. A composite score was obtained
using the component scores and variance interpretation rates
to comprehensively assess aging status. Model 1 had a higher
composite score than the long-term LP and HP diet groups,
and Model 2 had the lowest composite score probably because
of a 3-week difference in the duration of the HP diet. Walrand
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FIGURE 4

Hierarchical clustering heatmap of metabolite concentrations. (A) Hierarchical clustering heatmap of metabolite concentrations in rat feces.
(B) Hierarchical clustering heatmap of metabolite concentrations in rat serum.

et al. found that a brief HP diet for 10 days increased
systemic amino acid uptake, but not muscle protein synthesis
in older adults (48). Thus, the Model 2 group may have failed
to enhance their exercise capacity sufficiently owing to the
short duration of the HP intervention, while oxidative stress
and inflammation levels were elevated. In a study by Hahn
et al., mortality and inflammation levels were reduced in mice
subjected to pre-restricted diet followed by free diet compared
to those administered free diet for longer periods (49). Protein
restriction, a significant cause of anti-aging effect in restricted
diets, produced similar results. The members of the Model 1
group, with low protein during the initial period and high
protein in the subsequent period, were able to maintain lower
levels of oxidative stress and inflammation with enhanced
exercise capacity, which would better meet the physiological
requirements of the organism for dynamic changes in protein
during the natural aging process. As shown in Figure 1, Model
1 and Model 2 showed significant differences in health status

when their diets were switched from low to high protein at
64.8 and 66.5 years of age, respectively. During a physical
examination at 68.3 years of age, Model 1 scored high and
Model 2 scored low. This shows that the health status of an
organism at this age is susceptible to changes in protein content
in food. These results provide more than sufficient support for
the validity of the hypotheses in this study. After approximately
50 years of age, there is a smooth change in protein requirement
from lower to higher rates that can be beneficial to health. The
critical point is estimated to be around 65 years, and a smooth
transition is required as drastic changes may be detrimental to
health.

It is particularly important to note that this study found that
in the period equivalent to the human age of 62.5–68.3 years, the
most beneficial way of protein nutrition for a long and healthy
life is a gradual change in demand from low to high (Model 1),
and simple low and high protein nutrition are not as effective
as this. In the reality of several countries, people in that period
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FIGURE 5

Correlation difference metabolite normalized peak area box plots for Model 1, Model 2, chronic low protein, and chronic high protein diet
model groups. (A) Alanine, (B) arginine, (C) asparagine, (D) glutamate, (E) glycine, (F) histidine, (G) hypoxanthine, (H) leucine,
(I) N-acetylglucosamine, (J) pyruvate, (K) succinate, (L) tyrosine, (M) valine, (N) acetate, and (O) lactate. Data are expressed as mean ± SD.
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FIGURE 6

(A) Summary plot of pathway analysis of correlated differential metabolites using MetPA. (B) Chord diagram showing the relationship between
correlated differential metabolites. (C) Summary diagram of metabolic pathways associated with protein intake.

have just retired, are financially well-off, still in good health,
and have a simple concept of health care, among other reasons,
contributing to the excessive protein intake of many people. This
will harm many issues such as their pre-retirement performance,
healthy longevity, and health care expenses. Therefore, it is
considered necessary to further explore protein nutrition in
people around the age of menopause to 70 years based on this
finding. This is not only a scientific issue, but should also be a
far-reaching social issue that needs to be addressed urgently.

Non-targeted fecal and serum
metabolomics and metabolites

Next, non-targeted fecal and serum metabolomics were
performed in this study to reveal the nutritional effects and
mechanisms of action of proteins. Non-targeted fecal and serum
metabolomic analyses identified 15 differential metabolites
relevant to protein intake. The changes in fecal and serum
metabolomic profiles were mainly enriched in amino acid and
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carbohydrate metabolism. The intervention with an LP diet in
the early years can improve the metabolic profile if followed up
with an HP diet in the later years and thus positively impact
health according to the appropriately chosen period. A middle-
aged LP followed by an elderly HP diet can enhance amino
acid metabolism while maintaining carbohydrate metabolism,
thus preventing mitochondrial dysfunction and frailty. This
metabolomic analysis provides a theoretical basis for the shift
from a low-protein to a high-protein nutritional approach in
middle-aged and older adults from a metabolic perspective.

Amino acid metabolism
As protein intake increased, fecal levels of leucine, valine,

arginine, histidine, glutamate, tyrosine, and glycine increased,
positively correlating with protein intake. Contents of stool
samples are directly related to dietary patterns and health
status, and changes in fecal metabolites can reflect potential
mechanisms in the colon-systemic axis of food metabolism
(50). Studies have shown that increased levels of amino
acids in fecal metabolism increase the risk of developing
diseases such as obesity and diabetes during the aging
process in middle-aged adults. Levels of branched-chain
amino acids, such as leucine and valine, are associated with
metabolic syndromes, such as obesity and diabetes mellitus
(51). Significant increases in glutamate, leucine, and valine
levels have been found in stools of patients (52). Studies
in diabetic mice have also found a significant upregulation
of amino acids among fecal metabolites (phenylalanine, a
precursor of tyrosine metabolism, and aspartate, a precursor
of glutamate metabolism) (53). Therefore, increased levels
of branched-chain amino acids, glutamate, and tyrosine in
feces can harm the health of elderly individuals. Correlation
analysis found that the levels of the relevant amino acids
decreased in both Model 1 and Model 2 groups after different
LP intervention durations in the first period. This implies
that, by intervening with an LP diet upfront, the excessive
elevation of amino acid levels in the gut can be limited at
a later stage, thus reducing the negative effects of an HP
diet on the health of the elderly population in terms of
metabolic diseases.

In addition, we found an increase in tyrosine, glutamate, and
phenylalanine levels in the serum following HP intervention.
Serum metabolites indicate nutrient bioavailability and
reflect individual metabolic changes (54). Glutamate is
central to the processing of the daily protein load, and
arginine, ornithine, proline, histidine, and glutamine require
conversion to glutamate to enter the metabolic cycle with
significant metabolic versatility (55). Glutamate can increase
the synthesis of glutamine, which serves as an important
component of muscle proteins and contributes to muscle
repair and strengthening (56). Studies in adults, pigs, and
preterm infants have found that glutamate is metabolized
primarily in the gastrointestinal tract and that serum glutamate

concentrations return to normal within 2 h, even when
high doses of monosodium glutamate are ingested (57).
However, during HP dietary intervention in elderly men,
the plasma metabolic profile showed significant increase
in glutamate levels (58). This may imply that as the body
ages, the ability to catabolize glutamate decreases, affecting
multiple metabolic pathways, such as gluconeogenesis,
carbohydrate metabolism, and glutathione metabolism.
Additionally, frailty in the elderly population includes not
only a decrease in motor capacity but also a decrease in
cognitive ability (59). Tyrosine and phenylalanine play multiple
biological roles. Increased protein intake has been shown to
increase tyrosine and phenylalanine concentrations in the
brain, stimulating the production of catecholamines, which
function in active excitatory neurons (60). This process is
influenced by the availability of amino acids in the blood.
The correlation analysis results from our study showed that
tyrosine serum metabolites were positively correlated with
protein intake. Serum tyrosine levels in the Model 1 and Model
2 groups increased after later HP intervention, suggesting
that the elevated protein intake in the later period enhanced
serum amino acid metabolism, which may play a positive
role in maintaining young muscle synthesis and cognitive
ability in the elderly.

Carbohydrate metabolism
Pyruvate, succinate, and lactate are important components

of the carbohydrate metabolism. Among fecal metabolites,
pyruvate and succinate levels were negatively correlated with
protein intake, and among serum metabolites, lactate level was
negatively correlated with protein intake. A significant increase
in pyruvate level was found in the fecal and serum metabolites
of the LP group. Because an isocaloric dietary intervention was
used, the increase in pyruvate, succinate, and lactate levels in
the LP group was more likely due to the increased proportion
of carbohydrates in the diet. Accelerated TCA cycling following
high-carbohydrate intake has been associated with various
diseases in the elderly, such as cancer and atherosclerosis
(61). However, other reports have demonstrated that reduced
pyruvate metabolism and TCA cycle capacity during aging
lead to mitochondrial dysfunction (62). It also interferes with
ATP production, impairs cellular function, and leads to tissue
dysfunction (63). In addition, some inflammatory responses of
microglia are associated with dysregulated glucose metabolism
(64). Correlation analysis revealed that both Model 1 and
Model 2 groups showed a significant increase in pyruvate,
succinate, and lactate levels after HP diet following a pre-
LP intervention compared to HP group levels. Therefore,
it can be hypothesized that a pre-LP dietary intervention
can contribute to healthy aging in the elderly population
by improving the dysregulation of glucose metabolism and
maintaining an optimal level of glucose metabolism after HP
dietary intervention.
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Intestinal fatty acid metabolism and other
metabolic pathways

A significant increase in acetate level was observed in feces
of rats following an HP diet, and a significant increase in lactate
level was observed in those following an LP diet. It is possible
that changes in the proportion of proteins in the diet altered
the composition and abundance of intestinal flora. Acetate and
lactate in feces are mainly produced by the fermentation of
undigested carbohydrates by intestinal microorganisms (65).
Acetate accounts for the highest percentage of SCFA produced
by the intestinal flora and can regulate intestinal pH and
maintain intestinal stability (66). Human and animal models
following HP diets have demonstrated an elevation in SCFA (67,
68). HP diets cause an increase in the proportion of proteins that
remain incompletely digested after passing through the small
intestine, allowing microorganisms to produce more SCFA and
other protein fermentation products, mainly using peptides as
a carbon source (69). These SCFA and protein fermentation
products can regulate protein homeostasis in muscle cells and
promote muscle anabolism (70), implying that protein intake
can counteract muscle loss in the elderly through the intestinal
flora. In the current study, lactate levels in fecal metabolites were
significantly increased not only in the LP diet group but also
in Model 1 and Model 2 groups. Lactate in the gut is a pro-
and anti-inflammatory regulator that reduces inflammation by
decreasing damage to cells in the intestinal wall and inhibiting
the release of pro-inflammatory cytokines, such as IL-6 (71).
This may be an underlying mechanism by which an LP diet
upfront and an HP diet later can positively affect intestinal
health and reduce inflammation in the elderly population by
maintaining intestinal wall integrity.

We also observed a positive correlation between
hypoxanthine levels in feces and protein intake. Due to
increased protein intake, the amino acids involved in de novo
synthesis increased. Gut microbes have an enhanced ability to
synthesize purines de novo, thus producing more hypoxanthine
(72). The lack of significant increase in hypoxanthine levels in
the serum metabolites following an HP diet may be due to the
conversion of hypoxanthine to uric acid, prompted by the high
activity of xanthine oxidoreductase in rats (73). Many studies
have shown that an HP diet leads to an increase in uric acid
levels and increases the risk of gout and hyperuricemia in the
elderly population (58, 74), which is caused by the abnormal
metabolism of uric acid due to decreased renal function in the
elderly population (75). This implies that elderly people with
renal insufficiency, diabetes, and gout attacks must be more
cautious when adopting an HP diet. Compared to the fecal
hypoxanthine levels in the HP group, they were reduced in
both the Model 1 and Model 2 groups, and the initial LP diet
had inhibited excessive uric acid production. This suggests that
introducing an LP diet in the first phase and an HP diet in the
second phase have a wider range of applicability and should be a
more scientific and rational way to promote a long and healthy

life than introducing a long-term HP diet to prevent muscle
loss in old age.

This study has some limitations: (1) A non-targeted 1H-
NMR method for metabolomic analysis was used. To gain a
more comprehensive understanding of the overall metabolic
process of initial LP diet followed by an HP diet, new methods
such as proteomics and lipid metabolomics can be applied in
future to investigate the mechanism of anti-aging and effects
of such a diet. (2) The indices covered by the comprehensive
quantitative evaluation in this study may not fully represent
the health status of the organism. In future studies, it will
be necessary to include more indices for testing. If the
parameters of histological analysis are unified into the system
of comprehensive quantitative scoring, more representative data
information can be obtained. (3) Only male rats were selected
for study in our experiments. Sex differences in aging occur in
many animal species, including sex differences in lifespan, onset
and progression of age-related decline, and physiological and
molecular markers of aging (76). And both the immune system
and the aging process in adult mammals are sexually dimorphic,
suggesting that aging studies should be stratified according to
sex (77, 78). Therefore, to make this model of protein diet
based on age-differentiated nutritional strategies applicable to
a broader population, it is necessary to include the sex system
in future studies. (4) This study was conducted in rats. In
subsequent experiments, it is necessary to recruit middle-aged
and elderly volunteers for dietary intervention experiments
with increased group sizes, decreased intensity of protein level
changes, and extended intervention duration. Thus, we can
further investigate the effect of protein diets on different ages,
nutrition strategies, and the health status of middle-aged and
elderly people to provide scientific and technological support for
human health and longevity.

Conclusion

Comprehensive quantitative scoring of the overall health
of the rats and 1H-NMR-based metabolomic analysis showed
that the amount of protein intake, the timing of intake, and
the duration of dietary intervention are key factors affecting
fitness. Protein supplementation in food should closely match
the increased physiological demand for protein that occurs with
natural aging of the organism, and a sudden increase in protein
intake is detrimental to the health of the organism. Mechanistic
studies have found that LP dietary interventions in the middle-
age can compensate to some extent for the damage caused
by an HP diet in old age, in terms of oxidative damage and
inflammation. The later HP diet then helps compensate for
the lack of muscle synthesis capacity of the earlier LP diet,
thus reducing the risk of protein malnutrition in the elderly
population. Fecal and serum metabolomic analyses identified
43 and 40 metabolites, respectively, among which 20 and 13
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were identified as differential metabolites, respectively. Eight
amino acids and two other substances in feces were significantly
positively associated with protein intake, and three substances,
including pyruvate, were significantly negatively associated.
Serum tyrosine and lactate levels were positively correlated with
protein intake, whereas acetate levels were negatively correlated.
Metabolic pathway analysis revealed that the LP diet activated
carbohydrate metabolism and accelerated the TCA cycle. The
HP diet increased energy metabolism more than amino acid
metabolism, thus preventing muscle loss in older age groups due
to reduced protein synthesis capacity. In summary, the results
of combined quantitative scoring and metabolomics analysis
supports the hypothesis from different perspectives. After about
50 years of age, there is a change in the nutritional requirements
of protein for health from a lower to a higher rate. This study
brings together different opinions on protein nutrition strategies
and provides an important reference to construct a scientific and
rational approach to protein nutrition. This will be significant in
helping middle-aged and elderly populations to improve their
physical fitness and achieve healthy aging.
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Background and aims: The disease burden attributable to metabolic risk

factors is rapidly increasing in China, especially in older people. The objective of

this study was to (i) estimate the pattern and trend of six metabolic risk factors

and attributable causes in China from 1990 to 2019, (ii) ascertain its association

with societal development, and (iii) compare the disease burden among the

Group of 20 (G20) countries.

Methods: The main outcome measures were disability-adjusted life-years

(DALYs) and mortality (deaths) attributable to high fasting plasma glucose

(HFPG), high systolic blood pressure (HSBP), high low-density lipoprotein

(HLDL) cholesterol, high body-mass index (HBMI), kidney dysfunction (KDF),

and low bone mineral density (LBMD). The average annual percent change

(AAPC) between 1990 and 2019 was analyzed using Joinpoint regression.
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Results: For all six metabolic risk factors, the rate of DALYs and death increased

with age, accelerating for individuals older than 60 and 70 for DALYs and

death, respectively. The AAPC value in rate of DALYs and death were higher

in male patients than in female patients across 20 age groups. A double-peak

pattern was observed for AAPC in the rate of DALYs and death, peaking

at age 20–49 and at age 70–95 plus. The age-standardized rate of DALYs

increased for HBMI and LBMD, decreased for HFPG, HSBP, KDF, and remained

stable for HLDL from 1990 to 2019. In terms of age-standardized rate of

DALYs, there was an increasing trend of neoplasms and neurological disorders

attributable to HFPG; diabetes and kidney diseases, neurological disorders,

sense organ diseases, musculoskeletal disorders, neoplasms, cardiovascular

diseases, digestive diseases to HBMI; unintentional injuries to LBMD; and

musculoskeletal disorders to KDF. Among 19 countries of Group 20, in 2019,

the age-standardized rate of DALYs and death were ranked fourth to sixth for

HFPG, HSBP, and HLDL, but ranked 10th to 15th for LBMD, KDF, and HBMI,

despite the number of DALYs and death ranked first to second for six metabolic

risk factors.

Conclusions: Population aging continuously accelerates the metabolic risk

factor driven disease burden in China. Comprehensive and tight control of

metabolic risk factors before 20 and 70 may help to mitigate the increasing

disease burden and achieve healthy aging, respectively.

KEYWORDS

disease burden, metabolic risk factors, temporal trend, aging, China

Introduction

Increasing life expectancy has led to a global burden of late-

life disease and research has recently been focused on ways of

avoiding this trend in the general population (1). In China the

period from 1950 to 2019 has seen the total fertility rate decrease

from 5.91 to 1.43, yet life expectancy has increased from 49.6

to 74.7 years for men and from 52.6 to 80.8 years for women

(2). The summary exposure values of metabolic risk factors

increased from 14.90 to 22.14 in China from 1990 to 2019 with

an annualized rate of change of 1.37% (3).

Understanding the contributions of metabolic risk factors to

disease over time is vital to enabling healthy extended lifespans

(4). According to a Global Burden of Disease (GBD) study

from 2019, metabolic risk factors include high fasting plasma

glucose (HFPG), high systolic blood pressure (HSBP), high low-

density lipoprotein (HLDL) cholesterol, high body-mass index

(HBMI), kidney dysfunction (KDF), and low bone mineral

density (LBMD) (3). Metabolic risk factors have become the

leading cause of ischemic heart disease in developing countries

(5). The associations between type 2 diabetes with different

cardiovascular diseases, including peripheral arterial disease,

ischemic stroke, stable angina, heart failure, and non-fatal

myocardial infarction have been established (6). Around 31.7%

and 23.3% of patients with hypertension had blood pressure

below 140/90mm Hg and below 130/80mm Hg, contributing

to heart attack, stroke, and chronic kidney disease (7). HBMI

accounted for 4.0 million deaths globally, more than two-thirds

of which were due to cardiovascular disease, and nearly 40%

of these occurred in people who were not obese (8). LBMD-

associated increase in fracture risk affects virtually all skeletal

sites, especially among older women and patients treated with

glucocorticoid (9, 10). Occurring in a continuum with acute and

chronic kidney disease, people with KDF are 5–10 times more

likely to die prematurely, largely due to cardiovascular disease

and cancer (11, 12). The principal target of lipid-modification

therapies is to lower LDL cholesterol to prevent cardiovascular

death, although recent research focuses on triglyceride-rich

lipoproteins in addition to LDL as the causal risk factor for

atherosclerosis (13).

Over the past three decades, the role of metabolic aging in

extending a healthy lifespan has been increasingly acknowledged

with population aging (14). Available evidence supports the

idea that decreased nutrient signaling extends longevity and

anabolic signaling accelerates aging (15). Previous study has

investigated the mortality, morbidity, and risk factors in China

(16). Therefore, our study further analyzed the disease burden

of metabolic risk factors in the era of population aging. The

Group of 20 (G20) may provide significant research insights

that are highly relevant to the Chinese context, as the mean
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population age in China was lower than most countries in

G20 (2).

The objectives of this study were to (1) investigate the

pattern of disease burden driven by six metabolic risk factors

disaggregated by age and sex, (2) characterize the temporal trend

of the six metabolic risk factors, (3) ascertain the temporal

trend of metabolic risk attributable cause, (4) determine the

association between societal development and metabolic risk

factors, and (5) compare metabolic risk factors in China with

those of G20 countries.

Methods

Data sources and data extraction

Global Burden of Disease study (GBD) 2019 was established

to quantify the health loss caused by diseases, injuries,

and risk factors, including 369 diseases, injuries, and 87

risk factors [including six metabolic risk factors–HFPG,

HSBP, HLDL, HBMI, KDF, and LBMD (Case definition in

Supplementary material)] (3, 17). This study was produced as

part of the GBD Collaborator Network and in accordance

with the GBD Protocol (IHME ID. 1775-GBD2019-012021).

The study collected original data from the Global Health Data

Exchange (GHDx), including age-sex-year disability adjusted life

years (DALYs), years lived with disability (YLDs), years of life

lost (YLLs), and death of six metabolic risk factors in terms

of absolute number, age-standardized rate, and crude rate per

100,000 population.

Inclusion and exclusion criteria

According to the comparative risk assessment conceptual

framework, the GBD 2019 study established a causal web

of hierarchically organized risks or causes that contributed

to health outcomes. A set of behavioral, environmental,

occupational, and metabolic risk factors-outcome pairs were

constructed based on evidence rules. The study included 23, 66,

and 61 metabolic risk factor-level 2, 3, and 4 outcome pairs, and

108 risk-most detailed outcome pairs (The GBD metabolic risk

factor attributable cause hierarchy in Supplementary material)

(3). The study excluded GBD behavioral, environmental, and

occupational risk factors attributable to cause hierarchy.

Population attributable fraction and
socio-demographic index

The population attributable fractions (PAFs) were

used to quantify the contribution of risk factors to the

burden of disease (Estimation of six metabolic risk factors

in Supplementary material) (18). The sociodemographic

index (SDI) is a composite indicator of socio-demographic

development status, which is strongly correlated with health

outcomes. It is the geometric mean of 0 to 1 indices of total

fertility rate in those under 25 years old, mean education for

those aged 15 years or older, and lag-distributed income per

capita. The national SDIs for China between 1990 and 2019

ranged from 0.433 to 0.686 (17).

Statistical analysis

The number and rate of DALYs, YLDs, YLLs, and deaths

with 95% uncertainty intervals (UIs) of the six metabolic risk

factors were reported according to age and sex from 1990

to 2019. Age-standardized rates of DALYs and death were

plotted against SDI between 1990 and 2019 with a simple

correlation. Temporal trend changes were determined using

a Joinpoint regression model. Average annual percent change

(AAPC) was calculated for the entire period analyzed, and

annual percent change (APC) was calculated for each segmented

line regression. The temporal trends were defined according

to the statistical significance of the AAPC compared to zero.

Any AAPC or APC with a 95% CI overlapping with zero

was considered stable. All statistical analyses were performed

using Joinpoint Regression Program (version 4.8.0.1, Statistical

Methodology and Applications Branch, Surveillance Research

Program, National Cancer Institute), with P-values <0.05

considered statistically significant.

Results

Trend of disease burden driven by six
metabolic risk factors according to age
and year

We first addressed how metabolic risk factor driven disease

burden changed with increasing age. Overall, people aged 65–

69 and 80–84 years had the highest number of DALYs and

deaths, respectively (Figures 1A, B). The rate of DALYs and

death increased with age, especially for people older than 60 and

70 for DALYs and deaths, respectively (Figures 1C, D). Notably,

the disease burden attributable to KDF and LBMD increased

rapidly with age (Supplementary Figures 1E, F, 2E, F). The

disease burden was higher in male patients than female patients

across different age groups for each (Supplementary Figures 1A–

F, 2A–F) and all of the metabolic risk factors (Figures 1E–H).

Besides, a double-peak pattern was observed for AAPC in the

rate of DALYs, deaths, and YLLs, peaking at age 20 to 49 and at

age 70 to 95 plus (Figures 1E, G, H); while a trumpet pattern was

found for AAPC in the rate of YLDs (Figure 1F). A double-peak
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FIGURE 1

Cross-sectional and longitudinal trend of the disease burden attributable to six metabolic risk factors throughout the human lifespan. Number of

DALYs attributable to six metabolic risk factors across 20 age groups in 2019 (A), number of deaths attributable to six metabolic risk factors

across 20 age groups in 2019 (B), rate of DALYs attributable to six metabolic risk factors across 20 age groups in 2019 (C), rate of deaths

attributable to six metabolic risk factors across 20 age groups in 2019 (D), AAPC in the rate of DALYs attributable to metabolic risk factors across

(Continued)
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FIGURE 1 (Continued)

20 age groups, 1990–2019 (E), AAPC in the rate of YLDs attributable to metabolic risk factors across 20 age groups, 1990–2019 (F), AAPC in the

rate of deaths attributable to metabolic risk factors across 20 age groups, 1990–2019 (G), AAPC in the rate of YLLs attributable to metabolic risk

factors across 20 age groups, 1990–2019 (H). AAPC, average annual percent change; DALYs, disability-adjusted life years; YLDs, years lived with

a disability; YLLs, years of life lost.

pattern was also observed for AAPC in the rate of HFPG, HLDL,

HSBP (Supplementary Figures 1B–D, 2B–D).

We further determined how the disease burden changed

with age. A strong increasing trend was found across

the 16 age groups, especially in people older than 60

(Supplementary Figure 3). Amongst all subjects aged 15 to 94,

individuals aged 60–74 contributed the greatest numbers of

DALYs and the 75–94 age group contributed the greatest

number of deaths (Supplementary Figures 4, 5).

We next ascertained if the gender differences in the

six metabolic risk factors existed. The numbers and age-

standardized rate of DALYs and deaths were higher in male than

female patients for five out of six metabolic risk factors (except

LBMD) (Supplementary Figure 6, Supplementary Table 1). The

age-standardized rate of YLDs was higher in male than female

patients for five out of six metabolic risk factors (except

HFPG), while the age-standardized rate of YLLs was higher

in female than male patients for all six metabolic risk factors

(Supplementary Figure 7).

Temporal trend of metabolic risk factors
from 1990 to 2019

From 1990 to 2019, the number of DALYs and deaths

attributable to the six metabolic risk factors showed rapid

growth, with the highest rate for HBMI (DALYs: 4.0; death: 4.2)

with no sex-based difference (Table 1, Supplementary Figure 8,

Supplementary Table 1). The age standardized rate of DALYs

increased for HBMI (1.28) and LBMD (0.18), decreased for

HFPG (−0.41), HSBP (−0.89), KDF (−0.61), and remained

stable for HLDL. The age standardized rate of death increased

for HBMI (1.03), LBMD (0.38), HLDL (0.45), decreased for

HSBP (−0.78) and remained stable for HFPG (−0.41) and KDF

(−0.10) (Table 1, Supplementary Figure 8). A sex difference was

identified in the trend of the age-standardized rate of DALYs for

HFPG and HLDL, the age-standardized rate of death for HFPG,

HSBP, KDF, and HLDL (Supplementary Table 1).

For the 22 level 2 causes, the number of DALYs and

death increased from 1990 to 2019, with the highest speed

in HBMI attributable neurological disorders (DALYs: 6.7;

death: 6.8) (Table 2). In terms of age-standardized rate

of DALYs, there was an increasing trend of neoplasms

and neurological disorders attributable to HFPG, diabetes

and kidney diseases, neurological disorders, sense organ

diseases, musculoskeletal disorders, neoplasms, cardiovascular

diseases, digestive diseases attributable to HBMI, unintentional

injuries attributable to LBMD, and musculoskeletal disorders

attributable to KDF (Table 2). In terms of age-standardized

rate of death, there was an increasing trend of neoplasms

attributable to HFPG, cardiovascular diseases attributable to

HSBP, neurological disorders, diabetes and kidney diseases,

neoplasms, cardiovascular diseases attributable to HBMI,

unintentional injuries attributable to LBMD (Table 2). A similar

trend was also observed in level 3, level 4, and detailed causes

(Supplementary Tables 2–4).

Temporal trend of the e�ect of metabolic
risk factors on cause from 1990 to 2019

In 2019, in terms of age-standardized rate of DALYs,

HBMI contributed to 29.4, 15.1, 3.7% of diabetes and kidney

diseases, cardiovascular diseases, neoplasms, HFPG to 73.8,

14.5, 2.8, 2.5% of diabetes and kidney diseases, cardiovascular

diseases, neoplasms, neurological disorders. HLDL contributed

to 21.3% of cardiovascular diseases, HSBP to 54.1%, 21.4% of

cardiovascular diseases, diabetes and kidney diseases, KDF to

38.3%, 8.0% of diabetes and kidney diseases, cardiovascular

diseases, and LBMD to 10.3%, 7.2% of unintentional injuries,

transport injuries (Supplementary Table 5). Similar results were

found for the contribution of the six metabolic risk factors

to disease burden in terms of age-standardized rate of death

(Supplementary Table 5).

Analysis of the PAF of age standardized DALYs rate

indicated a significant increasing contribution of HFPG to

neoplasms (2.1), respiratory infections and tuberculosis (0.7),

cardiovascular diseases (0.7), neurological disorders (0.5),

diabetes and kidney diseases (0.4), increasing contribution

of HSBP to cardiovascular diseases (0.5), diabetes and

kidney diseases (0.3), increasing contribution of HBMI to

digestive diseases (4.0), chronic respiratory diseases (3.8),

diabetes and kidney diseases (3.0), neurological disorders

(2.8), musculoskeletal disorders (2.5), sense organ diseases

(2.5), cardiovascular diseases (2.3), neoplasms (2.2), increasing

contribution of LBMD to unintentional injuries (3.4), self-

harm and interpersonal violence (2.0), transport injuries (1.0),

increasing contribution of HLDL to cardiovascular diseases

(1.4), increasing contribution of KDF to cardiovascular diseases

(1.0) and musculoskeletal disorders (1.5), but a significant

decreasing contribution to diabetes and kidney diseases (−0.5)

(Table 3, Supplementary Figure 9). Analysis of PAF of age

Frontiers inNutrition 05 frontiersin.org

909191

https://doi.org/10.3389/fnut.2022.1035439
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Jin et al. 10.3389/fnut.2022.1035439

TABLE 1 Trends in the number and age-standardized rate of DALYs and death attributable to six metabolic risk factors for both sexes in China,

1990–2019.

1990 2019 AAPC
(95% CI)

APC
(1990–1999)

APC
(2000–2009)

APC
(2009–2019)

DALYs Number (95% UI)

High fasting plasma

glucose

13,423,677

(10,777,527–16,387,796)

28,228,439

(22,052,698–35,375,022)

2.5

(2.1–2.9)

2.8

(2.2–3.4)

3.7

(2.9–4.6)

1.1

(0.6–1.7)

High systolic blood

pressure

29,372,404

(24,312,404–34,731,124)

54,441,615

(45,474,002–63,689,070)

2.1

(2.0–2.3)

1.6

(1.5–1.7)

2.7

(2.4–3.0)

1.8

(1.8–1.9)

High body-mass

index

7,876,348

(2,002,230–16,754,458)

24,830,041

(11,788,976–40,545,899)

4.0

(3.9–4.2)

3.9

(3.8–4.0)

4.4

(3.9–4.9)

3.6

(3.5–3.7)

Low bone mineral

density

1,339,535

(1,100,875–1,640,114)

3,320,275

(2,594,480–4,004,265)

3.4

(3.2–3.5)

3.4

(3.2–3.5)

3.4

(3.2–3.5)

3.4

(3.2–3.5)

Kidney dysfunction 7,678,849

(6,630,862–8,750,551)

13,353,909

(11,150,932–15,771,793)

2.0

(1.8–2.2)

1.3

(1.1–1.5)

2.9

(2.4–3.3)

1.5

(1.0–1.9)

High LDL cholesterol 8,889,099

(7,139,095–11,088,753)

19,813,962

(15,205,317–25,139,359)

2.8

(2.7–3.0)

2.0

(1.9–2.1)

3.8

(3.5–4.1)

2.2

(1.9–2.5)

Age standardized rate per 100,000 population (95% UI)

High fasting plasma

glucose

1,605

(1,283–1,965)

1,452

(1,139–1,832)

−0.4

(−0.8 to 0.0)

0.1

(−0.4 to 0.7)

0.8

(0.0–1.6)

−2.1

(−2.6 to−1.6)

High systolic blood

pressure

3,672

(3,073–4,301)

2,844

(2,392–3,321)

−0.9

(−1.0 to−0.8)

−1.3

(−1.4 to−1.3)

−0.3

(−0.6 to 0)

−1.4

(−1.5 to−1.3)

High body-mass

index

852

(214–1,834)

1,231

(578–2,023)

1.3

(1.1–1.4)

1.1

(1.0–1.2)

1.6

(1.2–1.9)

1.0

(0.8–1.2)

Low bone mineral

density

168

(138–204)

177

(138–214)

0.2

(0.0–0.3)

−0.4

(−0.8 to 0.0)

0.7

(0.6–0.8)

0.2

(0.0–0.4)

Kidney dysfunction 863

(747–995)

709

(593–832)

−0.6

(−0.9 to−0.4)

−1.2

(−1.5 to−0.9)

0.5

(0.2–0.8)

−1.5

(−2.0 to−0.9)

High LDL cholesterol 1,046

(826–1,346)

1,052

(800–1,345)

0.0

(−0.1 to 0.1)

−0.7

(−0.8 to−0.7)

1.2

(0.8–1.5)

−0.8

(−0.8 to−0.7)

Death Number (95% UI)

High fasting plasma

glucose

450,809

(343,516–575,374)

1,067,554

(793,048–1,442,201)

2.9

(2.3–3.4)

3.3

(2.9–3.7)

4.2

(2.9–5.6)

1.1

(0.4–1.8)

High systolic blood

pressure

1,222,195

(1,017,782–1,445,891)

2,599,879

(2,138,699–3,082,235)

2.6

(2.4–2.8)

1.7

(1.6–1.8)

3.4

(3.0–3.9)

2.2

(2.1–2.3)

High body-mass

index

234,998

(58,375–513,815)

764,698

(333,163–1,310,557)

4.2

(3.9–4.4)

3.7

(3.6–3.9)

4.4

(3.9–4.9)

4.0

(3.7–4.4)

Low bone mineral

density

32,002

(26,081–42,555)

89,857

(58,927–110,423)

4.3

(3.9–4.7)

4.3

(3.9–4.7)

4.3

(3.9–4.7)

4.3

(3.9–4.7)

Kidney dysfunction 248,344

(210,134–288,765)

573,537

(467,902–690,324)

3.0

(2.7–3.3)

1.8

(1.7–2.0)

4.4

(3.7–5.1)

2.2

(1.8–2.6)

High LDL cholesterol 317,060

(244,158–413,836)

915,983

(647,993–1,239,382)

3.7

(3.6–3.9)

2.4

(2.3–2.5)

5.3

(4.9–5.7)

3.0

(2.8–3.1)

Age standardized rate per 100,000 population (95% UI)

High fasting plasma

glucose

67

(51–89)

62

(45–85)

−0.4

(−0.9–0.1)

0.4

(0.1–0.7)

0.9

(0.0–1.9)

−2.5

(−3.8 to−1.3)

High systolic blood

pressure

191

(160–226)

153

(126–182)

−0.8

(−0.9 to−0.7)

−1.3

(−1.4 to−1.2)

0.0

(−0.3–0.4)

−1.5

(−1.6 to−1.4)

(Continued)
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TABLE 1 (Continued)

1990 2019 AAPC
(95% CI)

APC
(1990–1999)

APC
(2000–2009)

APC
(2009–2019)

High body-mass

index

30

(7–67)

41

(18–71)

1.0

(0.8–1.3)

0.8

(0.6–1.0)

1.4

(0.7–2.0)

0.6

(0.5–0.8)

Low bone mineral

density

5

(4–7)

6

(4–7)

0.4

(0.2–0.6)

−0.7

(−0.9 to−0.5)

3.1

(2.7–3.4)

−1.3

(−1.3 to−1.2)

Kidney dysfunction 36

(30–42)

34

(27–41)

−0.1

(−0.4 to 0.2)

−0.9

(−1.1 to−0.6)

1.4

(0.5–2.2)

−1.3

(−1.6 to−1.1)

High LDL cholesterol 49

(35–68)

56

(38–77)

0.4

(0.3–0.6)

−0.3

(−0.4 to−0.2)

2.1

(1.7–2.4)

−0.9

(−1 to−0.8)

AAPC, average annual percent changes; APC, annual percent change; DALYs, disability-adjusted life years; UI, uncertainty interval; CI, confidence interval.

standardized death rate also showed a similar trend (Table 3,

Supplementary Figure 10).

Association between metabolic risk
factor and SDI

There was a positive correlation between the SDI level

and the number of six metabolic risk factors attributable

DALYs, YLDs, deaths, and YLLs (Supplementary Table 6,

Supplementary Figure 11). The SDI level showed a positive

correlation with the age-standardized rate of DALYs for HBMI,

LBMD, and HLDL, but a negative correlation with DALYs for

HSBP and KDF. The SDI level showed a positive correlation

with the age-standardized rate of deaths for HBMI, KDF,

and HLDL, but a negative correlation with HSBP. The SDI

level was positively correlated with the age-standardized rate

of YLDs for all six metabolic risk factors except LBMD. The

SDI level was positively correlated with the age-standardized

rate of deaths YLLs for HBMI, and HLDL, but was negatively

correlated with HFPG, HSBP, and KDF (Supplementary Table 6,

Supplementary Figure 11).

Overall burden ranking in Group of 20
(G20) countries

Among 19 countries of Group 20, in 2019, China ranked

1st, 1st, 1st, 2nd, 2nd, 2nd for HSBP, HBMI, HLDL, HFPG,

LBMD, KDF in terms of number of DALYs and ranked 1st,

1st, 1st, 1st, 2nd, 2nd for HSBP, HBMI, HLDL, KDF, HFPG,

LBMD in terms of number of deaths, respectively (Figure 2,

Supplementary Table 7). The age-standardized rate of DALYs for

HFPB, HSBP, HLDL, LBMD, KDF, HBMI ranked 4th, 6th, 6th,

10th, 11th, 15th, respectively (Figure 2, Supplementary Table 7).

The age standardized rate of death for LBMD, HSBP, HLDL,

KDF, HFPG, HBMI ranked 4th, 5th, 5th, 10th, 12th, 15th,

respectively (Figure 2, Supplementary Table 7).

Discussion

Our findings support the view that mitigation of metabolic

risk factors provides a unique opportunity to achieve better

health in the future. At first, 36 independent drivers of global

health, especially 5 metabolic risk factors, were expected to

deteriorate without comprehensive management, althoughmost

of them were forecast to improve by 2040 (19). In China, the

population aged >65 is increasing rapidly and those aged >65

and >80 may reach 400 million and 150 million, respectively,

before 2050 (20). Most importantly, our data support the view

that risk factor driven disease burdens increased with age,

reaching a peak for individuals aged >60.

Our results call for early and tight control of metabolic

risk factors starting before the first peak (age 20–49) targeting

adolescence. As a pivotal point in the life course characterized

by openness to change, adolescence offers a unique window of

opportunity to promote the adoption of a healthy lifestyle (diet

and physical activity). However, this window of opportunity

has largely been overlooked in behavior and policy research

(21). Growing up in an era of “toxic” food environment,

the current generation of adolescents may face unprecedented

disease burdens from metabolic risk factors in their later

life (22). The pace of change in the nutritional habits of

adolescents poses a great threat to their health. National

and individual efforts should identify key meanings and

context of their food choices and seek to improve their

food environments and choices by harnessing widely shared

adolescent values that go beyond nutrition or health (23). Our

findings also provided us an impetus to pharmacologically

target key metabolic pathways linked to longevity before the

second peak factors with the hope of delaying aging and

ameliorating age-related diseases (24). On the one hand, a

hallmark of aging is metabolism dysfunction, especially glucose

homeostasis, negatively regulating energy metabolism and

ultimately increasing the organism’s susceptibility to disease. On

the other hand, metabolic dysfunction occurs increasingly with

age, including modulation of mitochondrial function, a decline

in insulin sensitivity, and alterations in substrate utilization,
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TABLE 2 Trends in the number and age-standardized rate of DALYs and death for level 2 causes attributable to six metabolic risk factors in China, 1990–2019.

Number (95% UI) Age standardized rate per 100,000 population (95% UI)

1990 2019 AAPC
(95% CI)

APC
(1990–
1999)

APC
(2000–
2009)

APC
(2009–
2019)

1990 2019 AAPC
(95% CI)

APC
(1990–
1999)

APC
(2000–
2009)

APC
(2009–
2019)

DALYs

High fasting plasma glucose

Neoplasms 603,435

(152,503–

1,309,632)

1,955,214

(496,063–

4,292,456)

4.1

(3.9–4.3)

4.1

(3.8–4.3)

5.7

(5.4–6.0)

2.6

(2.1–3.1)

70

(18–151)

95

(24–210)

1.0

(0.8–1.3)

1.4

(1.1–1.7)

2.8

(2.4–3.1)

−0.9

(−1.5 to−0.3)

Cardiovascular

diseases

6,657,471

(4,752,045–

9,121,111)

13,585,849

(9,679,707–

18,867,220)

2.4

(1.8–3.0)

3.1

(2.2–4.0)

3.6

(2.4–4.7)

0.5

(−0.3 to 1.4)

856

(611–1,173)

715

(502–1,022)

−0.7

(−1.3 to−0.2)

0.3

(−0.6 to 1.2)

0.7

(−0.5 to 2.0)

−3.1

(−3.9 to−2.3)

Neurological

disorders

124,438

(18,782–445,419)

442,695

(73,488–1,425,147)

4.4

(4.2–4.6)

4.8

(4.4–5.2)

5.6

(5.1–6.0)

2.9

(2.7–3.2)

24

(4–85)

27

(4–89)

0.4

(0.2–0.6)

1.2

(0.8–1.6)

1.7

(1.3–2.1)

−1.6

(−1.8 to−1.3)

Sense organ

diseases

31,679

(7,189–76,325)

84,914

(18,868–200,923)

3.5

(3.3–3.7)

5.9

(5.5–6.3)

3.5

(3.2–3.8)

1.5

(1.1–1.9)

5

(1–12)

5

(1–11)

−0.2

(−0.4 to 0.1)

2.2

(1.8–2.6)

−0.3

(−0.6 to 0.0)

−2.4

(−2.7 to−2.0)

Respiratory

infections and

tuberculosis

389,268

(234,926–568,709)

125,538

(73,808–183,637)

−3.9

(−4.3 to−3.5)

−3.9

(−4.8 to−2.9)

−4.0

(−4.7 to−3.3)

−3.8

(−4.2 to−3.5)

42

(25–62)

6

(4–9)

−6.4

(−6.8 to−6.1)

−6.4

(−7.3 to−5.5)

−7.1

(−7.8 to−6.5)

−6.2

(−6.5 to−5.9)

Diabetes and

kidney diseases

5,617,387

(4,687,144–

6,682,997)

12,034,230

(9,908,708–

14,504,239)

2.6

(2.5–2.8)

2.6

(2.5–2.7)

3.4

(3.0–3.8)

1.9

(1.8–2.0)

608

(510–718)

604

(499–726)

0.0

(−0.1 to 0.1)

0.1

(0.0–0.1)

0.7

(0.4–1.1)

−0.8

(−0.9 to−0.8)

High systolic blood pressure

Cardiovascular

diseases

27,793,037

(22,943,586–

33,182,723)

51,069,180

(42,484,465–

59,828,159)

2.1

(2.0–2.2)

1.5

(1.5–1.6)

2.6

(2.3–2.9)

1.8

(1.7–1.9)

3,491

(2,894–4,115)

2,670

(2,232–3,124)

−0.9

(−1.1 to−0.8)

−1.4

(−1.5 to−1.3)

−0.4

(−0.7 to 0.0)

−1.5

(−1.5 to−1.4)

Diabetes and

kidney diseases

1,579,368

(1,317,964–

1,870,237)

3,372,435

(2,783,861–

4,004,996)

2.7

(2.5–3.0)

2.2

(1.9–2.5)

3.7

(3.4–3.9)

2.1

(1.5–2.7)

182

(153–211)

174

(144–206)

−0.1

(−0.3 to 0.2)

−0.7

(−0.9 to−0.4)

1.0

(0.7–1.4)

−0.9

(−1.5 to−0.2)

High body-mass index

Neoplasms 885,448

(194,534–

2,154,883)

2,669,799

(1,094,208–

4,839,179)

3.9

(3.7–4.1)

5.0

(4.9–5.1)

2.6

(2.4–2.9)

3.9

(3.3–4.5)

94

(21–227)

128

(53–233)

1.1

(0.9–1.2)

2.3

(2.2–2.3)

−0.2

(−0.4 to 0.0)

1.1

(0.6–1.6)

Cardiovascular

diseases

5,327,955

(1,329,819–

11,290,734)

15,004,139

(6,947,157–

24,943,213)

3.6

(3.5–3.8)

3.5

(3.3–3.6)

3.9

(3.6–4.2)

3.3

(3.1–3.4)

577

(142–1,251)

747

(344–1,254)

0.9

(0.7–1.1)

0.6

(0.4–0.9)

1.1

(0.6–1.6)

0.6

(0.5–0.7)
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TABLE 2 (Continued)

Number (95% UI) Age standardized rate per 100,000 population (95% UI)

1990 2019 AAPC
(95% CI)

APC
(1990–
1999)

APC
(2000–
2009)

APC
(2009–
2019)

1990 2019 AAPC
(95% CI)

APC
(1990–
1999)

APC
(2000–
2009)

APC
(2009–
2019)

Chronic respiratory

diseases

98,457

(25,467–228,184)

175,325

(75,052–320,742)

2.1

(1.9–2.2)

2.1

(1.9–2.3)

−0.3

(−0.5 to 0.0)

4.4

(3.9–4.9)

11

(3–26)

10

(5–19)

−0.1

(−0.3 to 0.2)

−0.5

(−0.7 to−0.3)

−2.4

(−2.9 to−1.9)

2.8

(2.3–3.2)

Digestive diseases 139,950

(32,648–342,137)

384,258

(158,489–746,027)

3.5

(3.4–3.6)

3.0

(2.9–3.1)

3.9

(3.7–4.0)

3.4

(3.3–3.5)

15

(4–37)

19

(8–37)

0.8

(0.7–0.9)

0.1

(0.0–0.3)

1.0

(0.8–1.1)

1.1

(0.9–1.3)

Neurological

disorders

72,969

(8,730–252,707)

477,209

(101,059–

1,388,766)

6.7

(6.6–6.8)

6.1

(6.0–6.2)

7.2

(7.0–7.4)

6.7

(6.5–6.8)

13

(2–46)

28

(6–82)

2.7

(2.6–2.8)

2.4

(2.3–2.5)

3.1

(3.0–3.3)

2.4

(2.3–2.5)

Musculoskeletal

disorders

273,363

(58,598–684,499)

1,133,691

(431,660–

2,264,916)

5.0

(4.9–5.1)

3.4

(3.1–3.6)

6.6

(6.5–6.6)

5.0

(4.9–5.1)

28

(6–70)

55

(21–110)

2.3

(2.2–2.4)

0.8

(0.4–1.2)

3.5

(3.5–3.6)

2.4

(2.3–2.5)

Sense organ

diseases

9,122

(1,861–23,630)

47,688

(15,902–101,631)

5.9

(5.7–6.2)

7.2

(6.6–7.8)

4.7

(4.6–4.8)

5.2

(4.7–5.8)

1

(0–3)

3

(1–5)

2.4

(2.2–2.5)

3.8

(3.4–4.2)

1.3

(1.2–1.3)

1.5

(1.1–1.8)

Diabetes and

kidney diseases

1,069,083

(291,743–

2,209,261)

4,937,932

(2,514,211–

7,732,009)

5.4

(5.3–5.5)

5.1

(5.0–5.3)

6.9

(6.6–7.2)

4.2

(4.1–4.3)

113

(30–236)

240

(122–379)

2.7

(2.5–2.8)

2.3

(2.2–2.5)

4.0

(3.6–4.4)

1.6

(1.5–1.7)

Low bone mineral density

Transport injuries 617,844

(498,088–816,274)

1,274,510

(1,013,062–

1,507,922)

2.5

(2.3–2.7)

2.8

(2.4–3.2)

4.8

(4.5–5.1)

−0.4

(−0.8 to 0.0)

67

(54–88)

62

(50–74)

−0.3

(−0.4 to−0.1)

−0.2

(−0.5 to 0.0)

1.4

(1.3–1.6)

−2.3

(−2.5 to−2.2)

Unintentional

injuries

699,578

(569,079–854,117)

2,015,682

(1,477,479–

2,535,537)

3.7

(3.6–3.8)

2.5

(2.3–2.6)

3.4

(3.3–3.5)

5.4

(5.3–5.5)

99

(81–120)

113

(82–143)

0.5

(0.3–0.6)

−0.6

(−0.7 to−0.5)

0.2

(−0.2 to 0.5)

1.9

(1.6–2.1)

Self-harm and

interpersonal

violence

22,113

(17,657–27,191)

30,084

(22,865–38,560)

1.1

(0.9–1.2)

1.0

(1.0–1.1)

1.3

(0.9–1.8)

0.9

(0.6–1.2)

3

(2–3)

1

(1–2)

−1.9

(−2.0 to−1.8)

−2.0

(−2.1 to−1.9)

−1.6

(−1.8 to−1.4)

−1.9

(−2.2 to−1.7)

Kidney dysfunction

Cardiovascular

diseases

3,669,169

(2,953,636–

4,473,079)

7,475,542

(5,796,532–

9,391,024)

2.5

(2.2–2.9)

1.5

(1.2–1.8)

4.1

(3.2–5.0)

1.7

(1.2–2.1)

451

(363–551)

395

(304–495)

−0.4

(−0.7 to−0.2)

−1.3

(−1.6 to−1)

1.2

(0.9–1.5)

−1.6

(−2.2 to−0.9)

Musculoskeletal

disorders

12,654

(7,655–18,640)

46,523

(28,108–68,591)

4.6

(4.5–4.8)

1.6

(1.4–1.7)

6.8

(6.7–6.9)

5.5

(5.1–5.9)

2

(1–2)

2

(1–4)

1.3

(1.1–1.5)

−1.4

(−1.6 to−1.2)

3.6

(3.4–3.7)

1.9

(1.4–2.3)
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TABLE 2 (Continued)

Number (95% UI) Age standardized rate per 100,000 population (95% UI)

1990 2019 AAPC
(95% CI)

APC
(1990–
1999)

APC
(2000–
2009)

APC
(2009–
2019)

1990 2019 AAPC
(95% CI)

APC
(1990–
1999)

APC
(2000–
2009)

APC
(2009–
2019)

Diabetes and

kidney diseases

3,997,026

(3,531,282–

4,458,760)

5,831,843

(4,992,206–

6,645,333)

1.4

(1.0–1.7)

1.1

(0.8–1.4)

1.8

(1.5–2.0)

1.1

(0.1–2.2)

410

(364–457)

312

(268–354)

−0.9

(−1.2 to−0.5)

−1.1

(−1.3 to−0.8)

−0.4

(−0.6 to−0.1)

−1.3

(−2.4 to−0.3)

High LDL cholesterol

Cardiovascular

diseases

8,889,099

(7,139,095–

11,088,753)

19,813,962

(15,205,317–

25,139,359)

2.8

(2.7–3.0)

2.0

(1.9–2.1)

3.8

(3.5–4.1)

2.2

(1.9–2.5)

1,046

(826–1,346)

1,052

(800–1,345)

0.0

(−0.1 to 0.1)

−0.7

(−0.8 to−0.7)

1.2

(0.8–1.5)

−0.8

(−0.8 to−0.7)

Death

High fasting plasma glucose

Neoplasms 24,887

(6,343–53,939)

90,655

(23,078–197,161)

4.5

(4.3–4.8)

4.8

(4.4–5.1)

6.3

(5.9–6.7)

2.7

(2.0–3.3)

3

(1–7)

5

(1–10)

1.2

(1.0–1.5)

1.9

(1.6–2.3)

2.9

(2.5–3.3)

−1.0

(−1.7 to−0.3)

Cardiovascular

diseases

298,051

(208,303–414,537)

700,341

(481,073–

1,026,949)

2.9

(2.2–3.5)

3.8

(2.7–4.8)

4.6

(3.0–6.2)

0.3

(−0.4 to 1.1)

47

(33–69)

41

(28–62)

−0.6

(−1.3 to 0.1)

0.6

(−0.5 to 1.7)

0.8

(−1.0 to 2.5)

−3.5

(−4.2 to−2.8)

Neurological

disorders

6,521

(629–26,296)

23,988

(2,536–94,088)

4.6

(4.3–4.8)

4.6

(4.5–4.7)

6.2

(5.7–6.7)

3.0

(2.5–3.5)

2

(0–7)

2

(0–7)

0.1

(−0.1 to 0.3)

0.5

(0.4–0.7)

1.7

(1.4–2.1)

−2.0

(−2.2 to−1.7)

Respiratory

infections and

tuberculosis

12,665

(7,319–19,035)

3,646

(2,056–5,638)

−4.3

(−4.7 to−3.8)

−3.9

(−5.0 to−2.8)

−5.3

(−6.1 to−4.5)

−4.0

(−4.4 to−3.7)

2

(1–2)

0

(0–0)

−7.0

(−7.4 to−6.6)

−6.2

(−7.1 to−5.3)

−8.3

(−9.0 to−7.5)

−7.0

(−7.3 to−6.7)

Diabetes and

kidney diseases

108,685

(95,113–124,011)

248,925

(211,404–287,553)

2.9

(2.7–3.1)

3.0

(2.7–3.2)

2.8

(2.3–3.2)

2.8

(2.6–2.9)

14

(12–16)

14

(12–16)

−0.1

(−0.3 to 0.1)

0.2

(0.0–0.4)

0.0

(−0.7 to 0.6)

−0.6

(−0.7 to−0.5)

High systolic blood pressure

Cardiovascular

diseases

1,172,880

(972,201–

1,384,099)

2,471,920

(2,026,048–

2,942,576)

2.6

(2.4–2.8)

1.7

(1.6–1.8)

3.4

(2.9–3.9)

2.2

(2.1–2.3)

184

(153–218)

146

(120–174)

−0.8

(−1.0 to−0.7)

−1.3

(−1.4 to−1.2)

0.0

(−0.4 to 0.4)

−1.5

(−1.6 to−1.4)

Diabetes and

kidney diseases

49,315

(41,426–58,188)

127,960

(105,241–151,102)

3.3

(3.2–3.5)

2.4

(2.1–2.7)

4.3

(4.0–4.6)

2.9

(2.8–3.0)

7

(6–8)

7

(6–9)

0.1

(−0.1 to 0.2)

−0.5

(−0.6 to−0.4)

1.1

(0.7–1.5)

−0.9

(−1.0 to−0.7)

High body-mass index

Neoplasms 30,067

(6,567–73,656)

100,442

(41,168–185,335)

4.3

(4.2–4.4)

5.2

(5.0–5.3)

3.2

(3.1–3.2)

4.4

(4.2–4.7)

4

(1–9)

5

(2–9)

1.2

(0.9–1.5)

2.3

(1.9–2.7)

0.2

(0.0–0.3)

1.1

(0.3–1.9)
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TABLE 2 (Continued)

Number (95% UI) Age standardized rate per 100,000 population (95% UI)

1990 2019 AAPC
(95% CI)

APC
(1990–
1999)

APC
(2000–
2009)

APC
(2009–
2019)

1990 2019 AAPC
(95% CI)

APC
(1990–
1999)

APC
(2000–
2009)

APC
(2009–
2019)

Cardiovascular

diseases

178,080

(43,400–389,585)

549,540

(242,018–949,280)

3.9

(3.7–4.2)

3.4

(3.2–3.5)

4.4

(3.8–4.9)

3.7

(3.6–3.8)

22

(5–50)

29

(13–52)

0.9

(0.7–1.1)

0.4

(0.2–0.5)

1.3

(0.9–1.8)

0.6

(0.5–0.7)

Chronic respiratory

diseases

2,514

(549–6,524)

3,270

(1,235–6,227)

0.9

(0.5–1.3)

1.6

(1.5–1.7)

−0.8

(−1.7 to 0.2)

1.8

(1.6–2.1)

0

(0–1)

0

(0–0)

−2.4

(−2.7 to−2.2)

−1.4

(−1.6 to−1.3)

−4.1

(−4.9 to−3.2)

−1.9

(−2.1 to−1.8)

Digestive diseases 1,846

(428–4,213)

3,053

(1,235–5,627)

1.7

(1.3–2.1)

1.6

(0.6–2.5)

0.2

(−0.2 to 0.5)

3.3

(2.8–3.8)

0

(0–1)

0

(0–0)

−1.4

(−1.8 to−1.1)

−1.1

(−1.9 to−0.2)

−2.7

(−3 to−2.5)

−0.6

(−1.0 to−0.2)

Neurological

disorders

3,531

(290–13,782)

23,787

(3,264–78,659)

6.8

(6.7–6.9)

5.8

(5.7–5.9)

7.6

(7.3–7.8)

6.8

(6.6–7.0)

1

(0–3)

2

(0–6)

2.3

(2.2–2.5)

1.7

(1.4–2.0)

3.1

(2.9–3.3)

2.1

(1.9–2.2)

Diabetes and

kidney diseases

18,961

(5,077–39,582)

84,607

(39,544–139,620)

5.3

(5.0–5.5)

5.1

(4.9–5.4)

5.6

(4.9–6.3)

4.8

(4.7–5.0)

2

(1–5)

4

(2–7)

2.2

(1.9–2.4)

2.3

(2.0–2.5)

2.6

(1.8–3.3)

1.3

(1.1–1.5)

Low bone mineral density

Transport injuries 15,250

(12,207–21,550)

29,232

(23,067–35,070)

2.3

(2.1–2.4)

2.7

(2.4–3.1)

5.0

(4.8–5.2)

−1.3

(−1.6 to−1.0)

2

(1–2)

1

(1–2)

−0.6

(−0.7 to−0.5)

−0.1

(−0.3 to 0.2)

1.6

(1.5–1.8)

−3.9

(−4.1 to−3.7)

Unintentional

injuries

16,302

(13,347–21,271)

60,259

(32,787–76,443)

4.6

(4.2–5.0)

2.1

(1.7–2.5)

7.8

(6.9–8.7)

4.0

(3.8–4.2)

3

(3–4)

4

(2–5)

0.8

(0.5–1.0)

−1.1

(−1.3 to−0.9)

3.9

(3.4–4.3)

−0.3

(−0.6 to 0.1)

Self-harm and

interpersonal

violence

449

(367–527)

366

(296–447)

−0.7

(−0.9 to−0.5)

0.1

(0.0–0.2)

−0.3

(−0.7 to 0.1)

−1.8

(−2.1 to−1.5)

0

(0–0)

0

(0–0)

−3.7

(−3.9 to−3.6)

−2.9

(−3.0 to−2.8)

−3.4

(−3.8 to−3.0)

−4.7

(−4.9 to−4.4)

Kidney dysfunction

Cardiovascular

diseases

149,737

(119,076–184,749)

376,811

(285,378–480,070)

3.3

(2.9–3.6)

1.9

(1.5–2.3)

5.2

(4.8–5.6)

2.3

(1.5–3.1)

23

(18–29)

23

(17–29)

0.0

(−0.3 to 0.3)

−0.9

(−1.1 to−0.7)

2.0

(1.3–2.8)

−1.7

(−2.2 to−1.3)

Diabetes and

kidney diseases

98,607

(86,800–111,078)

196,726

(168,241–224,684)

2.4

(2.3–2.5)

1.7

(1.5–1.8)

2.9

(2.6–3.2)

2.3

(2.2–2.4)

13

(12–15)

11

(10–13)

−0.5

(−0.6 to−0.3)

−0.8

(−0.9 to−0.7)

0.2

(−0.3 to 0.6)

−1.2

(−1.3 to−1.0)

High LDL cholesterol

Cardiovascular

diseases

317,060

(244,158–413,836)

915,983

(647,993–

1,239,382)

3.7

(3.6–3.9)

2.4

(2.3–2.5)

5.3

(4.9–5.7)

3.0

(2.8–3.1)

49

(35–68)

56

(38–77)

0.4

(0.3–0.6)

−0.3

(−0.4 to−0.2)

2.1

(1.7–2.4)

−0.9

(−1.0 to−0.8)

AAPC, average annual percent changes; APC, annual percent change; DALYs, disability-adjusted life years; UI, uncertainty interval; CI, confidence interval.
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TABLE 3 Trends in the population attributable fraction on the age-standardized rate of DALYs and death of level 2 causes attributable to six

metabolic risk factors, 1990–2019.

Age standardized attributable burden (per 100,000)

1990 2019 AAPC
(95% CI)

APC
(1990–1999)

APC
(2000–2009)

APC
(2010–2019)

DALYs

High fasting plasma glucose

Cardiovascular diseases 11.5

(8.4–15.6)

14.5

(10.6–20.2)

0.7

(0.1–1.2)

1.9

(1.1–2.8)

1.7

(0.8–2.7)

−1.3

(−2.4 to−0.2)

Diabetes and kidney diseases 66.2

(62.9–69.9)

73.8

(70.4–77.5)

0.4

(0.3–0.4)

0.6

(0.5–0.7)

0.4

(0.3–0.5)

0.2

(0.0–0.3)

Neoplasms 1.5

(0.4–3.2)

2.8

(0.7–5.9)

2.1

(1.8–2.4)

2.0

(1.4–2.6)

4.4

(3.8–4.9)

0.1

(−0.2 to 0.5)

Neurological disorders 2.2

(0.4–6.1)

2.5

(0.4–7.0)

0.5

(0.3–0.7)

1.1

(0.8–1.4)

1.9

(1.6–2.1)

−1.4

(−1.6 to−1.1)

Respiratory infections and

tuberculosis

1.0

(0.6–1.4)

1.2

(0.7–1.7)

0.7

(0.3–1.0)

−1.4

(−1.7 to−1.1)

3.1

(2.4–3.7)

−0.3

(−1.0 to 0.5)

Sense organ diseases 0.6

(0.1–1.3)

0.5

(0.1–1.2)

0.0

(−0.3 to 0.2)

2.0

(1.5–2.4)

0.1

(−0.2 to 0.4)

−2.0

(−2.4 to−1.6)

High systolic blood pressure

Cardiovascular diseases 47.1

(40.8–53.1)

54.1

(47.6–60.5)

0.5

(0.5–0.5)

0.3

(0.3–0.4)

0.8

(0.8–0.9)

0.3

(0.3–0.3)

Diabetes and kidney diseases 19.8

(16.9–22.8)

21.4

(17.8–24.9)

0.3

(0.1–0.5)

−0.2

(−0.3 to 0.0)

0.8

(0.7–1.0)

0.0

(−0.6 to 0.6)

High body-mass index

Cardiovascular diseases 7.8

(1.9–16.7)

15.1

(7.3–24.6)

2.3

(2.2–2.4)

2.3

(2.1–2.5)

2.2

(2.1–2.4)

2.5

(2.4–2.5)

Chronic respiratory diseases 0.3

(0.1–0.7)

0.8

(0.4–1.4)

3.8

(3.5–4.1)

2.4

(2.1–2.8)

2.6

(2.3–2.8)

6.5

(5.7–7.2)

Diabetes and kidney diseases 12.3

(3.4–25)

29.4

(15.8–43.5)

3.0

(2.9–3.2)

2.8

(2.7–3.0)

3.7

(3.6–3.8)

2.6

(2.3–3.0)

Digestive diseases 1.1

(0.3–2.7)

3.6

(1.5–6.5)

4.0

(3.9–4.1)

3.6

(3.3–3.8)

4.5

(4.3–4.6)

3.9

(3.8–4.0)

Musculoskeletal disorders 1.7

(0.4–3.9)

3.5

(1.4–6.3)

2.5

(2.5–2.6)

1.8

(1.7–2.0)

3.3

(3.3–3.3)

2.4

(2.3–2.5)

Neoplasms 2.0

(0.5–4.8)

3.7

(1.6–6.7)

2.2

(2.1–2.3)

2.8

(2.8–2.9)

1.5

(1.3–1.7)

2.5

(2.3–2.6)

Neurological disorders 1.2

(0.2–3.8)

2.6

(0.6–6.8)

2.8

(2.7–2.9)

2.3

(2.2–2.4)

3.3

(3.0–3.6)

2.7

(2.5–2.9)

Sense organ diseases 0.1

(0.0–0.4)

0.3

(0.1–0.6)

2.5

(2.3–2.7)

3.5

(3.0–4.0)

1.8

(1.7–1.9)

1.7

(1.3–2.0)

Low bone mineral density

Self-harm and interpersonal

violence

0.2

(0.2–0.3)

0.4

(0.3–0.5)

2.0

(1.7–2.3)

0.9

(0.5–1.3)

3.6

(3.1–4.0)

1.0

(0.6–1.4)

Transport injuries 5.4

(4.6–5.9)

7.2

(6.1–7.9)

1.0

(0.8–1.2)

−0.2

(−0.4 to 0.1)

2.2

(1.7–2.7)

1.1

(0.9–1.2)

Unintentional injuries 4.2

(3.5–4.9)

10.3

(8.6–11.7)

3.4

(3.1–3.7)

2.6

(2.3–2.9)

2.8

(2.6–3.1)

4.6

(4.0–5.3)
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TABLE 3 (Continued)

Age standardized attributable burden (per 100,000)

1990 2019 AAPC
(95% CI)

APC
(1990–1999)

APC
(2000–2009)

APC
(2010–2019)

Kidney dysfunction

Cardiovascular diseases 6.1

(5.0–7.2)

8.0

(6.4–9.7)

1.0

(0.9–1.1)

0.3

(0.2–0.5)

2.5

(2.4–2.7)

0.1

(−0.1 to 0.3)

Diabetes and kidney diseases 44.8

(40.8–48.6)

38.3

(33.2–42.9)

−0.5

(−0.7 to−0.3)

−0.6

(−0.8 to−0.4)

−0.7

(−0.9 to−0.5)

−0.3

(−0.7 to 0.2)

Musculoskeletal disorders 0.1

(0.1–0.1)

0.2

(0.1–0.2)

1.5

(1.4–1.6)

−0.3

(−0.4 to−0.3)

3.2

(3.1–3.3)

1.7

(1.3–2.1)

High LDL cholesterol

Cardiovascular diseases 14.1

(11.4–17.6)

21.3

(16.7–26.9)

1.4

(1.4–1.5)

0.9

(0.8–1.0)

2.3

(2.3–2.4)

1.0

(0.9–1.1)

Death

High fasting plasma glucose

Cardiovascular diseases 12.3

(8.6–17.4)

14.9

(10.3–21.9)

0.5

(0.0–1.1)

2.0

(1.2–2.9)

1.6

(0.5–2.6)

−1.6

(−2.7 to−0.5)

Diabetes and kidney diseases 60.4

(57.2–63.3)

64.8

(61.7–67.7)

0.3

(0.2–0.3)

0.6

(0.5–0.7)

0.0

(0.0–0.1)

0.2

(0.1–0.3)

Neoplasms 1.9

(0.5–4.0)

3.3

(0.9–7.0)

1.9

(1.7–2.2)

2.3

(1.7–2.9)

3.7

(3.2–4.3)

−0.1

(−0.4 to 0.3)

Neurological disorders 4.8

(0.9–12.0)

5.4

(1.1–13.2)

0.4

(0.1–0.6)

1.0

(0.6–1.5)

1.8

(1.3–2.2)

−1.6

(−1.9 to−1.2)

Respiratory infections and

tuberculosis

1.8

(1.0–2.8)

1.2

(0.7–1.8)

−1.5

(−1.9 to−1.2)

−2.0

(−2.7 to−1.2)

−0.6

(−1.2 to−0.1)

−2.4

(−3.0 to−1.7)

High systolic blood pressure

Cardiovascular diseases 48.2

(41.5–55.3)

52.7

(45.1–60.7)

0.3

(0.3–0.3)

0.0

(−0.1 to 0.0)

0.6

(0.6–0.7)

0.3

(0.3–0.4)

Diabetes and kidney diseases 30.9

(27.5–34.2)

34.8

(31.1–37.8)

0.4

(0.3–0.5)

−0.1

(−0.2 to 0.0)

1.1

(1.0–1.2)

0.0

(−0.2 to 0.2)

High body-mass index

Cardiovascular diseases 5.9

(1.4–13.3)

10.5

(4.7–18.2)

2.0

(2.0–2.1)

1.7

(1.5–1.8)

1.9

(1.8–2.0)

2.5

(2.5–2.6)

Chronic respiratory diseases 0.2

(0.0–0.4)

0.3

(0.1–0.5)

1.7

(1.6–1.9)

1.3

(1–1.5)

0.9

(0.7–1.1)

2.7

(2.5–2.9)

Diabetes and kidney diseases 9.9

(2.6–21.1)

20.5

(9.9–33.4)

2.5

(2.4–2.6)

2.6

(2.5–2.7)

2.7

(2.5–2.9)

2.3

(2.2–2.4)

Digestive diseases 0.7

(0.2–1.7)

1.3

(0.5–2.3)

1.9

(1.8–2.1)

2.3

(1.9–2.7)

0.7

(0.6–0.8)

3.0

(2.8–3.1)

Neoplasms 2.0

(0.5–4.9)

3.5

(1.5–6.4)

2.0

(1.9–2.0)

2.7

(2.6–2.7)

1.1

(1.0–1.3)

2.3

(2.1–2.4)

Neurological disorders 2.5

(0.4–7.4)

5.3

(1.4–12.5)

2.6

(2.5–2.7)

2.1

(1.9–2.3)

3.0

(2.9–3.2)

2.7

(2.6–2.8)

Low bone mineral density

Self-harm and interpersonal

violence

0.2

(0.2–0.3)

0.2

(0.2–0.3)

0.2

(0.0–0.5)

0.2

(−0.2 to 0.6)

0.9

(0.6–1.1)

−0.7

(−1.2 to−0.3)

Transport injuries 8.2

(7.1–8.8)

9.8

(8.4–10.6)

0.6

(0.3–0.8)

−0.3

(−0.5 to−0.1)

1.4

(0.8–2.0)

0.3

(−0.1 to 0.8)
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TABLE 3 (Continued)

Age standardized attributable burden (per 100,000)

1990 2019 AAPC
(95% CI)

APC
(1990–1999)

APC
(2000–2009)

APC
(2010–2019)

Unintentional injuries 9.1

(7.7–10.9)

19.9

(14.0–23.4)

2.8

(1.8–3.7)

1.1

(0.1–2.1)

5.1

(2.2–8.0)

2.4

(1.8–2.9)

Kidney dysfunction

Cardiovascular diseases 6.0

(4.7–7.3)

8.2

(6.2–10.2)

1.1

(1–1.2)

0.4

(0.3–0.6)

2.7

(2.6–2.9)

0.2

(−0.1 to 0.5)

Diabetes and kidney diseases 55.4

(52.8–57.3)

53.3

(52.1–54.6)

−0.2

(−0.2 to−0.1)

−0.4

(−0.5 to−0.3)

0.1

(0.1 to 0.2)

−0.2

(−0.3 to−0.2)

High LDL cholesterol

Cardiovascular diseases 12.8

(9.4–17.3)

20.2

(14.3–27.4)

1.6

(1.5–1.6)

1.0

(0.9–1.1)

2.8

(2.7–2.9)

0.9

(0.8–1.0)

AAPC, average annual percent change; APC, annual percent change; DALYs, disability-adjusted life years; CI, confidence interval.

which are associated with obesity, hyperglycemia, dyslipidemia,

and insulin resistance (24).

These findings highlighted that male gender is a biological

variable due to higher disease burden attributable to metabolic

risk factors across all age groups. Free testosterone in men

may be associated with a risk for major adverse cardiovascular

events as men with lower sex hormone–binding globulin

concentrations have a higher risk for myocardial infarction

(25). The greater increase in disease burden among males will

require more attention from health systems. Our data also

support the view that menopause transition contributes to the

increase in metabolic disease burden of old age (26), based

on the fact that the AAPC in the rate of YLDs decreased for

male patients but increased for female patients from 1 to 49

years before reaching a plateau. The reported findings underline

the potential benefits of monitoring women’s health during

midlife and emphasize the critical window for early intervention

strategies. Postmenopausal women, especially those younger

than 60, should be fully advised on the benefits and harms of

different types and timing of hormone therapy (27).

Our data imply that an integrative metabolic strategy

should prioritize HBMI and LBMD due to the increased

age-standardized rates of DALYs and death. Maintaining a BMI

of 20.0–25.0 kg/m2 can help minimize all-cause mortality, and

a minimum of 150min weekly leisure moderate to vigorous

physical activity was associated with the most health benefits

(28, 29). Phentermine–topiramate and glucagon-like peptide-1

receptor agonists (GLP-1RA), particularly semaglutide, seem

to be the best drugs for controlling weight in overweight and

obese adults (30). Men and women with LBMD, consistent with

osteoporosis or osteopenia, showed a significantly increased

risk of fractures and mortality (31). Nonetheless, indiscriminate

use of vitamin D supplementation to prevent fracture and

osteoporosis seems should be avoided (32). Treatment

with bisphosphonates or denosumab, and teriparatide or

abaloparatide should be considered for individuals at high and

imminent risk of fracture, respectively (33).

Integrative management in old individuals often requires

the use of multiple drugs to treat concurrent dyslipidemia,

diabetes, and hypertension, and those with metabolic syndrome

should be tightly managed. Anti-hypertensive treatment

targeting systolic blood-pressure 110–130 mmHg rather than

130–150 mmHg led to fewer incidences of cardiovascular

events in Chinse older patients with hypertension (34).

Compared with the gold standard angiotensin-converting

enzyme inhibitor (enalapril) an angiotensin receptor-neprilysin

inhibitor (sacubitril/valsartan) not only decreases the risk of

cardiovascular death or heart failure hospitalization but also

improves symptoms in patients with chronic heart failure with

reduced ejection fraction (35). Clinical trials exploring the

cardiovascular and renal outcomes of GLP-1RA and sodium-

glucose cotransporter-2 inhibitors (SGLT2i) not only change the

treatment paradigm of diabetes but also support a more holistic

approach beyond glycemic control which emphasize on cardiac

and reno-protective effects (36). Although statins, ezetimibe,

and PCSK9 inhibitors are the standard of care for coronary

artery disease, many novel LDL cholesterol–lowering drugs,

such as inclisiran recently approved by the FDA, may transform

the care of patients who are at risk of life-threatening coronary

events (37, 38). KDF is harmful but treatable if individuals

at risk are identified at an early stage. More individuals than

ever before are experiencing KDF and nephrosclerosis-age-

associated histologic changes, as observed in 2.7, 58, and 73%

of biopsies from donors aged <30, 60–69,70 plus, respectively

(39). There is partial but limited success for kidney diseases

treated with immunosuppressive agents, antihypertensives, and

diuretics. Sodium-glucose co-transporter-2 (SGLT2) inhibition

should be used as a foundational therapy for chronic kidney

disease as SGLT2 inhibitors might substantially slow the

progression of chronic kidney disease in people with type 2
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FIGURE 2

Cumulative ranking of DALYs and deaths attributable to six metabolic risk factors in 19 countries of Group 20 (excluding the European Union).

Cumulative ranking of number (left) and age standardized rate (right) of DALYs attributable to six metabolic risk factors in 19 countries of

Group 20 (A); Cumulative ranking of number (left) and age standardized rate (right) of deaths attributable to six metabolic risk factors in 19

countries of Group 20 (B). DALYs, disability-adjusted life years.
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diabetes (40, 41). New candidate therapeutic drugs targeting

the glomerular filtration barrier may help to correct defects

within or between cells of the glomerular filtration barrier and

maintain its integrity (42). Most importantly, a mechanistic

link has been observed among obesity, kidney dysfunction,

and hypertension (43). Namely, excessive adiposity, which is

a major driver of kidney diseases and prolonged obesity, and

progressive renal injury, often leads to the development of

treatment-resistant hypertension.

Our findings identified the precise diseases and risk factors

that are most in need of attention. For example, our data

showed that KDF-driven musculoskeletal disorders at level 2

cause and gout at level 3 cause. We also ascertained the trend

of the contribution of risk factors, which may help formulate

feasible and quantitative health policy. Analysis of population-

attributable fractions indicated the increasing contribution of

HSBP to cardiovascular diseases and of HFPG to neoplasms.

A 5-mmHg decrement in systolic blood pressure decreases

major cardiovascular events by ∼10%, irrespective of previous

cardiovascular disease (44). The risk of incident colorectal

cancer associated with HFPG may help to identify people

at high risk for future colorectal cancer (45). In addition,

the evolutionary pattern of disability and death with societal

development, as measured by the SDI, may help prioritize

metabolic factors while formulating health policy. In addition to

physical equipment, the government may also need to improve

the availability of phentermine–topiramate and GLP-1 receptor

agonists in adults who are overweight and obese as there is an

increasing trend for HBMI and HLDL with the increase of SDI

(46). In addition to the early detection of chronic kidney disease

and interventions aiming to reduce urine protein excretion,

more efforts are needed to delay and recover the progression

of kidney function because there is increasing disability and

decreasing death for KDF with the increase of SDI (47).

Our data revealed that China was the largest contributor

to disease burden due to metabolic risk factors among 19

G20 countries. This presents a public health challenge and an

opportunity for China to improve future health worldwide.

Systematic management of individuals with metabolic

syndromes must be stressed again as the age-standardized rate

of DALYs and death in China ranked fourth to sixth among

G20 countries for HFPG, HSBP, and HLDL. Although the

age-standardized rate of DALYs and death in China ranked 10th

to 15th for LBMD, KDF, and HBMI, this does not automatically

imply that these indices are well-controlled. Since China gained

more increments in life expectancy compared to other G20

countries, which may have led to a lower disease burden

from age-related LBMD, KDF, and HBMI in the past three

decades (2).

These findings are not entirely surprising if one follows

the concept that metabolic aging is remolding future health

structures. At the same time, these findings are interesting as

they foster the concept of prevention always triumphs over

remediation during adolescence and integrative strategy for key

risk factors and individuals. Nonetheless, these findings are

subject to two major limitations. First, the study did not include

urban-rural and province-level data, which may be useful to

formulate provincial-, urban-, and rural-specific health policies.

Second, the study is subject to the same limitation as the GBD

2019 studies (2, 3).
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Western diet augments
metabolic and arterial
dysfunction in a sex-specific
manner in outbred, genetically
diverse mice
Xiangyu Zheng, Zhuoxin Li, Jennifer Berg Sen,
Luaye Samarah, Christina S. Deacon, Joseph Bernardo and
Daniel R. Machin*

Department of Nutrition and Integrative Physiology, Florida State University, Tallahassee, FL,
United States

Western diet (WD), characterized by excess saturated fat and sugar intake,

is a major contributor to obesity and metabolic and arterial dysfunction

in humans. However, these phenotypes are not consistently observed

in traditional inbred, genetically identical mice. Therefore, we sought to

determine the effects of WD on visceral adiposity and metabolic/arterial

function in UM-HET3 mice, an outbred, genetically diverse strain of mice.

Male and female UM-HET3 mice underwent normal chow (NC) or WD for

12 weeks. Body mass and visceral adiposity were higher in WD compared

to NC (P < 0.05). Female WD mice had greater visceral adiposity than male

WD mice (P < 0.05). The results of glucose and insulin tolerance tests

demonstrated that metabolic function was lower in WD compared to NC

mice (P < 0.05). Metabolic dysfunction in WD as was driven by male mice,

as metabolic function in female WD mice was unchanged (P > 0.05). Systolic

blood pressure (BP) and aortic stiffness were increased in WD after 2 weeks

compared to baseline and continued to increase through week 12 (P < 0.05).

Systolic BP and aortic stiffness were higher from weeks 2-12 in WD compared

to NC (P < 0.05). Aortic collagen content was higher in WD compared to

NC (P < 0.05). Carotid artery endothelium-dependent dilation was lower in

WD compared to NC (P < 0.05). These data suggest sex-related differences

in visceral adiposity and metabolic dysfunction in response to WD. Despite

this, arterial dysfunction was similar in male and female WD mice, indicating

this model may provide unique translational insight into similar sex-related

observations in humans that consume WD.
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Introduction

Cardiovascular disease (CVD) is the leading cause of
morbidity and mortality in industrialized societies and advanced
age is the major risk factor for the development of CVD
(1). In industrialized societies, advanced age is accompanied
by visceral obesity and metabolic dysfunction (e.g., insulin
resistance), as well as arterial dysfunction (i.e., increased systolic
blood pressure [BP], stiffening of the large elastic arteries, and
impaired endothelium-dependent dilation [EDD]) (2, 3). While
visceral obesity, metabolic dysfunction, and arterial dysfunction
are each independent risk factors for CVD (3, 4), CVD
risk becomes even greater in individuals with combined risk
factors (i.e., metabolic syndrome) (5). This becomes increasingly
important in an aged society, as advancing age also increases the
prevalence of metabolic syndrome (6).

Lifestyle factors, such as diet, are the most important
modifiable risk factors for metabolic syndrome and subsequent
CVD (7). Thus, consumption of a Western diet (WD) that
consists of excess saturated fat and sugar intake (7), is
reported to be a primary driver for metabolic syndrome and
subsequent CVD risk in individuals living in the industrialized
societies (8). This is evident as pre-industrialized societies shift
toward industrialization, which increases the incidence of type-
2 diabetes and CVD (9, 10). To determine the mechanisms by
which a WD might elevate CVD risk, preclinical rodent models
have been used to induce obesity, metabolic dysfunction, and
arterial dysfunction. However, the vast majority of these studies
use inbred, genetically identical mice, such as the C57BL/6 strain
that have strain specific phenotypes that may limit translation
to humans. For example, in response to WD, C57BL/6 mice
display sex-differences in body mass gain (11–13) and/or a
lack of elevation in systolic BP (14–19), which conflicts with
observations in humans (20–22).

In recent years, outbred, genetically diverse mice, such as
the UM-HET3 strain, have become popular in translational
aging research, as they are hypothesized to better phenocopy
the genetic diversity in humans (23), while displaying lower
phenotypic variation than genetically identical inbred mice (24).
However, very few studies have used outbred rodent models
to study the effect of WD consumption. In outbred Sprague
Dawley rats, studies show a large disparity in body mass gain
to diet induced obesity (25–27), indicating a lack of consistency
of this rat model. To the best of our knowledge, there is only
one study that has used an outbred mouse model of genetic
diversity with WD and showed that WD consumption induced
a wide range of diabetes-related phenotypes (11). On the
other side, the National Institute on Aging (NIA) Interventions
Testing Program (ITP) and Study of Longitudinal Aging in
Mice (SLAM) are longitudinal studies that target aging in UM-
HET3 mice to establish normative aging values and identify
potential therapeutics that extend lifespan (28–30). While the

ITP and SLAM studies have strong translational importance,
it is important to note that mice in these studies consume
a standard normal chow (NC) diet. Thus, the translational
application of these findings to industrialized societies in which
many individuals consume a WD is unclear. To the best of our
knowledge, there are no short- or long-term studies that have
examined adiposity, metabolic function, and arterial function
in UM-HET3 mice in response to a WD. Prior to performing
a longitudinal study to assess the effects of WD on aging in
UM-HET3 mice, it is imperative to first determine if the short-
term adaptations to WD in young UM-HET3 mice phenocopy
adaptations in humans to similar conditions. Therefore, the
purpose of this study was to determine the effects of 12 weeks of
WD consumption on adiposity, metabolic function, and arterial
function in young UM-HET3 mice.

Materials and methods

Ethical approval

All animal procedures conform to the Guide to the Care
and Use of Laboratory Animals: Eighth Edition (31) and
were approved by the Florida State University Animal Care
and Use Committee.

Animals

Male and female UM-HET3 mice used in this study
were first generation offspring of CByB6F1/J male and
C3D2F1/J female parents. CByB6F1/J and C3D2F1/J parents
were obtained from The Jackson Laboratory, as described
previously (32). All mice were housed in standard mouse
cages under a 12:12 light:dark cycle in a temperature-controlled
environment. At 3 months old, mice were randomized into
NC (LabDiet No. 5001; protein: 28.5%, carbohydrate: 58.0%,
fat 13.5% by kcal; 1.1% NaCl) or WD (LabDiet No. 5TJN;
protein: 15.8%, carbohydrate: 45.1%, fat 39.1% by kcal; 0.4%
NaCl) groups for 12 weeks (33). The fat content in WD
used in this study is comparable to typical WD used in
most preclinical studies (34). Food and water were supplied
ad libitum in group-housed cages. Body mass and blood
glucose were measured in the non-fasting condition on the
day of euthanasia. Mice were anesthetized with isoflurane
(3%) in room air at 100 ml/min flow rate and euthanized via
cardiac puncture.

Blood collection and analyses

Blood was collected in the non-fasting condition via cardiac
puncture and immediately centrifuged at 4◦C for 20 min at
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3,000 g. Plasma was aliquoted and stored at −80◦C freezer.
Plasma insulin was quantified using mouse insulin ELISA kit
(Cat# 9008; Crystal Chem, Elk Grove Village, IL, USA).

Metabolic testing

Metabolic function was determined using glucose- and
insulin-tolerance tests (GTT, ITT) at baseline, after 6 weeks
and 12 weeks of dietary intervention. Briefly, mice were fasted
for 4 h in the morning. Baseline blood glucose was measured
using a glucometer (Clarity BG1000; Clarity Diagnostics, Boca
Raton, FL, USA) in blood collected via a tail cut. Following
baseline measurements, mice were injected intraperitoneally
with glucose (2 g/kg body mass) or insulin (1 U/kg body
mass). Blood glucose was measured at 15, 30, 45, 60, 90, and
120 min after injection. HOMA-IR, a measurement of insulin
sensitivity (35), was calculated using the equation: glucose ×
insulin÷ 405.

Systolic blood pressure

Arterial systolic BP was determined in vivo in conscious
mice using the tail-cuff method (MC4000 BP analysis system;
Hatteras Instrument, Cary, NC, USA), as described previously
(36), at baseline and after 2, 4, 6, 8, 10, and 12 weeks of dietary
intervention. This method has been validated vs. arterial
catheter BP (37). Briefly, mice underwent a 5 consecutive days
of tail cuff BP measurement that was conducted in a quiet and
warm (∼23◦C) environment at the same time of the day (38).
During each trial, mice were restrained on a heated platform
(40◦C). Each trial consisted of 5 preliminary measurements
that were followed by 10 experimental measurements.
Measurements with aberrant movement/behavior or poor
signal were excluded and remaining values were used to
calculate mean values for each mouse.

Aortic stiffness

Aortic stiffness was assessed by aortic pulse wave velocity
(PWV) measurement in vivo, as described previously (39),
at baseline and after 2, 4, 6, 8, 10, and 12 weeks of dietary
intervention. Briefly, mice were anesthetized with isoflurane
(3%) in room air at 100 ml/min flow rate and placed in
the supine position on a heated platform (37◦C). Blood
velocity waveforms at the transverse aortic arch and at the
abdominal aorta were obtained simultaneously with 2, 20-
MHz Doppler probes (Indus Instruments, Webster, TX, USA)
and recorded using PowerLab 16/35 with LabChart 8 software
(AD Instruments Inc., Colorado Springs, CO, USA) at a

sampling rate of 100 k/sec. After blood velocity waveforms
were collected, a precise measurement of the traveled distance
between the Doppler probes was recorded using a scientific
caliper. The transit time between Doppler sites was determined
using the foot-to-foot method with LabChart Lightning 1.8
software (AD Instruments Inc., Colorado Springs, CO, USA).
Aortic PWV was calculated as the traveled distance divided by
the transit time.

Ex vivo arterial function

To assess EDD, carotid arteries were excised, cleared of
surrounding tissue, cannulated in the stage of a pressure
myograph (DMT Inc., Hinnerup, Denmark), and perfused
with physiological salt solution that contained 145.0 mM
NaCl, 4.7 mM KCl, 2.0 mM CaCl2, 1.17 mM MgSO4,
1.2 mM NaH2PO4, 5.0 mM glucose, 2.0 mM pyruvate,
0.02 mM EDTA, 3.0 mM MOPS buffer, and 0.5% BSA
(pH 7.4 at 37◦C). Carotid arteries were pressurized to
an intraluminal pressure of 68 cm H2O. Arteries were
submaximally pre-constricted with 2 µM phenylephrine and
EDD was measured in response to the cumulative addition
of acetylcholine (1×10−10 to 1×10−4 M) in the absence
or presence of the nitric oxide (NO) synthase inhibitor,
L-NAME (0.1 mM, 30 min), as described previously (40).
Endothelium-independent dilation (EID) was assessed in
response to the cumulative addition of sodium nitroprusside
(1×10−10 to 1×10−4 M). Following ex vivo measurements,
carotid arteries were incubated in Ca2+-free physiological salt
solution for 1 hour to determine their maximal diameter.
Luminal diameters were measured by Vasotracker software
2 minutes after each addition of acetylcholine or sodium
nitrorpsuside (41). All ex vivo arterial function data are
presented as percent of maximal dilation after pre-constriction
with phenylephrine. Arteries failing to achieve ≥ 15% pre-
constriction were excluded.

Aortic histology

After sacrifice, a 2-3 mm aortic ring with perivascular
tissue intact was excised from the thoracic aorta and
embedded in Optimal Cutting Temperature medium, as
described previously (39). Aortic rings were sliced into
8-micron sections. Each slide contained 2 to 3 aortic
sections, which were averaged. For measures of medial
cross-sectional area (CSA) the lumen border and the outer
medial border were traced in ImageJ and internal areas
were measured. These areas were used to calculate medial
CSA and were calculated as the outer medial border area
minus the lumen area. Collagen was quantified by Masson’s
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trichrome staining (MilliporeSigma, Burlington, MA, USA)
as percentage of the selected area, as described previously
(42). Blue channel images from an RGB stack were used
for densitometric quantification of collagen content with
ImageJ. Elastin was quantified by Verhoff-Van Gieson staining
(Abcam, Cambridge, UK), as described previously (39). An
8-bit grayscale was used for densitometric quantification of
elastin content with ImageJ. Collagen and elastin content were
normalized to NC.

Statistical analysis

A 4-way mixed model ANOVA was used to evaluate
the effect of Sex, Group, Week, Time/Concentration on
GTT/ITT and ex vivo arterial function responses. A 3-way
mixed model ANOVA was used to evaluate the effect of Sex,
Group, and Week on systolic BP, aortic PWV, GTT/ITT
AUC, and ex vivo arterial function responses at each drug
concentration. To analyze the remaining data, a 2-way
ANOVA or 2-way mixed model ANOVA was used to
evaluate the effect of Sex, Group, or Time/Concentration
on all the variables. Sidak post-hoc test was used to
further identify values that were significantly different.
Bivariate correlations were determined between selected
variables. Statistical significance was set at P < 0.05 for all
analyses. Statistic tests were performed with SPSS software
version 26.0 (IBM, Armonk, NY, USA). Data are presented
as mean± SEM.

Results

Dietary intake

Dietary intake is presented in Table 1. There were Sex-
related differences in energy intake (P < 0.05) but no differences
in energy intake were present between groups (P > 0.05). There
were also Group- and Sex-related differences in carbohydrate,
fat, and protein intake (P < 0.05). No interaction effects were
observed (P > 0.05).

Animal characteristics

We observed a significant main effect of Group and Time,
as well as a significant interaction effect of Group X Week on
body mass and change in body mass (Figure 1; P < 0.05 for
all). At baseline (i.e., week 0), body mass was similar between
NC and WD (Figure 1A; P > 0.05). Over the 12-week dietary
intervention, body mass was increased from baseline in WD
mice at week 2 and continued to increase through week 12
(P < 0.05). With the exception of week 3, body mass was
greater in WD compared to NC mice in weeks 2-12 (P < 0.05).
Body mass also increased in NC mice at week 6 and weeks 10-
12 compared to baseline (P < 0.05). While we did observe a
significant main effect of Sex (P< 0.05), there was no interaction
effect of Sex with body mass (Figure 1B; P > 0.05) or change in
body mass (Figure 1C; P > 0.05). However, the change in body
mass over the 12-week intervention was ∼3-fold greater in WD
compared to NC mice (Figure 1C; P < 0.05). Visceral adipose
tissue mass expressed as an absolute mass, as well as normalized
to body mass or tibia length were higher in WD compared to
NC mice (Table 2; P < 0.05). We also observed sex-related
differences in visceral adiposity with female WD mice having
greater absolute and relative visceral adiposity mass compared
to male WD mice (P < 0.05).

Metabolic function

We observed a significant main effect of Group and Sex,
as well as a significant interaction effect of Group X Sex
with non-fasted blood glucose, plasma insulin, and HOMA-
IR (Figure 1; P < 0.05 for all). Non-fasted blood glucose,
plasma insulin, and HOMA-IR were also higher in WD
compared to NC mice (Figures 1D-F; P < 0.05). These
group differences were driven by male WD mice, as they had
higher blood glucose, plasma insulin, and HOMA-IR compared
to female WD mice (P < 0.05). There were no sex-related
differences in these variables between male and female NC
mice (P > 0.05).

We observed a significant main effect of Group, Week, and
Time, as well as a significant interaction effects of Group X

TABLE 1 Dietary intake.

Normal chow Western diet

Male Female Male Female Group Sex Interaction

Sample size, n 6 6 6 6 − — —

Energy intake, kcal/d 17.2± 0.4 15.9± 0.5 17.1± 1.2 14.7± 0.1 0.329 0.010 0.392

Carbohydrate intake, kcal/d 10± 0.2 9.2± 0.3 7.7± 0.5 6.6± 0 <0.001 0.008 0.643

Fat intake, kcal/d 2.3± 0.1 2.1± 0.1 6.7± 0.5 5.7± 0 <0.001 0.022 0.105

Protein intake, kcal/d 4.9± 0.1 4.5± 0.1 2.7± 0.2 2.3± 0 <0.001 0.008 0.846

Values are means± SEM. Data were analyzed using 2-way ANOVA. Sidak post-hoc test was used to identify group differences.
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FIGURE 1

Comparisons in normal chow (NC) and Western (WD) diet-treated male (M) and female (F) mice. Data were analyzed using 2-way and 3-way
mixed model ANOVA and 2-way ANOVA. Sidak post-hoc test was used to identify differences in body mass between groups (A) and sexes (B), as
well as differences in 1 body mass (C), non-fasting blood glucose (D), non-fasting plasma insulin (E), and HOMA-IR (F) between groups/sexes.
*P < 0.05 vs. NC. †P, 0.05 vs. NC within sex. ‡P < 0.05 vs. male within group. Data are individual values and means ± SEM.

Week and Group X Week X Time with GTT response (Figure 2;
P < 0.05). At baseline, glucose tolerance was similar between
groups (Figure 2A; P > 0.05). However, glucose tolerance
was lower in WD compared to NC mice at weeks 6 and
12 (Figures 2C,E; P < 0.05). We also observed a significant
main effect of Sex, as well as significant interaction effects
of Sex X Group, Sex X Week, Sex X Group X Week X
Time for GTT response (P < 0.05). At baseline (Figure 2B),

week 6 (Figure 2D), and week 12 (Figure 2F) timepoints,
glucose tolerance was lower in males compared to females
(P < 0.05). Although female NC and WD mice had similar
glucose tolerance at all timepoints (P > 0.05), only at baseline
was glucose tolerance similar between male NC and WD
mice (P > 0.05). However, at weeks 6 and 12, glucose
tolerance was lower in male WD compared to male NC mice
(P < 0.05).
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We observed a significant main effect of Group, Week, and
Time, as well as a significant interaction effects of Group X
Week and Group X Week X Time with ITT response (Figure 3;
P < 0.05). At baseline and week 6, insulin tolerance was similar
between groups (Figures 3A,C; P > 0.05), although insulin
tolerance was lower in WD compared to NC mice at week 12
(Figure 3E; P < 0.05). We also observed a significant main
effect of Sex, as well as significant interaction effects of Sex
X Group, Sex X Week, and Sex X Group X Week X Time
with ITT response (P < 0.05). At baseline (Figure 3B), week

6 (Figure 3D), and week 12 (Figure 3F) timepoints, insulin
tolerance was lower in males compared to females (P < 0.05).
Although female NC and WD mice had similar insulin tolerance
at all timepoints (P > 0.05), only at baseline was insulin
tolerance similar between male NC and WD mice (P > 0.05).
However, at weeks 6 and 12, insulin tolerance was lower in male
WD compared to male NC mice (P < 0.05).

We observed a significant main effect of Group and Time,
as well as a significant interaction effect with Group X Time
with GTT area under the curve (AUC) (Figure 4; P < 0.05).

TABLE 2 Animal characteristics.

Normal chow Western diet

Male Female Male Female Group Sex Interaction

Sample size, n 6 6 6 6 − − —

Age, mo 6.7± 0.3 6.9± 0.0 6.5± 0.2 6.9± 0.0 0.674 <0.001 0.104

Body mass, g 34.7± 1.5 26.7± 1.1 45.2± 2.2 38.3± 2.8 <0.001 0.002 0.802

Tibia length, mm 18.6± 0.2 20.0± 0.5 19.1± 0.3 19.3± 0.3 0.876 0.048 0.145

Heart, mg 169± 9 139± 5 188± 12 139± 6 0.295 <0.001 0.253

Heart/Body mass, mg/g 4.9± 0.2 5.2± 0.2 4.2± 0.3 3.7± 0.3 0.001 0.828 0.163

Heart/Tibia length, mg/mm 9.1± 0.5 7.0± 0.2 9.8± 0.5 7.2± 0.3 0.258 <0.001 0.495

Liver, mg 1739± 80 1400± 68 2233± 188 1509± 121 0.024 <0.001 0.135

Liver/Body mass, mg/g 50.4± 2.2 52.5± 2.1 49.1± 2.4 40.1± 3.3*† 0.014 0.191 0.042

Liver/Tibia length, mg/mm 93.4± 3.8 70.2± 2.9 116.6± 9.0 77.8± 5.3 0.014 <0.001 0.189

Spleen, mg 78± 8 90± 3 86± 8 94± 7 0.365 0.157 0.742

Spleen/Body mass, mg/g 2.3± 0.3 3.4± 0.2 1.9± 0.1 2.5± 0.2 0.003 <0.001 0.181

Spleen/Tibia length, mg/mm 4.2± 0.4 4.5± 0.2 4.5± 0.4 4.8± 0.3 0.321 0.311 0.972

Visceral adipose tissue, mg 431± 78 255± 108 901± 101* 1403± 251*† <0.001 0.295 0.036

Visceral adipose tissue/Body mass, mg/g 12.1± 1.8 8.8± 3.5 19.8± 1.6 35.3± 5.0*† <0.001 0.075 0.009

Visceral adipose tissue/Tibia length, mg/mm 23.0± 4.0 12.1± 4.9 47.1± 5.0* 73.0± 13.7*† <0.001 0.356 0.031

Quadricep, mg 240± 6 194± 18 216± 15 211± 6 0.782 0.049 0.104

Quadricep/Body mass, mg/g 7.0± 0.4 7.4± 0.9 4.8± 0.4 5.6± 0.4 0.002 0.298 0.701

Quadricep/Tibia length, mg/mm 12.9± 0.5 9.8± 1.0 11.3± 0.9 10.9± 0.4 0.749 0.028 0.083

Gastrocnemius, mg 164± 4 135± 9 166± 12 115± 7 0.269 <0.001 0.195

Gastrocnemius/Body mass, mg/g 4.8± 0.2 5.1± 0.4 3.7± 0.3 3.1± 0.3 0.000 0.677 0.163

Gastrocnemius/Tibia length, mg/mm 8.8± 0.3 6.8± 0.5 8.6± 0.5 5.9± 0.4 0.239 <0.001 0.423

Soleus, mg 11± 1 8± 1 11± 1 10± 2 0.680 0.085 0.583

Soleus/Body mass, mg/g 0.3± 0.0 0.3± 0.0 0.2± 0.0 0.2± 0.0 0.025 0.844 0.715

Soleus/Tibia length, mg/mm 0.6± 0.0 0.4± 0.0 0.6± 0.1 0.5± 0.1 0.735 0.025 0.389

Plantaris, mg 22± 1 21± 1 24± 1 18± 2 0.664 0.014 0.065

Plantaris/Body mass, mg/g 0.6± 0.0 0.8± 0.1† 0.5± 0.0 0.5± 0.1* <0.001 0.331 0.041

Plantaris/Tibia length, mg/mm 1.2± 0.0 1.1± 0.1 1.3± 0.0 0.9± 0.1 0.601 0.002 0.110

Kidney, mg 297± 13 215± 8 293± 22 201± 11 0.525 <0.001 0.745

Kidney/Body mass, mg/g 8.6± 0.5 8.1± 0.3 6.5± 0.5 5.4± 0.5 <0.001 0.081 0.531

Kidney/Tibia length, mg/mm 16± 0.7 10.8± 0.4 15.2± 0.9 10.4± 0.4 0.358 <0.001 0.835

Blood glucose, mg/dl 175± 7 158± 8 206± 7* 158± 6† 0.036 <0.001 0.033

Plasma insulin, mU/L 2.2± 0.2 1.6± 0.2 21.2± 8.3* 2.2± 0.6† 0.014 0.014 0.020

HOMA-IR, U 0.9± 0.1 0.6± 0.1 10.7± 4.3* 0.8± 0.2† 0.015 0.013 0.019

Values are means± SEM. Data were analyzed using 2-way ANOVA. Sidak post-hoc test was used to identify group differences.
*P < 0.05 vs. normal chow diet within sex.
†P < 0.05 vs. male within group.
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FIGURE 2

Comparisons in normal chow (NC) and Western (WD) diet-treated male (M) and female (F) mice. Data were analyzed using 3-way and 4-way
mixed model ANOVA. Sidak post-hoc test was used to identify differences in blood glucose in response to glucose tolerance test between
groups (A) and sexes (B) at week 0, week 6 (C,D), and week 12 (E,F). *P < 0.05 vs. NC. †P < 0.05 vs. NC within sex. ‡P < 0.05 vs. male within
group. Data are means ± SEM.

At baseline, GTT AUC was similar between NC and WD
(Figures 4A; P < 0.05). However, GTT AUC was higher in WD
compared to NC at weeks 6 and 12 (P < 0.05). We also observed
a significant main effect of Sex as well as significant interaction
effects of Sex X Group, Sex X Time, and Sex X Group X Time
with GTT AUC (P < 0.05). Within both diet groups, female
mice had a lower GTT AUC compared to male mice at all weeks
(Figure 4A; P < 0.05). Additionally, we observed elevations in

GTT AUC in WD male mice compared to NC males at weeks
6 and 12 (P < 0.05). We observed a significant main effect
of Group and Time, as well as a significant interaction effect
with Group X Time with ITT AUC (Figure 4; P < 0.05). At
baseline and week 6, ITT AUC was similar between NC and
WD (Figure 4B; P < 0.05). However, ITT AUC was higher in
WD compared to NC at week 12 (P < 0.05). Also, we observed
a significant main effect of Sex as well as significant interaction
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FIGURE 3

Comparisons in normal chow (NC) and Western (WD) diet-treated male (M) and female (F) mice. Data were analyzed using 3-way and 4-way
mixed model ANOVA. Sidak post-hoc test was used to identify differences in blood glucose in response to insulin tolerance test between
groups (A) and sexes (B) at week 0, week 6 (C,D), and week 12 (E,F). *P < 0.05 vs. NC. †P < 0.05 vs. NC within sex. ‡P < 0.05 vs. male within
group. Data are means ± SEM.

effects of Sex X Group, Sex X Time, and Sex X Group X Time
with ITT AUC (P < 0.05). Within both diet groups, female mice
had a lower ITT AUC compared to male mice at most weeks
(Figure 4B; P < 0.05). Additionally, we observed elevations in
ITT AUC in WD male mice compared to NC males at weeks 6
and 12 (P < 0.05).

Systolic blood pressure

We observed a significant main effect of Group and Week,
as well as a significant interaction effect of Group X Week with
systolic BP and change in systolic BP (Figure 5; P < 0.05 for
all). At baseline, systolic BP was similar between NC and WD
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(Figure 5A; P > 0.05). Over the 12-week dietary intervention,
systolic BP increased from baseline in WD mice at week 2 and
continued to increase through week 12 (P < 0.05). Systolic
BP was greater in WD compared to NC mice in weeks 2-12
(P < 0.05). We did not observe any sex-related differences in
systolic BP (Figure 5C; P > 0.05) or change in systolic BP
(Figure 5E; P > 0.05). The change in systolic BP over the
12-week intervention was ∼3-fold greater in WD compared to
NC mice (Figure 5E; P < 0.05).

Aortic structure and function

We observed a significant main effect of Group and Week,
as well as a significant interaction effect of Group X Week with
aortic PWV and change in aortic PWV (Figure 5; P < 0.05
for all). At baseline, aortic PWV was similar between NC
and WD (Figure 5B; P > 0.05). Over the 12-week dietary
intervention, aortic PWV increased from baseline in WD mice
at week 4 and continued to increase through week 12 (P < 0.05).
Aortic PWV was greater in WD compared to NC mice in
weeks 2-12 (P < 0.05). We observed a significant interaction
effect of Sex X Group with aortic PWV (P < 0.05), indicating
female WD mice had greater aortic PWV than male WD mice
(Figure 5D; P < 0.05). There was no sex-related difference in
change in aortic PWV (Figure 5F; P > 0.05). The change in
aortic PWV over the 12-week intervention was ∼7-fold greater
in WD compared to NC mice (Figure 5F; P < 0.05). There
was a strong correlation between aortic stiffness and systolic
BP (Figure 6A, r2 = 0.34, P < 0.05), as well as a moderate
correlation between change in aortic stiffness and systolic BP
(Figure 6B, r2 = 0.16, P < 0.05). We also observed strong
correlations between change in body mass and change in systolic
BP (Figure 7A, r2 = 0.31, P< 0.05) or aortic stiffness (Figure 7B,
r2 = 0.51, P < 0.05).

In histological sections of thoracic aortas, there was no
difference in lumen diameter (Figure 8A, P > 0.05), medial CSA
(Figure 8B, P> 0.05), or medial wall-to-lumen ratio (Figure 8C,
P > 0.05) between groups. Collagen content was elevated in
WD compared to NC (Figure 8D, P < 0.05), but there were no
differences in elastin content (Figure 8E, P > 0.05). There were
no sex-related differences in histological analyses (P > 0.05).

Ex vivo arterial function

We observed a significant main effect of Group and
Concentration, as well as a significant interaction effect of
Group X Concentration with carotid artery vasodilation to
acetylcholine (Figure 9; P < 0.05 for all). Carotid artery
EDD was higher in NC compared to WD mice (Figure 9A;
P < 0.05). In the presence of L-NAME, EDD was lower
in both NC and WD (P < 0.05 vs. acetylcholine), but

FIGURE 4

Comparisons in normal chow (NC) and Western (WD)
diet-treated male (M) and female (F) mice. Data were analyzed
using 2-way and 3-way mixed model ANOVA. Sidak post-hoc
test was used to identify differences in glucose tolerance test
(GTT) area under the curve (AUC) between groups/sexes (A), as
well as differences in insulin tolerance test (ITT) AUC between
groups/sexes (B). *P < 0.05 vs. NC. †P < 0.05 vs. Week 0.
‡P < 0.05 vs. Week 6. §P < 0.05 vs. NC within sex. #P < 0.05 vs.
male within group. Data are individual values and means ± SEM.

similar between groups (P > 0.05). There were no sex-related
differences in EDD (Figure 9B; P > 0.05). We observed a
significant main effect of Concentration with carotid artery
vasodilation to sodium nitroprusside (Figure 9C; P < 0.05),
but there were no group differences in EID (P > 0.05).
There were no sex-related differences in EID (Figure 9D;
P > 0.05). We observed no differences in carotid artery
maximal luminal diameter (NC-Male: 436 ± 10; NC-Female:
421 ± 10; WD-Male: 444 ± 5; WD-Female: 438 ± 9 µm;
P > 0.05), wall thickness (NC-Male: 51 ± 3; NC-Female:
51 ± 3; WD-Male: 55 ± 3; WD-Female: 47 ± 4 µm;
P> 0.05), or phenylephrine-induced preconstriction (NC-Male:
24.5 ± 3.2; NC-Female: 22.0 ± 3.3; WD-Male: 25.7 ± 3.6;
WD-Female: 23.6 ± 2.2 % preconstriction; P > 0.05). There
were strong, inverse correlations between maximal vasodilation
to acetylcholine and systolic BP (Figure 10A, P < 0.05) or
aortic stiffness (Figure 10B, P < 0.05). However, no relationship
between systolic BP (Figure 10C, P > 0.05) or aortic stiffness
(Figure 10D, P > 0.05) and maximal vasodilation to sodium
nitroprusside was present.
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FIGURE 5

Comparisons in normal chow (NC) and Western (WD) diet-treated male (M) and female (F) mice. Data were analyzed using 2-way and 3-way
mixed model ANOVA and 2-way ANOVA. Sidak post-hoc test was used to identify group differences in systolic blood pressure (BP) (A) and
aortic pulse wave velocity (PWV) (B), sex-differences in systolic BP (C) and aortic PWV (D), as differences in 1 systolic BP (E) and 1 aortic PWV
(F) between groups/sexes. *P < 0.05 vs. NC. 0, 2, 4, 6, 8, 10 P < 0.05 vs. the corresponding week, respectively. Data are individual values and
means ± SEM.

Discussion

In the present study, 12 weeks of WD resulted in
increased visceral adiposity, metabolic dysfunction, and arterial
dysfunction in outbred, genetically diverse young mice.
Interestingly, visceral adiposity was observed in both male
and female WD mice. However, metabolic dysfunction (i.e.,
impaired GTT and ITT responses and elevated HOMA-IR) was

only observed in male WD mice. Unlike metabolic dysfunction,
arterial dysfunction was present in both male and female WD
mice, which was indicated by augmented systolic BP and aortic
PWV and impaired EDD. WD-induced arterial dysfunction
was also accompanied by structural adaptations within the
aorta that resulted in augmented aortic collagen content. Taken
together, these findings provide evidence that WD-induced
visceral adiposity and arterial dysfunction occur in male and
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FIGURE 6

Bivariate correlational analysis was used to determine the
relationship between aortic pulse wave velocity (PWV) and
systolic blood pressure (BP) (A), as well as the relationship
between 1 in systolic BP and aortic PWV (B) in normal chow
and Western diet-treated mice. Data are individual values.

female UM-HET3 mice, despite preserved metabolic function in
WD-fed female mice.

Sex-related differences in metabolic
response to Western diet

Body mass and visceral adiposity were higher in male and
female WD mice, compared to their NC counterparts. Although
the change in body mass in response to WD was similar between
males and females, visceral adiposity was ∼56% heavier in
female WD mice compared to male WD mice. We observed
no sex-related differences in visceral adiposity between male
and female NC mice. Thus, sex-related differences in visceral
adiposity between male and female WD mice indicate that
WD exerts a greater obesogenic effect on female mice. As a
group, metabolic dysfunction was worse in WD compared to
NC mice. Interestingly, this was entirely driven by worsened
metabolic dysfunction in male WD mice. Indeed, compared to
NC mice and female WD mice, male WD mice had a higher
non-fasted blood glucose, plasma insulin concentrations, and
HOMA-IR. Moreover, male WD mice had worse glucose and
insulin tolerance in response to GTTs and ITTs, respectively,
compared to NC mice and female WD mice. Indeed, GTT and

FIGURE 7

Bivariate correlational analysis was used to determine the
relationship between 1 in systolic blood pressure (BP) (A) or
aortic pulse wave velocity (PWV) (B) with 1 in body mass in
normal chow and Western diet-treated mice. Data are individual
values.

ITT responses were similar at all timepoints (i.e., 0-, 6-, and 12-
weeks) between NC and WD female mice. It has been previously
reported that female mice have greater insulin sensitivity in diet-
induced obesity models (13, 43), and this has also been shown in
women (44, 45). Thus, female mice may have a greater ability
to store adipose tissue, which is critical to maintain insulin
sensitivity (43, 46), and might explain why metabolic function
was preserved in female WD mice. Although this appears to
be a beneficial feature in female mice, we still observed similar
or worse arterial dysfunction in female WD mice, compared to
male WD mice. Thus, further study in this area is warranted.

Western diet augments systolic blood
pressure and aortic stiffness

Despite sex-related differences in metabolic function in
WD mice, we observed a similar time course of elevation
in systolic BP between male and female across the 12-week
intervention. Indeed, 2 weeks after beginning WD, systolic BP
was increased in male and female mice. Systolic BP continued to
rise throughout the 12-week dietary intervention. These data are
in contrast to other studies that have shown a minimal effect of
WD on systolic BP in mice (14–19). However, it is important

Frontiers in Nutrition 11 frontiersin.org

114115115

https://doi.org/10.3389/fnut.2022.1090023
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1090023 January 4, 2023 Time: 7:50 # 12

Zheng et al. 10.3389/fnut.2022.1090023

FIGURE 8

Comparisons in normal chow (NC) and Western (WD) diet-treated mice. Data were analyzed using 3-way ANOVA. Sidak post-hoc test was used
to identify groups/sex differences in aortic lumen diameter (A), medial cross-sectional area (CSA) (B), wall-to-lumen area (C), collagen (D), and
elastin (E) content. Figures are accompanied by representative images of collagen and elastin staining. Black scale bars are equal to 500 µm.
*P < 0.05 vs. NC. Data are individual values and means ± SEM.

to note that these studies used genetically identical, inbred
mouse strains, such as C57BL/6. Moreover, WD consumption
in human is associated with elevated systolic BP (47–49). Also,
there is direct evidence demonstrating experimental weight gain
over a short period of time in humans increases systolic BP (20–
22). Thus, the lack of a hypertensive effect of WD in inbred
mice may be a strain-specific phenotype that may be avoided
by using outbred, genetically diverse mice, which also increases
the translatability of the current findings to humans. Thus, our
findings in the present study that UM-HET3 mice more closely
resemble systolic BP responses to WD and its association to
weight gain in humans should be considered as a translational
strength of this study and this mouse model.

Elevated systolic BP in WD mice was accompanied by
augmented aortic stiffness. Although increases in systolic BP
do not commonly occur this early after beginning WD in
inbred strains, augmented aortic stiffening has been shown in

response to WD (50–53). To the best of our knowledge, the
present study is the first to examine systolic BP and aortic
stiffening in response to WD in UM-HET3 mice. Early in the
intervention, systolic BP and aortic stiffness tended to increase
at a similar rate across the 12-week intervention. However, in
the latter weeks of the intervention aortic stiffness appeared to
continue increases at the same rate, while increases in systolic
BP tended to slow down.

Precise determination of whether elevations in systolic BP
augment aortic stiffness or vice versa with WD is beyond
the scope of this study. However, some mechanistic insight
may be achieved by examining the time course of changes in
these measurements. Changes in systolic BP and aortic stiffness
were also accompanied by significant increases in body mass.
While aortic stiffening has been shown to precede elevations
in systolic BP in WD-fed C57BL/6 mice (54), these changes
were shown to be dependent on adiposity, as reductions in
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FIGURE 9

Comparisons in normal chow (NC) and Western (WD) diet-treated male (M) and female (F) mice. Data were analyzed using 2-way and 3-way
mixed model ANOVA. Sidak post-hoc test was used to identify differences in carotid artery vasodilation to acetylcholine in the presence and
absence of L-NAME between groups (A) and sexes (B), as well as to identify differences in carotid artery vasodilation to sodium nitroprusside
between groups (C) and sexes (D). *P < 0.05 vs. NC. Data are means ± SEM.

adiposity lead to a decrease in systolic BP and aortic stiffness.
We observed a strong relationship between the body mass
gain and changes in systolic BP. In addition to augmented
systolic BP and aortic stiffness, aortic collagen content was also
augmented in WD mice. Increased arterial collagen content is
a hallmark of arterial aging and is thought to be due to age-
related changes to aortic structure and function (55). Thus,
it is possible that the increase in collagen content represents
arterial remodeling in response to WD consumption, and this
remodeling is responsible for the continued increase in aortic
stiffness and systolic BP throughout the intervention (56, 57).
The direct mechanism responsible for augmented aortic stiffness
cannot be determined from this study. However, modest weight
gain has been associated with increased arterial stiffness in
nonobese men but not nonobese women (58), although total
and visceral adiposity have been shown to have a greater
association with arterial stiffness in obese women than obese
men (59). To the best of our knowledge, only one study
measured systolic BP and aortic stiffness across the lifespan
of WD-fed C57BL/6 mice and showed continually increased
aortic stiffness and no change in systolic BP (16). Although
it is unknown whether systolic BP and aortic stiffness would

continue to rise past week 12 in these WD-fed UM-HET3 mice,
it is possible that systolic BP and aortic stiffness in female
WD mice would start to elevate with a faster rate compared
to male WD mice as metabolic function starts to deteriorate
with aging in female WD mice (60). Thus, future studies are
warranted in this area.

Western diet may impair
endothelium-dependent dilation by
decreasing NO-mediated vasodilation

Carotid artery EDD was impaired in WD mice,
demonstrated by blunted vasodilation to acetylcholine in
WD compared to NC mice. Reductions in EDD appeared
to be due to lower NO-mediated vasodilation in WD mice,
indicating that EDD was reduced via decreases in NO
bioavailability. We did not observe any blunted vasodilation to
sodium nitroprusside. Thus, impaired EDD does not appear
to be caused by dysfunction in vascular smooth muscle, as
there was no impairment in EID. Moreover, the increase in
systolic BP and aortic stiffness is linked with impaired EDD,
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FIGURE 10

Bivariate correlational analysis was used to determine relations between maximal vasodilation to acetylcholine with systolic blood pressure (BP)
(A) or aortic pulse wave velocity (PWV) (B), as well as relations between maximal vasodilation to sodium nitroprusside with systolic blood
pressure (BP) (C) or aortic pulse wave velocity (PWV) (D) in normal chow and Western diet-treated mice. Data are individual values.

but not EID (61, 62). Indeed, we observed strong inverse
relationships between systolic BP or aortic stiffness and
maximal vasodilation to acetylcholine in carotid artery. This
relationship was not present between systolic BP or aortic
stiffness and maximal vasodilation to sodium nitroprusside
in carotid artery. Thus, it seems that the mechanism by
which WD consumption induces elevation in systolic BP
and aortic stiffening also plays a role in impaired EDD
in carotid artery.

Limitations

This study is not without limitations. We did not collect
subcutaneous adipose tissue, therefore, was not able to
determine whether sex-difference exits in subcutaneous adipose
tissue mass as it has been shown that obese men typically have
greater visceral adipose tissue and obese women have greater
subcutaneous adipose tissue (63). We did not observe any
differences in aortic lumen diameter, media CSA, or wall-to-
lumen in WD mice. It should be noted that these measurements
were derived from histological sections that were cut from
unpressurized aortic rings. However, we also observed no
differences in lumen diameter or wall thickness in pressurized
carotid arteries that we used during ex vivo arterial function.
While these data in pressurized carotid arteries support our

histological findings in the aorta, further examination of the
aorta structural characteristics when pressurized is warranted.

Conclusion

In the present study, we observed a rapid increase in body
mass in outbred, genetically diverse, male and female UM-
HET3 mice fed WD. Interestingly, we observed WD resulted
in metabolic dysfunction in male mice only, demonstrating a
sex-specific manner by which WD impairs metabolic function
in these mice. Although female WD mice did not develop
metabolic dysfunction, they had greater visceral adiposity
compared to male WD mice. Systolic BP and aortic stiffness also
had a rapid increase in response to WD, which continued to
increase through the end of the 12-week dietary intervention.
Elevated systolic BP and aortic stiffness were strongly related to
EDD, which was also impaired at the end of the intervention
in male and female WD-fed mice. Although the precise
physiological mechanism for these changes in response to WD
is unclear, these data provide preliminary support for the
use of UM-HET3 mice, an outbred, genetically diverse strain,
as a mouse model for translational research on this topic.
Future studies are warranted to elucidate the mechanism of
WD on arterial aging and metabolic function in this mouse
model, as they may provide important translational insight into
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sex-specific WD-induced metabolic and arterial dysfunction in
industrialized human populations.
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Dietary magnesium and calcium 
intake is associated with lower risk 
of hearing loss in older adults: A 
cross-sectional study of NHANES
Xinmin Wei *

Department of Otolaryngology, Affiliated Nanjing Jiangbei Hospital of Nantong University, Nanjing, 
China

Aim: Dietary intake as a modifiable factor has been reported to be associated with 
hearing loss (HL). The relationship between magnesium (Mg) and calcium (Ca) as 
common dietary nutrients and HL in the elderly has rarely been reported. This study 
aimed to assess the association between Mg and Ca intake and HL in older adults.

Method: This cross-sectional study included participants aged ≥70 years from the 
National Health and Nutrition Examination Survey (NHANES) 2005–2006, 2009–
2010, and 2017–2018. Outcomes were low-frequency [pure-tone averages 
(PTAs) at 500, 1000, and 2000 Hz >25 dB] and speech-frequency (PTAs at 500, 
1000, 2000, and 4,000 Hz >25 dB) HL. Multivariate logistic analysis was utilized to 
explore the association between dietary Mg and Ca intake and their combined 
intake (Ca/Mg, Ca*Mg) and HL, and was described as odds ratio (OR) and 95% 
confidence interval (CI).

Results: A total of 1,858 participants were included, of which 1,052 (55.95%) had 
low-frequency HL and 1,349 (72.62%) had speech-frequency HL. Dietary Ca intakes 
[OR = 0.86, 95%CI: (0.74–0.99)] and Mg intakes [OR = 0.81, 95%CI: (0.68–0.95)] and 
Ca * Mg [OR = 0.12, 95%CI: (0.02–0.87)] were associated with lower odds of low-
frequency HL after adjusting for confounders. Similar, dietary Ca intakes [OR = 0.85, 
95%CI: (0.77–0.95)] and Mg intakes [OR = 0.78, 95%CI: (0.68–0.90)] and Ca * Mg 
[OR = 0.23, 95%CI: (0.05–0.78)] were related to lower odds of speech-frequency 
HL. For different levels of Mg and Ca intake, the combined intake of Ca (≥1,044 mg) 
and Mg (≥330 mg) was related to lower odds of low-frequency HL [OR = 0.02, 
95%CI: (0.00–0.27)] and speech-frequency HL [OR = 0.44, 95%CI: (0.21–0.89)].

Conclusion: Dietary intakes of Mg and Ca were associated with lower odds of HL 
and are a promising intervention to be further explored in older adults with HL.

KEYWORDS

hearing loss, magnesium, calcium, dietary intakes, NHANES

Introduction

Approximately 360 million people suffer from permanent hearing loss (HL) worldwide, 
accounting for 5.3% of the global population (1). The prevalence of HL is rapidly rising due to 
an aging population, increasingly noisy environments, and increased use of hearing devices (2). 
Several studies have shown that more than half of people over the age of 70 suffer from 
age-related HL (3, 4). HL affects elderly people’s daily life and quality of life, negatively affects 
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their mental health (5, 6), and the health costs consumed by the 
prevention and treatment of HL also put pressure on socioeconomic 
development (7, 8). Identifying modifiable factors contributing to HL 
and good health management of HL are important to reduce the 
burden of HL in the elderly.

Age-related HL experienced by older adults usually starts with 
high-frequency HL and gradually affects the middle and low 
frequencies (9). Škerková et  al. showed that hearing thresholds 
increase significantly with age, and people over 50 years of age can 
only perceive sounds at 11.2 kHz (10). Moreover, once HL has 
progressed into the 2–4 kHz range, speech understanding in any 
situation is compromised (9). It is necessary to explore the relevant 
factors affecting the low- and middle-frequency Hl in the elderly. 
Studies have shown that risk factors for HL include age, smoking, and 
noise exposure (11). Recently, the relationship between dietary intake 
and HL has received attention, and good nutritional status can help 
prevent or repair initial HL (12). Choi et  al. found that dietary 
magnesium (Mg) intakes may contribute to lower hearing thresholds 
(13). Jung et al. reported that higher dietary Mg intake was associated 
with a lower incidence of HL (12). This may be due to the fact that Mg 
can reduce HL caused by noise-induced vasoconstriction and free 
radical formation (14, 15). Furthermore, calcium dysregulation is a 
well-recognized cause of noise HL (16), and there is an antagonistic 
effect between Ca and Mg (17). Ca levels affect bone density, decreased 
bone density is common in older adults. Curhan et al. found that 
osteoporosis caused by decreased bone density may increase the risk 
of HL (18). However, the association between dietary Mg and Ca 
intakes and HL at different frequency HL in the elderly remain unclear.

Therefore, the purpose of this study was to examine the association 
between dietary Ca and Mg intakes and the risk of HL and their 
interaction effects. From the perspective of improving eating habits, 
explore and propose health management countermeasures, to lay a 
theoretical foundation for hearing loss health management services.

Methods

Study population

Data for this cross-sectional study were extracted from the 
National Health and Nutrition Examination Survey (NHANES) 2005–
2006, 2009–2010, and 2017–2018 (19). NHANES was conducted by 
the National Centers for Health Statistics (NCHS), the Centers for 
Disease Control and Prevention (CDC) to assess health and 
nutritional information for a representative sample of the U.S. civilian, 
noninstitutionalized U.S. population (20). The NHANES survey uses 
complex, multistage, probability sampling methods based on broad 
population distributions. Each survey cycle in the NHANES database 
focused on the hearing status of participants in a specific age group 
(21). For example, the 2007–2008 survey focused on the hearing status 
of adolescents aged 12–19 years, the 2009–2010 survey focused on the 
hearing status of adolescents aged 12–19 years and seniors aged 
70 years and older, and the 2011–2012 survey focused on the hearing 
status of adults aged 20–69 years. After the screening, only three 
survey cycles of 2005–2006, 2009–2010, and 2017–2018 focused on 
the hearing status of participants aged 70 and above.

A total of 3,935 eligible participants aged ≥70 who received 
audiometric examination was in NHANES 2005–2006, 2009–2010, 

and 2017–2018. Participants were excluded for nonresponse or 
unavailable response at the audiometric examination (n = 7,243). 
Moreover, participants with missing information on dietary and zero 
total energy intake (n = 205) were excluded. Finally, 1,858 eligible 
participants were included in the analysis. NHANES is a publicly 
available dataset and was approved by the NCHS Ethics Review Board, 
and all participants provided written informed consent.

Outcome variable

Audiometry examination was performed in a dedicated sound-
isolating room in the Mobile Examination Center by trained 
examiners on participants. The outcome variables of this study were 
low-frequency HL and speech-frequency HL. Low-frequency HL was 
defined as the pure-tone averages (PTAs) at 500, 1000, and 2000 Hz 
>25 dB HL in either ear and speech-frequency HL was defined as 
PTAs at 500, 1,000, 2,000, and 4,000 Hz >25 dB HL in either ear (22). 
For patients with low-frequency HL, the control group was all 
participants except those with low-frequency HL. For patients with 
speech-frequency HL, the control group was all participants except 
those with speech-frequency HL. Among patients with both 
low-frequency and speech-frequency HL, the control group was 
participants with only low-frequency or speech-frequency HL, and 
participants with neither low-frequency nor speech-frequency HL.

Intake of calcium and magnesium

Dietary Ca, Mg, vitamin C, vitamin E, and dietary supplement 
intakes were estimated by 24-h dietary recall interviews. Diet recall 
interviews require respondents to report all food and beverages (other 
than regular drinking water) consumed in the 24 h prior to the 
interview, the quantity of food reported, and a detailed description of 
the food (23). Food consumption data were converted to United States 
Department of Agriculture (USDA) standard reference codes, and 
food intake was linked to the USDA’s Food and Nutrient Database for 
Dietary Studies (FNDDS) (23, 24).

Covariates

Demographic variables included age (70–80/ ≥80 years), sex 
(male/ female), race (Mexican American/ other Hispanic/ 
non-Hispanic White/ non-Hispanic Black/ other race), marital status 
(married/ widowed/ divorced or separated/never married), body mass 
index (BMI), education level (less than high school/high school/more 
than high school), physical activity, and ratio of family income to 
poverty (PIR). PIR was categorized as ≤130, >130 to 350%, and ≥ 350% 
by the federal poverty level (FPL) (25). The FPL reflects income 
relative to household size and was used as an indicator of 
socioeconomic status (26). BMI was calculated as weight (kg)/height 
(m)2. Hypertension, diabetes mellitus and cerebrovascular disease 
(CVD) were defined as self-reported physician diagnoses. Smoking 
status was defined as smoking at least 100 cigarettes in life. Loud noise 
exposure in past 24-h was assessed by the question of “Outside of a 
job, have you ever been exposed to steady loud noise or music for 5 or 
more hours a week? This is noise so loud that you have to raise your 
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voice to be heard. Examples are noise from power tools, lawn mowers, 
farm machinery, cars, trucks, motorcycles, or loud music.” Hear 
protection was determined by the survey item, “How often do 
you  wear hearing protection devices (ear plugs, ear muffs) when 
exposed to loud sounds or noise? (Include both job- and off-work 
exposures),” and it was divided into four groups: most of the time, 
sometimes, rarely/seldom and never. Loud noise exposure at work was 
participants ever had a job where exposed to loud noise for 5 or more 
hours a week. Physical activity was expressed as the metabolic 
equivalent task (MET) and calculated as follows: physical activity 
(met·min/week) = recommended MET × exercise time for 
corresponding activities (min/day) × the number of exercise days per 
week (day) (27). Ototoxic drug use was identified based on 
participants’ self-reported use of the following drugs: aminoglycosides, 
macrolides, antineoplastic drugs, loop diuretics, salicylates, and 
antimalarials (28).

Statistical analysis

The study population was divided into two groups according to 
whether HL, characteristics were performed for comparison between 
groups. Continuous data were expressed as mean and standard error 
(S.E.), and the weighted t-test was used for comparison between 
groups. Categorical variables were described as the number and 
percentage [n (%)], and comparisons between groups used the 
weighted χ2 test. Missing values were filled using multiple imputations. 
Weighted logistic multivariate analysis was utilized to explore the 
association between dietary Ca intakes, dietary Mg intakes, Ca/Mg 
and Ca*Mg and HL. Model 1 was the crude model. Model 2 adjusted 
for age, sex, race/ethnicity, marital status, education level, and 
PIR. Model 3 adjusted for age, sex, race/ethnicity, marital status, 
education level, PIR, loud noise exposure in the past 24 h, loud noise 
exposure at work, total energy intake, vitamin C intake, vitamin E 
intake, physical activity, ototoxic medication use, and dietary 
supplement. Sensitivity analysis was performed to compare whether 
the results were different before and after data imputation. Moreover, 
Ca and Mg levels were categorized into quartiles to explore the 
relationship between different levels of Ca and Mg intake and 
HL. Odds ratio (OR) and 95% confidence interval (CI) were used to 
assess the association. All statistical analyzes were performed using R 
v. 4.20 (R Foundation for Statistical Computing, Vienna, Austria) and 
SAS v. 9.4 (SAS Institute, Cary, North Carolina) software. A p-value 
<0.05 (two-sided) was considered statistically significant.

Results

Characteristics of the study population

A total of 1,858 participants were included in the study. 
Characteristics of included participants were shown in Table 1. Of 
these participants, 1,052 (55.95%) had low-frequency HL, 1,349 
(72.62%) had speech-frequency HL, and 1,046 (55.68%) had both 
low-and speech-frequency HL. There were 1,220 (65.32%) participants 
aged 70–80 years, 950 (51.37%) male participants, and 1,268 (68.10%) 
non-Hispanic white participants. The mean (S.E.) BMI was 28.52 
(0.13) kg/m2. The mean (S.E.) Ca and Mg intakes were 825.84 (10.20) 

mg and 268.69 (3.23) mg, respectively. Dietary supplements were used 
by 1,503 (80.11%) participants. There were 228 (12.15%) participants 
who had loud noise exposure in the past 24 h and 651 (34.95%) 
participants who had loud noise exposure at work.

Comparison between the HL group and 
the non-HL group

Comparing the differences between low-frequency HL and 
non-low-frequency HL groups, the results showed that the two groups 
were significant in age (p < 0.001), race/ethnicity (p < 0.001), marital 
status (p < 0.001), education level (p < 0.001), PIR (p = 0.047), loud 
noise exposure in the past 24 h (p < 0.001), hear protection when noise 
exposure (p < 0.001), total energy intake (p = 0.014), and ototoxic 
medication use (p = 0.043; Table 1). In the speech-frequency HL and 
non-speech-frequency HL groups, there were significant differences 
in age (p < 0.001), race/ethnicity (p < 0.001), sex (p < 0.001), marital 
status (p = 0.022), educational level (p < 0.001), loud noise exposure in 
the past 24 h (p < 0.001), loud noise exposure at work (p = 0.004), hear 
protection when noise exposure (p < 0.001), dietary supplements 
(p = 0.034), and ototoxic medication use (p = 0.018).

Association between dietary ca and mg 
intake and HL

Table 2 reports the effects of dietary Ca and Mg intake and their 
combination (Ca/Mg and Ca * Mg) on HL. Dietary Ca intakes 
[OR = 0.86, 95%CI: (0.75–0.99)] and Mg intakes [OR = 0.77, 95%CI: 
(0.67–0.90)] and Ca * Mg [OR = 0.22, 95%CI: (0.05–0.86)] were 
associated with lower odds of low-frequency HL. After adjusting for 
age, sex, race/ethnicity, marital status, education level, PIR, loud noise 
exposure in the past 24 h, loud noise exposure at work, total energy 
intake, vitamin C intake, vitamin E intake, physical activity, ototoxic 
medication, and dietary supplements (model 3), dietary Ca intakes 
[OR = 0.86, 95%CI: (0.74–0.99)] and Mg intakes [OR = 0.81, 95%CI: 
(0.68–0.95)] and Ca * Mg [OR = 0.12, 95%CI: (0.02–0.87)] were still 
associated with lower odds of low-frequency HL. In the analysis of 
speech-frequency HL, dietary Ca intakes [OR = 0.85, 95%CI: (0.77–
0.95)] and Mg intakes [OR = 0.78, 95%CI: (0.68–0.90)] and Ca * Mg 
[OR = 0.23, 95%CI: (0.05–0.78)] were related to lower odds of speech-
frequency HL after adjusting for all confounders. Among participants 
with both low- and speech-frequency HL, dietary Ca intakes 
[OR = 0.85, 95%CI: (0.77–0.95)] and Mg intakes [OR = 0.78, 95%CI: 
(0.68–0.90)] and Ca * Mg [OR = 0.23, 95%CI: (0.05–0.78)] were also 
related to lower odds of low- and speech-frequency HL after adjusting 
for all confounders. In the sensitivity analysis (Supplementary Table S1), 
there was no significant difference in the results before and after 
data imputation.

Association between different levels of ca 
and mg intake and HL

Compared with Ca intake <545 mg, only participants with Ca 
intake ≥1,044 mg [OR = 0.61, 95%CI: (0.46–0.81)] were related to 
lower odds of low-frequency HL after adjusting for all confounders. 
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TABLE 1 Comparison of hearing loss (HL) group and non-HL group.

Variables Total 
(n = 1858)

Low-frequency HL P Speech-frequency HL P

No (n = 806) Yes (n = 1,052) No (n = 509) Yes (n = 1,349)

Age, n (%) <0.001 <0.001

70–80 years 1,220 (65.32) 650 (80.67) 570 (54.46) 436 (86.30) 784 (58.36)

≥80 years 638 (34.68) 156 (19.33) 482 (45.54) 73 (13.70) 565 (41.64)

Race/ethnicity, n (%) <0.001 <0.001

Mexican American 148 (7.78) 63 (7.45) 85 (7.69) 45 (8.65) 103 (7.18)

Other Hispanic 72 (4.04) 41 (5.01) 31 (2.95) 25 (4.67) 47 (3.55)

Non-Hispanic White 1,268 (68.10) 506 (63.67) 762 (73.80) 288 (57.62) 980 (73.76)

Non-Hispanic Black 278 (14.92) 155 (18.82) 123 (11.30) 118 (22.94) 160 (11.47)

Other race 92 (5.15) 41 (5.06) 51 (4.27) 33 (6.13) 59 (4.04)

Sex, n (%) 0.059 <0.001

Male 908 (48.63) 378 (46.08) 530 (50.18) 195 (37.88) 713 (52.33)

Female 950 (51.37) 428 (53.92) 522 (49.82) 314 (62.12) 636 (47.67)

Marital status, n (%) <0.001 0.022

Married 1,001 (53.65) 452 (56.01) 549 (53.51) 270 (53.15) 731 (55.16)

Widowed 572 (30.67) 205 (25.42) 367 (33.34) 139 (27.24) 433 (30.84)

Divorced/separated 220 (12.06) 118 (14.67) 102 (9.81) 78 (15.39) 142 (10.65)

Never married 65 (3.62) 31 (3.90) 34 (3.33) 22 (4.22) 43 (3.34)

BMI, kg/m2, Mean (S.E) 28.52 (0.13) 28.80 (0.22) 28.37 (0.15) 0.090 28.63 (0.32) 28.54 (0.14) 0.809

Education level, n (%) <0.001 <0.001

Less than high school 540 (29.13) 201 (24.07) 339 (31.65) 113 (21.57) 427 (30.86)

High school 491 (26.49) 208 (25.71) 281 (26.63) 125 (24.53) 364 (26.87)

More than high school 827 (44.38) 397 (50.21) 432 (41.72) 271 (53.89) 558 (42.28)

PIR, n (%) 0.047 0.229

<130 432 (23.05) 204 (24.23) 312 (28.33) 129 (23.88) 387 (27.52)

130–350% 906 (49.08) 373 (47.49) 499 (48.27) 237 (47.92) 635 (47.93)

≥350% 520 (27.87) 229 (28.28) 241 (23.39) 143 (28.20) 327 (24.55)

Smoking, n (%) 0.727 0.533

Yes 968 (51.89) 428 (52.53) 540 (51.61) 260 (50.83) 708 (52.46)

No 890 (48.11) 378 (47.47) 512 (48.39) 249 (49.17) 641 (47.54)

Physical activity, 

MET·min, Mean (S.E)

1486.64 (111.58) 1701.22 (209.16) 1328.44 (139.84) 0.159 1542.94 (166.27) 1473.71 (139.16) 0.734

Diabetes mellitus, n (%) 0.832 0.981

No 1,414 (75.74) 609 (75.75) 805 (76.18) 387 (75.95) 1,027 (76.00)

Yes 444 (24.26) 197 (24.25) 247 (23.82) 122 (24.05) 322 (24.00)

Hypertension, n (%) 0.432 0.625

No 452 (24.26) 199 (25.14) 254 (23.60) 126 (25.04) 327 (23.99)

Yes 1,406 (75.74) 607 (74.86) 798 (76.40) 383 (74.96) 1,022 (76.01)

CVD, n (%) 0.146 0.444

No 442 (23.72) 201 (25.27) 242 (22.19) 126 (24.87) 317 (23.05)

Yes 1,416 (76.28) 605 (74.73) 810 (77.81) 383 (75.13) 1,032 (76.95)

Loud noise exposure in 

past 24-h, n (%)

<0.001 <0.001

Yes 228 (12.15) 81 (10.31) 147 (13.97) 40 (7.94) 188 (14.02)

(Continued)
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Compared with Mg intake <190 mg, only participants with Mg 
intake ≥330 mg [OR = 0.67, 95%CI: (0.46–0.99)] were related to 
lower odds of low-frequency HL after adjusting for all confounders 
(Supplement Table S2). Similar, only participants with Ca intake 
≥1,044 mg [OR = 0.59, 95%CI: (0.38–0.90)] or Mg intake ≥330 mg 
[OR = 0.64, 95%CI: (0.41–0.99)] were associated with lower odds of 
speech-frequency HL after adjusting for all confounders. Table 3 
shows the effect of combined intake of different levels of Ca and Mg 
on HL. Combined intake of Ca (545-756 mg) and Mg (≥330 mg) 
[OR = 0.14, 95%CI: (0.02–0.74)] or Ca (≥1,044 mg) and Mg 
(≥330 mg) [OR = 0.02, 95%CI: (0.00–0.27)] was related to lower 
odds of low-frequency HL. Combined intake of Ca (545-756 mg) 
and Mg (≥330 mg) [OR = 0.34, 95%CI: (0.12–1.00)] or Ca 
(≥1,044 mg) and Mg (252-330 mg) [OR = 0.37, 95%CI: (0.17–0.84)] 
or Ca (≥1,044 mg) and Mg (≥330 mg) [OR = 0.44, 95%CI: (0.21–
0.89)] was associated with lower odds of speech-frequency 
HL. Similar results were observed in participants with both low- and 
speech-frequency HL.

Discussion

HL is one of the chronic non-communicable diseases that can 
affect people’s quality of life. HL not only has a negative impact on 
daily life and mental health, but its prevention and treatment costs also 
bring pressure to social and economic development. The present study 
found that dietary Mg and Ca intake and their combined intake were 
inversely associated with the odds of low- and speech-frequency 
HL. Among different levels of Mg and Ca intake, Mg levels ≥330 mg 
combined with Ca levels ≥1,044 mg were related to lower odds of low- 
and speech-frequency HL.

HL at different frequencies can be divided into low-frequency, 
speech-frequency, and high-frequency HL (29). High-frequency 
audiometry is mainly used for early detection of hearing loss. 
Age-related HL experienced by older adults usually starts with high-
frequency HL and gradually affects the middle and low frequencies 
and audiometry in the 2–4 kHz range is important for the assessment 
of speech comprehension (9). Therefore, the current study focused on 

TABLE 1 (Continued)

Variables Total 
(n = 1858)

Low-frequency HL P Speech-frequency HL P

No (n = 806) Yes (n = 1,052) No (n = 509) Yes (n = 1,349)

No 1,630 (87.85) 725 (89.69) 905 (86.03) 469 (92.06) 1,161 (85.98)

Loud noise exposure at 

work, n (%)

0.052 0.004

Yes 651 (34.95) 254 (31.74) 400 (37.67) 139 (27.75) 515 (37.82)

No 1,207 (65.05) 552 (68.26) 652 (62.33) 370 (72.25) 834 (62.18)

Hear protection, n (%) <0.001 <0.001

Most of the time 344 (18.58) 124 (15.42) 184 (17.55) 75 (14.39) 233 (17.45)

Sometimes 141 (7.55) 58 (7.31) 69 (6.30) 33 (6.58) 94 (6.81)

Rarely/seldom 1,130 (60.44) 400 (48.75) 603 (57.48) 249 (48.49) 754 (55.58)

Never 243 (13.42) 224 (28.51) 196 (18.67) 152 (30.55) 268 (20.16)

Calcium intake, mg, 

Mean (S.E)

825.84 (10.20) 846.84 (17.04) 817.59 (11.87) 0.152 840.98 (20.15) 826.52 (10.38) 0.477

Magnesium intake, mg, 

Mean (S.E)

268.69 (3.23) 279.39 (4.77) 261.62 (4.01) 0.004 280.11 (6.45) 265.43 (3.29) 0.029

Vitamin C intake, mg, 

Mean (S.E)

85.46 (2.21) 86.03 (2.98) 86.35 (2.38) 0.907 86.03 (3.84) 86.28 (2.20) 0.941

Vitamin E intake, mg, 

Mean (S.E)

7.88 (0.16) 8.16 (0.26) 7.63 (0.23) 0.159 7.92 (0.29) 7.84 (0.19) 0.812

Total energy, kcal, Mean 

(S.E)

1742.34 (18.22) 1789.74 (26.35) 1712.71 (23.11) 0.014 1761.09 (27.05) 1741.20 (20.71) 0.456

Dietary supplements, n 

(%)

0.088 0.034

Yes 1,503 (80.11) 463 (59.75) 557 (54.87) 300 (61.46) 720 (55.34)

No 355 (19.89) 343 (40.25) 495 (45.13) 209 (38.54) 629 (44.66)

Ototoxic medication use, 

n (%)

0.043 0.018

No 1,573 (84.35) 696 (86.19) 877 (82.91) 450 (88.28) 1,123 (82.87)

Yes 285 (15.65) 110 (13.81) 175 (17.09) 59 (11.72) 226 (17.13)

PIR: ratio of family income to poverty; BMI: body mass index; CVD: cerebrovascular disease.
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low- and speech-frequency HL in older adults aged ≥70 years. Our 
results showed that the prevalence of high-frequency hearing loss in 
participants aged ≥70 years was 95.07%, which was why we chose low- 
and speech-frequency HL as the outcome of our study. Many studies 
have reported the association between dietary Mg intake and HL. The 
cross-sectional study of Choi et al. showed that dietary Mg intake was 
associated with lower risks of HL (13), which was consistent with our 
results. Spankovich et  al. suggested that higher Mg intake was 
significantly associated with better pure tone thresholds in the 
populations of Sydney Australia (30). Several studies have pointed out 
that oxidative stress was related to HL (14). The relationship between 
antioxidants and HL has been confirmed in many animal studies, the 
formation of free radicals in the inner ear is a key factor in HL, and 
Mg can reduce the vasoconstriction caused by the formation of free 
radicals, thereby protecting hearing (14, 15). These studies provide a 
scientific basis to support our epidemiological findings. Weyh et al. 
reported the role of minerals such as Mg in immune system function 
and regulation of inflammation (31). Therefore, dietary Mg intake is 
a promising intervention for elderly patients with HL and further 
studies are needed.

Currently, few studies were studied on the association between 
dietary Ca intakes and HL. The present study found an inversely 
associations between dietary Ca intake and low- and speech-
frequency HL. Moreover, the product of dietary Ca and dietary Mg 
was found to be associated with lower odds of low-frequency and 
speech-frequency HL after adjusting for all confounders (including 
vitamin C, vitamin E, physical activity). To the best of our knowledge, 
this study was the first to analyze the association between combined 
intake of Ca and Mg and HL. The present study may provide 
epidemiological evidence for the relationship between Ca and Mg 
intake and HL in older adults. Dietary Ca and Mg intake is a 

promising intervention to be further explored in older adults with 
HL. However, the specific mechanism by which Mg and Ca affect HL 
is still unknown, and the mechanisms that can be speculated are as 
follows. Mg is a Ca antagonist, and Mg antagonizes Ca when 
absorbed in the small intestine, and chronic low levels of Ca may 
be  related to underlying Mg deficiency (32). Mg could block the 
excessive release of Ca in hair cells and the cochlear vasculature, 
limits cellular energy consumption and induces arteriole vasodilation 
(33). Through this mechanism, Mg could inhibit ischemia caused by 
hearing damage (33). Hypomagnesemia disrupted Ca homeostasis, 
thereby enhancing the pro-inflammatory effects of Mg deficiency 
(34). Inflammatory effects are generally associated with free radicals 
and thus have an effect on HL (14, 35).

Several limitations of this study should be  considered. First, 
we only used three surveys of 2005–2006, 2009–2010, and 2017–2018, 
which may lead to small sample size and reduced statistical power due 
to the different ages of participants who participated in the audiometry 
examination in different years in the NHANES database. Second, the 
cross-sectional study design of this study could not establish a causal 
relationship between dietary Ca and Mg intake and HL. Third, the 
dietary data was from a dietary recall survey, and there may 
be  participants with cognitive impairments among the surveyed 
elderly, which may cause a certain recall bias. Prospective large-scale 
studies are needed to further explore the relationship between dietary 
Ca and Ma and HL.

Conclusion

This study found that dietary Mg and Ca intake and 
their combination were inversely associated with low- and 

TABLE 2 Association of dietary calcium (Ca) and magnesium (Mg) intakes with hearing loss (HL).

Outcomes Model 1 Model 2 Model 3

OR (95%CI) P OR (95%CI) P OR (95%CI) P

Low-frequency HL

Ca 0.86 (0.75–0.99) 0.032 0.85 (0.74–0.97) 0.020 0.86 (0.74–0.99) 0.035

Mg 0.77 (0.67–0.90) <0.001 0.80 (0.69–0.94) 0.008 0.81 (0.68–0.95) 0.011

Ca/Mg 1.09 (0.93–1.28) 0.258 1.03 (0.89–1.19) 0.710 1.02 (0.88–1.18) 0.809

Ca * Mg 0.22 (0.05–0.86) 0.035 0.25 (0.04–0.93) 0.044 0.12 (0.02–0.87) 0.041

Speech-frequency HL

Ca 0.89 (0.77–1.03) 0.120 0.91 (0.84–0.99) 0.032 0.85 (0.77–0.95) 0.004

Mg 0.81 (0.69–0.94) 0.007 0.85 (0.77–0.95) 0.003 0.78 (0.68–0.90) 0.001

Ca/Mg 1.14 (0.99–1.32) 0.073 1.06 (0.95–1.19) 0.265 1.04 (0.93–1.16) 0.470

Ca * Mg 0.11 (0.02–0.76) 0.030 0.11 (0.03–0.75) 0.036 0.23 (0.05–0.78) 0.041

Low- and speech-

frequency HL

Ca 0.89 (0.81–0.97) 0.010 0.83 (0.73–0.95) 0.006 0.83 (0.72–0.95) 0.010

Mg 0.82 (0.75–0.91) <0.001 0.82 (0.72–0.95) 0.008 0.83 (0.76–0.91) <0.001

Ca/Mg 1.06 (0.97–1.17) 0.206 1.00 (0.85–1.19) 0.973 0.96 (0.88–1.05) 0.358

Ca * Mg 0.20 (0.05–0.89) 0.040 0.26 (0.06–0.95) 0.048 0.19 (0.04–0.79) 0.027

OR: odds ratio; CI: confidence interval. Model 1: the crude model. Model 2: adjusted for age, sex, race/ethnicity, marital status, education level, and PIR. Model 3: adjusted for age, sex, race/
ethnicity, marital status, education level, PIR, loud noise exposure in the past 24 h, loud noise exposure at work, total energy intake, vitamin C intake, vitamin E intake, physical activity, 
ototoxic medication, and dietary supplement.
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speech-frequency HL. Identification of modifiable factors 
affecting elderly patients with HL plays an important role in 
patient management and prevention. Dietary Mg and Ca intake is 
a promising intervention to be further explored in older adults 
with HL.
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TABLE 3 Association between combined intake of different levels of calcium (Ca) and magnesium (Mg) and hearing loss (HL).

Outcomes Levels Model 2 Model 3

OR (95%CI) P OR (95%CI) P

Low-frequency 

HL

Ca (<545 mg) and Mg (<190 mg) Ref Ref

Ca (545-756 mg) and Mg (190-252 mg) 1.37 (0.89–2.10) 0.149 0.66 (0.24–1.77) 0.405

Ca (545-756 mg) and Mg (252-330 mg) 0.92 (0.47–1.81) 0.815 1.23 (0.37–4.13) 0.734

Ca (545-756 mg) and Mg (≥330 mg) 0.47 (0.20–1.10) 0.082 0.14 (0.02–0.74) 0.021

Ca (756-1,044 mg) and Mg (190-252 mg) 0.92 (0.54–1.58) 0.772 1.44 (0.48–4.30) 0.510

Ca (756-1,044 mg) and Mg (252-330 mg) 0.76 (0.48–1.21) 0.245 3.37 (0.99–11.47) 0.052

Ca (756-1,044 mg) and Mg (≥330 mg) 0.69 (0.41–1.15) 0.157 0.61 (0.11–3.33) 0.571

Ca (≥1,044 mg) and Mg (190-252 mg) 1.51 (0.54–4.17) 0.432 0.07 (0.00–1.36) 0.080

Ca (≥1,044 mg) and Mg (252-330 mg) 0.59 (0.35–0.99) 0.049 0.08 (0.00–1.44) 0.087

Ca (≥1,044 mg) and Mg (≥330 mg) 0.61 (0.40–0.93) 0.020 0.02 (0.00–0.27) 0.004

Speech-frequency 

HL

Ca (<545 mg) and Mg (<190 mg) Ref Ref

Ca (545-756 mg) and Mg (190-252 mg) 1.52 (0.68–3.40) 0.303 1.31 (0.58–2.94) 0.515

Ca (545-756 mg) and Mg (252-330 mg) 0.71 (0.28–1.79) 0.466 0.67 (0.25–1.81) 0.429

Ca (545-756 mg) and Mg (≥330 mg) 0.36 (0.13–0.98) 0.045 0.34 (0.12–1.00) 0.050

Ca (756-1,044 mg) and Mg (190-252 mg) 0.58 (0.27–1.23) 0.156 0.62 (0.27–1.43) 0.262

Ca (756-1,044 mg) and Mg (252-330 mg) 1.15 (0.52–2.55) 0.739 1.10 (0.50–2.43) 0.809

Ca (756-1,044 mg) and Mg (≥330 mg) 0.58 (0.22–1.54) 0.285 0.52 (0.16–1.66) 0.270

Ca (≥1,044 mg) and Mg (190-252 mg) 1.47 (0.40–5.34) 0.561 1.37 (0.38–4.90) 0.601

Ca (≥1,044 mg) and Mg (252-330 mg) 0.41 (0.19–0.88) 0.023 0.37 (0.17–0.84) 0.018

Ca (≥1,044 mg) and Mg (≥330 mg) 0.47 (0.28–0.80) 0.005 0.44 (0.21–0.89) 0.023

Low- and speech-

frequency HL

Ca (<545 mg) and Mg (<190 mg) Ref Ref

Ca (545-756 mg) and Mg (190-252 mg) 0.68 (0.27–1.74) 0.425 0.59 (0.23–1.51) 0.272

Ca (545-756 mg) and Mg (252-330 mg) 1.33 (0.42–4.19) 0.623 1.21 (0.37–3.95) 0.753

Ca (545-756 mg) and Mg (≥330 mg) 0.18 (0.03–1.02) 0.053 0.16 (0.03–0.87) 0.034

Ca (756-1,044 mg) and Mg (190-252 mg) 1.64 (0.55–4.85) 0.374 1.57 (0.53–4.69) 0.418

Ca (756-1,044 mg) and Mg (252-330 mg) 3.88 (1.25–12.11) 0.019 3.63 (1.09–12.05) 0.035

Ca (756-1,044 mg) and Mg (≥330 mg) 0.92 (0.17–4.92) 0.926 0.72 (0.13–3.93) 0.707

Ca (≥1,044 mg) and Mg (190-252 mg) 0.05 (0.00–0.92) 0.438 0.06 (0.00–0.92) 0.044

Ca (≥1,044 mg) and Mg (252-330 mg) 0.08 (0.01–1.24) 0.070 0.08 (0.01–1.22) 0.069

Ca (≥1,044 mg) and Mg (≥330 mg) 0.02 (0.00–0.31) 0.005 0.02 (0.00–0.26) 0.003

OR: odds ratio; CI: confidence interval; Ref, reference. Model 2: adjusted for age, sex, race/ethnicity, marital status, educational level, and PIR. Model 3: adjusted for age, sex, race/ethnicity, 
marital status, educational level, PIR, loud noise exposure in the past 24 h, loud noise exposure at work, total energy intake, vitamin C intake, vitamin E intake, physical activity, ototoxic 
medication, and dietary supplements.
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