Yang etal. European Journal
European Journal of Medical Research (2023) 28:470

https://doi.org/10.1186/540001-023-01448-1 of Medical Research

: " ®
HOMA-IR is positively correlated o

with biological age and advanced aging
in the US adult population

Haifang Yang'", Rongpeng Gong'f, Moli Liu', Ying Deng?, Xiaoyu Zheng®” and Tianyang Hu*"

Abstract

Background Insulin resistance (IR) had been reported to be associated with age; however, few studies have explored
the association between IR and biological age (BA). The HOMA-IR value is a useful indicator of the extent of IR. This
cross-sectional study is to explore the relationship between HOMA-IR and BA/advanced aging in the US population.

Methods This study is a cross-sectional analysis of National Health and Nutrition Examination Survey (NHANES) data.
The survey comprised 12,266 people from the NHANES, and their full HOMA-IR data as well as BA data were extracted.
Four multiple linear regressions were performed to analyze the association between HOMA-IR and BA, and four
multiple logistic regression models were performed to analyze the association between HOMA-IR and advanced
aging. In addition, trend tests and stratified analysis were performed and smoothed fitted curves were plotted to test
the robustness of the results.

Results HOMA-IR was positively correlated with BA [3: 0.51 (0.39, 0.63)], and it was the same to advanced aging
[OR: 1.05 (1.02, 1.07)], and both showed a monotonically increasing trend. The trend tests showed that the results
were stable (all P for trend < 0.0001). The smoothed fitted curves showed that there were non-linear relation-
ships between HOMA-IR and BA/advanced aging. And the stratified analysis indicated that the relationship
between HOMA-IR and BA/advanced aging remained robust in all subgroups.

Conclusion The study suggested that HOMA-IR is positively correlated with BA and advanced aging in the US

adult population, with a monotonic upward trend. This is a new finding to reveal the relationship between HOMA-IR
and age from new standpoint of BA rather than chronological age (CA). And it may contribute to a better understand-
ing of human health aging and may aid future research in this field.
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Introduction

Insulin resistance (IR) is characterized as the decrease
in the effectiveness of insulin in glucose utilization or
over-secreting of insulin to maintain the stability of
blood glucose levels [1]. Previous studies had shown that
IR contributes to the development and poor progno-
sis of some diseases, including diabetes [2], obesity [3],
polycystic ovarian syndrome (PCOS) [4], hypertension
[5], cardiovascular disease [6], kidney disease [6], Non-
alcoholic fatty liver disease (NAFLD) [7], psoriasis [8],
and cancers such as colon cancer [9], pancreatic cancer
[10] and liver cancer [11]. Schutze et al. [12] conducted
a cohort study including 7199 patients without diabe-
tes, hypertension or cardiovascular disease (CVD) in
2021, they found that IR was a risk factor for hyperten-
sion (RR=1.32, 95% CI1.10-1.58, P<0.001). In 2019,
one research containing 2483 participants was exerted
by Huang et al. [14], they asserted that obese people with
high IR were at increased risk of NAFLD (OR=3.85, 95%
CI 1.87-8.36, P=0.0002), so did the thin with high IR
(OR=2.52, 95% CI 1.13-5.54, P=0.02). Chan et al. [8]
conducted a 21-year follow-up cohort study encompass-
ing 21,789 postmenopausal women, they suggested that
high-level HOMA-IR participants at baseline were more
likely to develop psoriasis at follow-up (HR=1.39,95%
CI 1.08-1.79, P=0.011). Furthermore, an investigation
enrolled 71 patients was carried out by Avilés-Jurado
et al. [13], all patients got a head and neck squamous cell
carcinoma (HNSCC) and were untreated. This research
indicated that patients with intermediate-advanced stage
HNSCC and higher HOMA-IR levels had lower disease-
free survival (HR=2.741, 95% CI 1.023-7.341, P=0.045).
These studies proposed a pathogenic role for HOMA-IR
in physiological aspects.

Recent studies had confirmed the strong correlation
between age and IR risk previously observed [14]. In
a study that recruited 3796 non-diabetes participants
whose age ranged from 30 to 79, Ovya et al [15] dis-
played that age was positively linked with HOMA-IR
in postmenopausal women and men (P<0.001). Rod-
riguez-Mordn et al. [16] performed a case—control study
consisting of 100 Mexican women in 2003, they showed
that women with high HOMA-IR were older (P=0.0004).
These investigations might point to a possible connec-
tion between IR and age; however, all of them were done
with a focus on chronological age (CA). CA refers to the
length of time that a person experiences from birth to
the present moment while BA reflects the physiological
and functional performance that corresponds to a spe-
cific CA, it takes into account the factors such as time
elapse, genetics, nutrition, and so on [17]. Some scholars
have recently discovered that BA can better represent a
person’s physiological function and aging level more than
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CA, and BA is more consistent with an individual’s "true
life expectancy” [18]. In 2022, Drewelies et al. [19] imple-
mented a research including 1901 elderly participants
aged 70-103, they revealed that higher BA was associ-
ated with higher physician-observed morbidity (P<0.05)
and higher mortality (P<0.05). In 2019, Kresovich et al.
[20] carried out a prospective cohort study enrolling 2764
women, they measured participant’s baseline blood DNA
methylation, and found that breast cancer had a greater
chance to develop in a woman whose BA was higher than
her CA. These studies exhibited that BA and CA were
two different dimensions of biological concept that might
differ in the risk of morbidity and mortality.

Some aging research had revealed the important role
of BA. BA represented one’s physiological and functional
performance [17]. In humans, aging manifested itself in
various aspects such as cognitive function, physiological
function, and lifespan, all of which were closely associ-
ated with BA. A study [21] of 2458 participants stated
that discordant BA and CA led to cognitive and physi-
cal functional decline, especially in those who were pre-
maturely aging (BA >median, CA <median). In a study
using the inflammatory aging clock to evaluate BA, Sayed
et al. [22] considered that people with BA<CA had a
lower inflammatory aging clock, meaning that they had
a stronger immune system and thus lived longer. In a
study including 1260 subjects aged 64 years or older, Vil-
janen et al. [23] found that the elders who had a lower BA
were more likely to feel healthy and satisfied with their
lives after a 20-year follow-up. People with BA < CA lived
longer than those with BA >CA, with an average differ-
ence in survival probability of 1.5 years [19].

These new findings make us wonder whether there
is also an internal relationship between IR and BA/
advanced aging. If the HOMA-IR measured by scientific
methods is higher, that is, stronger IR, will it correspond
to a higher BA or advanced aging? Based on this, we
design this cross-sectional study to explore the connec-
tion between HOMA-IR index and BA/advanced aging.

Method

Participants and study design

Assuming that HOMA-IR index is not related to BA, we
use the NHANES database to screen the US population
and explore the relationship between HOMA-IR index
and BA through statistical analysis, hoping to fill up the
gaps between IR and BA. The independent variable for
this study was the HOMA-IR, it was computed by fol-
low formula: fasting blood glucose level (FPG, mmol/L)
X fasting insulin level (FINS, uU/mL)/22.5 [24]. The
dependent variable was BA, which was calculated from
eight biological indicators: C-reactive protein (CRP),
serum creatinine, serum total cholesterol (TC), serum



Yang et al. European Journal of Medical Research (2023) 28:470

alkaline phosphatase (ALP), glycosylated hemoglobin
(Hb1Ac), serum albumin, blood urea nitrogen (BUN),
and systolic blood pressure (SBP). Covariates included
marital status, ethnic, alcohol use, gender, income,
smoking, Body Mass Index (BMI), Alanine transami-
nase (ALT); Aspartate transaminase (AST); High-den-
sity lipoprotein (HDL); and Triglycerides (TG). In this
study, if BA was greater than CA, it would be defined
as advanced aging. We selected data of 101,316 indi-
viduals between 1999 and 2018 from the NHANES
database. Participants who were older than 20 years
and finished an examination and interview from 1999
to 2018 were recruited in this study. The excluded cri-
teria in this study were as follows: (1) Participants
who were younger than 20 years. (2) Participants who
lacked the variables used to calculate HOMA-IR and
BA were excluded. (3) Participants who were taking
medicine that affected insulin, glucose metabolism, or
lipid metabolism would not be able to enter the study.
(4) People who got serious diseases, such as mental dis-
orders and cancers.

Fasting insulin and fasting glucose measurements

Fasting glucose: Using the Roche Cobas C311 system,
an ultraviolet ray test was performed to determine
the blood glucose level during the fasting state. The
reagents used to detect fasting glucose were Roche
product #1876899, GLU reagent kit: (1) R1 reagent
(6x66 mL). TRIS buffer, pH 7.8, Mg**, ATP, NADP,
preservative. (2) R2 reagent (6 X 16 mL). HEPES buffer,
pH 7.0, Mg, hexokinase, glucose-6-phosphate dehy-
drogenase, and preservative. The basic idea was that
glucose would react with Adenosine-triphosphate
(ATP) to form Nicotinamide adenine dinucleotide
(NADH) in an environment of glucose-6-phosphate
dehydrogenase and hexokinase. The concentration of
NADH would be proportional to the amount of glucose
present, and it might be detected using a spectropho-
tometer at 340 nm.

Fasting insulin: Using the Roche ELECSYS 2010 instru-
ment and Insulin Kit (Catalog number 12017547 122
(100 determinations) Roche Diagnostics Corporation,
Indianapolis, IN 46250), insulin was immunoassayed. A
reactive mixture of insulin and two insulin-specific mon-
oclonal antibodies produced chemiluminescent emis-
sion in a measuring cell. And then, photomultiplier tubes
were utilized to evaluate the chemiluminescent emission.
It was conceivable to use the amount of light generated
as a proxy for insulin concentration. The results were
decided by a master curve derived from the reagent bar-
code and an instrument-specific calibration curve from
2-point calibration.
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Biological age and superannuated aging determination

The American Federation for Aging Research proposed the
following criteria for biomarkers of aging. (1) They must be
indicators of the rate of aging. (2) They can monitor a fun-
damental process that underlies the aging process but not
disease effects. (3) They must be possible to test repeatedly
without injuring the individual. (4) It must be effective on
both humans and laboratory animals [25]. Chen et al. [26]
referred to the BA calculation method proposed by Klem-
era and Doubal [18] in calculating the BA. The BA was
calculated according to the formula shown below, using
parameters of regression of CA on 8 biomarkers, such as
slope, intercept and root mean square error. The biomark-
ers in this study we used were the same as in Chen’s study:
SBP, BUN, CRP, HblAc, serum creatinine, ALP, serum
albumin, and TC (Table 1). The selected biomarkers met all
the aforementioned criteria. Chen’s study did not report the
predictive ability of the eight biomarkers in their research.
However, Levine’s [27] study, which utilized 10 biomarkers
and the Klemera and Doubal method to calculate biological
age, demonstrated good predictive capability with an ROC
value of 0.853. Among these 10 biomarkers in Levine’s
study, all 8 of the biomarkers included in our research were
incorporated. The biomarkers were measured as follows: (I)
SBP: Averaged readings from three separate sphygmoma-
nometer readings of the diastolic pressure at rest were
used to get the systolic reading. (II) BUN: The enzymatic
rate approach was utilized in conjunction with a Beck-
man Coulter UniCel® DxC660i Synchron Clinical System
and Synchron Systems Urea Nitrogen Reagent [BUNm]
(Part #472482) to ascertain the level of urea nitrogen in the
blood. (III) CRP: Latex enhanced nephelometry was used
to estimate CRP levels, using the following reagents: (1)
N Latex CardioPhase hsCRP Reagent, cat. #OQIY 21. (2)
Rheumatology std SL, cat # OQKZ 13. (3) N Supplemen-
tary Reagent/Precipitation, cat #OUMUI15. (4) N Diluent,
cat # OUMT 65. (5) N Rx buffer, cat # OUMS65. (IV) A
minimum of 1 mL of whole blood was drawn by trained
staff, chilled at 2—8 °C, and sent to the lab. After a series

Table 1 The biomarkers used to calculate biological age

Name of biomarkers Abbreviations

1 Systolic blood pressure SBP

2 Blood urea nitrogen BUN

3 Serum c-reactive protein CRP

4 Glycosylated hemoglobin Hb1Ac
5 Serum creatinine /

6 Serum alkaline phosphatase ALP

7 Serum albumin /

8 Serum total cholesterol TC
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of chemical reactions between the blood and reagents, a
hemoglobin complex termed SAlc was created, and its
concentration mirrored that of Hb1Ac. The reagents used
for detecting Hb1Ac were as follows: Elution Buffer HSi
Variant No. 1, Part # 021446 (11500 mL); Elution Buffer
HSi Variant No. 2, (S) Part # 019553 (1 X800 mL); Elution
Buffer Hsi Variant No. 3, (S) Part # 019554 (1x800 mL);
and Hemoolysis & Wash Solution, Part # 018431. (V)
Serum creatinine: For the enzymatic reactions, the creati-
nine reagent kit [Synchron Creatinine Reagent Kit (Part
#472525)] was required. As a control reagent, BIO-Liquid
Rad’s unassayed multiqual levels 1 and 3 were utilized.
At 560 nm, a colored chromogen reflecting creatinine
concentration was formed and identified. (VI) ALP was
determined by Beckman Coulter UniCel® DxC 800 &
DxC 660i Synchron Clinical Systems and Beckman Syn-
chron System ALP Reagent (Part #442670, 200 test/car-
tridge or Part #476821, 400 test/cartridge), using a kinetic
rate method with 2-amino-2-methyl-1-propanol (AMP)
buffer. (VII) Serum albumin: Using a timed endpoint
approach, the samples were examined with Beckman Syn-
chron System Albumin Reagent (Part #467,858) within
2-3 days of receipt. The albumin first interacted with bro-
mcresol purple to generate a colorful product. The subse-
quent detection of the change in absorbance was carried
out mechanically. (VIII) TC: The samples were tested by
employees of the Fairview-University Medical Center,
using Beckman Synchron System Cholesterol Reagent
(Part #467825). At least 100 pL of samples were needed for
the test. Ethylene diaminetetra acetic acid tetrasodium salt
(EDTA) was the anticoagulant in use. Formic acid, sodium
hydroxide, citric acid, and other substances were used in
the cell wash solutions. In this study, advanced aging was
defined as BA greater than CA, conversely, non-advanced
aging was defined as BA less than or equal to CA.

>t (v — ) <f§> + S8

i SBA

BA 1
=1 \5 S%A
n —CAN\ 2
s Yo ((BAEi _CA;)) — M)
SBA =

n

— % X (CAmaX - CAmin )2
rzhar 12m

()

BAf = ! 3)

Page 4 of 14

s
j=1 1—r?
J

Tehar = S 17 (4)
j=1 1-r?
J

Covariate selection and definitions
The covariates selected for this study included sex, eth-
nic, marital status, poverty—income ratio (PIR), smoking,
alcohol use, BMI, ALT, AST, HDL, and TG. The selected
covariates were related to HOMA-IR and BA based on
the previous studies. When a variate was introduced into
the base regression model resulting in the model effect
value changed by more than 10%, it would be opted as a
covariate and then be adjusted in the regression models.
BMI was calculated as weight (kg)/height (m?) [28].
AST, ALT, HDL and TG were obtained from the labora-
tory data of NHANES, which were collected, processed
and analyzed by trained personnel. Using the enzymatic
rate method, the machine Beckman Coulter UNICEL
DxC 800 & DXC 660i Synchron Clinical Systems and
Beckman Synchron System AST Reagent (Part #442665,
200 tests/cartridge or #476831, 400 tests/cartridge) were
applied to detect the nicotinamide adenine dinucleo-
tide (NAD) reflecting the AST activity. The kinetic rate
method using Beckman Synchron System ALT Reagent
(Part #442620, 200 tests/cartridge or Part #476826, 400
tests/cartridge) was used to evaluate ALT activity in
serum or plasma with a Beckman Coulter UniCel® DxC
800 & DxC 660i Synchron Clinical System. HDL was
detected by the Cobas 6000 Chemistry Analyzer with
Roche product #04713214, HDL-C plus third-genera-
tion reagent kit. And TG was measured by the Beckman
Coulter UniCel® DxC 800 & DxC 660i Synchron Clinical
Systems using the timed endpoint method with Beckman
Synchron System Triglycerides Reagent (Part #445850).
PIR provided a measure of a household’s financial well-
being by comparing its income to the poverty line. Ethnic:
the classification of Ethnic in this study was consistent
with the NHANES database, including Non-Hispanic
White, Mexican American, Non-Hispanic Black, other
Hispanic and other ethnics. Marital status: NHANES
contained information for those who are widowed,
divorced, married, never married, living with a partner,
and separated, participants were grouped accordingly
in this study. Smoking: In NHANES, respondents were
asked whether they had smoked more than 100 ciga-
rettes in their life. The one who admitted it but had quit-
ted was classified as a former smoker. The individual who
confessed smoking and continued to do so was classed
as a current smoker. And the person who gave a denial
answer was considered as never smoker [29]. Alcohol
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use: Based on the previous research, men who drank
more than 14 drinks a week were defined as heavy drink-
ers, as were women who drank more than seven drinks
a week. Moderate drinkers had between 3 and 14 drinks
per week for men, with women having between 3 and 7.
The average weekly intake for a mild drinker was fewer
than three alcoholic beverages. Former drinkers often
drank more than 12 drinks in the 12 months before the
survey. Never-drinkers drank no more than 12 drinks in
their lifetime [30].

Statistical analysis

All data were analyzed by R.4.1.2. Weighted mean +SD
and weighted median (IQR) were used to express con-
tinuous variables with normal distributions and skewed
distributions, respectively. Between-group comparisons
with normal distributions were performed with ¢-test,
whereas Mann—-Whitney U tests were used for com-
parisons with skewed distributions. Weighted n (%) was
applied to describe categorical variables, using chi-square
test for comparison between groups. Four multiple linear
regression models were constructed to explore the asso-
ciation between HOMA-IR and BA, while four multiple
logistic regressions were built to investigate the rela-
tionship between HOMA-IR and advanced aging. The
continuous variable HOMA-IR was transformed into cat-
egorical variable according to quartiles, and P for trend
values were calculated to observe the possibility of non-
linearity. Curve fitting was also constructed. This study
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used restricted cubic splines based on the linear regres-
sion to plot fitted smoothing curves to visually describe
the relationship between the HOMA-IR and BA, and
restricted cubic splines based on the logistic regression
models was for the HOMA-IR and advanced aging. To
obtain the best fitting of the restricted cubic spline mod-
els and prevent over-fitting, the number of knots was
chosen between 3 and 8, and the selection was made for
the number of knots with the lowest AIC value. Finally,
the knots’ number for the restricted cubic spline based
on linear regression model was 7, and 3 for restricted
cubic spline based on the logistic regression model.
P<0.05 was regarded as statistically significant.

Results

Description of the basic characteristics of the population
From 1999 to 2018, 101,316 participants were included
in NHANES. Following application of exclusion cri-
teria, 12,266 individuals were involved in the analysis
(Fig. 1). The individuals’ characteristics in both research
groups are outlined in Table 2. Participants were divided
into two groups based on whether or not they exhib-
ited advanced aging, those whose BA exceeded their
CA were allocated to the advanced aging group [5489
(44.7%)]. The participants’ average age is 46.4. People
with advanced aging were more likely to be male, had
a higher BMI (29.7 vs 27.2 kg/m? P<0.0001), and had
lower PIR (2.9 vs 3.1, P<0.0001). Among advanced aging
population, mild drinkers and married people accounted

A total of 101316 participants were
included in NHANES for 10 cycle

46235 participants were excluded

A 4

| because they were under the age
of 20

55081 participants were included

.| 2665 participants were excluded

for lacking datas of HOMA-IR

52416 participants were included

40150 participants were excluded

A 4

> for lacking datas to calculate
biological age

Finally, a total of 12266
participants were included

v

Non-advanced aging group
(n=6777)

Fig. 1 Flowchart of participant selection




Yang et al. European Journal of Medical Research (2023) 28:470 Page 6 of 14
Table 2 Basic characteristics of the study participants
Variable Total (n1=12,266) Non-advanced aging Advanced aging P-value
(n=6777) (n=5489)
Age, mean+SD 464 (0.3) 47.7 (0.3) 44.6 (0.4) <0.0001
Sex, n (%) <0.0001
Female 6343 (51.4) 4124 (62.2) 2219 (37.5)
Male 5923 (48.6) 2653 (37.8) 3270 (62.5)
PIR, mean+SD 3.0+£00 3.1+£00 29400 <0.0001
BMI (kg/mz),meaniSD 283+0.1 27.2+0.1 29.7+0.1 <0.0001
Ethnic, n (%) <0.0001
Mexican American 2589 (7.8) 1397 (7.2) 1192 (8.7)
Non-Hispanic Black 2173 (10.5) 996 (8.5) 1177 (13.0)
Non-Hispanic White 6182 (71.5) 3647 (74.6) 2535 (67.6)
Other Hispanic 838 (4.8) 481 (4.5) 357 (5.2)
Other Races 484 (5.4) 256 (5.2) 228 (5.5)
Marital status, n (%) <0.0001
Divorced 1139(9.2) 683 (10.5) 456 (7.8)
Living with partner 867 (7.2) 430 (6.5) 437 (8.5)
Married 6769 (57.5) 3908 (62.0) 2861 (54.2)
Never married 1839 (15.9) 831 (12.5) 1008 (21.0)
Separated 385 (2.5) 229 (2.6) 156 (2.4)
Widowed 1073 (5.8) 575(5.9) 498 (6.1)
Alcohol use, n (%) <0.0001
Former 2389 (16.4) 1272 (16.3) 1117 (18.2)
Heavy 2307 (19.8) 1197 (18.9) 110 (22.8)
Mild 3787 (33.8) 2150 (36.8) 1637 (33.2)
Moderate 1586 (15.0) 934 (17.0) 652 (14.0)
Never 1631 (10.9) 902 (11.1) 729 (11.8)
Smoking, n (%) 0.53
Former 3241 (25.6) 1822 (26.1) 9(25.0)
Never 6445 (51.4) 3526 (51.1) 9(52.0)
Now 2569 (22.9) 1423 (22.9) 1146 (23.1)
ALT (U/L), median (IQR) 21.0(16.0,29.0) 20.0 (16.0,26.0) 24.0(18.0,33.0) <0.0001
AST (U/L), median (IQR) 23.0(19.0,27.0) 22.0(19.0,26.0) 23.0(20.0,28.0) <0.0001
HDL (mmol/L), median (IQR) 13(1.1,1.6) 1401.11.7) 1.2(1.0,1.5) <0.0001
TG (mmol/L), median (IQR) 1.2(0.8,1.8) 1.1(0.8,1.6) 1.3(0.9,2.0) <0.0001
HOMA-IR, mean+SD 3.1+£00 26+0.0 39+0.1 <0.0001

PIR: Poverty-income ratio; BMI: body mass index; ALT: alanine transaminase; AST: aspartate transaminase; HDL: high-density lipoprotein; TG: triglycerides; HOMA-IR:

homeostasis model assessment of insulin resistance

for the highest proportions, 33.2% and 54.2% respec-
tively, and were more likely to be non-Hispanic whites
(67.6%). Compared with the non-advanced aging group,
the advanced aging group had higher levels of AST (23.0
vs 22.0 U/L), TG (1.3 vs 1.10 mmol/L), ALT (24.0 vs 20.0
U/L) and HOMA-IR (3.9 vs 2.6), all the differences were
statistically significant (All P<0.001). In contrast, partici-
pants in the non-advanced aging group had higher HDL
(1.4 vs 1.2 mmol/l, P<0.0001). No significant difference
existed between the two groups in terms of smoking.

Univariate analyses

In this study, we analyzed the association of age, ethnic,
marital status, PIR, alcohol use, smoking, BMI and some
biochemical indexes with BA and advanced aging in
American population by univariate linear regression and
univariate logistics regression, respectively.

As shown in Tables 3 and 4. BMI, ALT, AST and
TG were positively correlated with BA and advanced
aging (all P<0.05). PIR and HDL were positively corre-
lated with BA, but negatively correlated with advanced
aging (all P<0.05). Compared with women, the BA of



Yang et al. European Journal of Medical Research (2023) 28:470

men was 1.9 years older, the effect size of  and 95%CI
was 1.9 (1.3,2.5), and men had a 170% increased risk
of developing advanced aging [OR: 2.7 (2.5,3.0)], all
P<0.0001. In terms of ethnicity, compared with Mex-
ican-Americans, the biological ages of non-Hispanic
whites, non-Hispanic blacks, other Hispanics, and
other races all increased, and the non-Hispanic whites
increased the most [ 7.7 (6.5,9.0), P<0.0001], and non-
Hispanic blacks were more likely to be advanced aging,
with the effect value OR and 95% confidence interval
of 1.3 (1.1,1.4), P<0.0001. In terms of marital status,
those living with a partner, married, never married,
and separated all had lower biological ages compared
to those who were divorced; conversely, widows had an

Table 3 Association of covariates and Biological Age

Variable B(95% Cl) P-value
Sex

Female 0 (ref)

Male 19(1.3,25) <0.0001
PIR 0.3 (0.0,0.6) 0.03
BMI 04 (04,0.5) <0.0001
Ethnic

Mexican American 0 (ref)

Non-Hispanic Black 5.5(4.0,7.0) <0.0001

Non-Hispanic White 7.7 (6.5,9.0) <0.0001

Other Hispanic 3.1(06,5.6) 0.02

Other Races 2.7(0.54.8) 0.02
Marital status

Divorced 0 (ref)

Living with partner —131(=147,-11.4) <0.0001

Married 1.2(-26,02) 0.08

Never married —16.2(=17.5,-14.9) <0.0001

Separated —-70(-90,-5.0) <0.0001

Widowed 233(214,25.0) <0.0001
Alcohol. Use

Former 0 (ref)

Heavy 3(=174,-152) <0.0001

Mild —57( 6.8, —4.7) <0.0001

Moderate 6(=139-114) <0.0001

Never -50(-7.0,-28) <0.0001
Smoking

Former 0 (ref)

Never —84( 93,-74) <0.0001

Now 1(=130,-11.1) <0.0001
ALT .0 (0.0,0.0) 0.05
AST .0(0.0,0.1) <0.001
HDL 2(04,2.0) 0.01
TG 9(14.25) <0.0001

PIR: Poverty-income ratio; BMI: body mass index; ALT: alanine transaminase; AST:
aspartate transaminase; HDL: high-density lipoprotein; TG: triglycerides
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Table 4 Association of covariates and advanced aging

Variable OR (95% Cl) P-value
Sex

Female 1 (ref)

Male 2.7 (2.53.0) <0.0001
PIR 0.9(0.9,09) <0.0001
BMI 1.1(1.1,1.1) <0.0001
Ethnic

Mexican American 1 (ref)

Non-Hispanic Black 13(.11.4) <0.001

Non-Hispanic White 0.8 (0708) <0.0001

Other Hispanic 0(0.71.2) 0.74

Other Races 9(0.7,1.1) 032
Marital status

Divorced 1 (ref)

Living with partner 1.8(14,.2. 2) <0.0001

Married 1.2(1.01.4) 0.03

Never married 3(1.9.2. 7) <0.0001

Separated 2(09,16) 0.15

Widowed 4(1.11.8) 0.01
Alcohol use

Former 1 (ref)

Heavy 1.1(09,1.3) 0.33

Mild 0.8 (0709) 0.003

Moderate .7 (0.6,0. 9) <0.0001

Never 0(08,1.1) 0.60
Smoking

Former 1 (ref)

Never 1.1(0.0,1.2) 0.24
Now 1.1(09,1.2) 0.46
ALT 0(1.0,1.0) <0.0001
AST 0(1.0,1.0) <0.0001
HDL 05(0405) <0.0001
TG 3(1.314) <0.0001

PIR: Poverty-income ratio; BMI: body mass index; ALT: alanine transaminase; AST:
aspartate transaminase; HDL: high-density lipoprotein; TG: triglycerides

increased BA [ 23.3 (21.4,25.1)], and those who never
married had the highest risk of advanced aging [OR
2.3 (1.9,2.7)]. Drinking was negatively associated with
BA (P<0.0001), and moderate drinkers had the lowest
risk of advanced aging compared with former drinkers
[OR: 0.7 (0.6,0.9)]. In addition, smoking was negatively
correlated with BA (P<0.0001), and there was no sig-
nificant difference in advanced aging among former
smokers, never smokers and current smokers.

Multivariate analysis

In this study, four multivariate linear regression mod-
els were constructed to analyze the connection between
HOMA-IR and BA, and another four multivariate logistic
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regression models were created to investigate the rela-
tion between HOMA-IR and advanced aging, as shown
in Tables 5 and 6. The beta value of the model effect
value indicated that for each unit increased in HOMA-
IR, there was a corresponding increase in BA. And the
OR value of the effect value indicated that each unit
of HOMA-IR increased, the risk of advanced aging
increased correspondingly. Model 1 was not adjusted,
Model 2 was adjusted for sex and ethnic, Model 3 was
adjusted for sex, alcohol use, ethnic, smoking, PIR, and
marital status, and Model 4 was fully adjusted for sex,
PIR, marital status, alcohol use, ethnic, smoking, BMI,
ALT, AST, HDL, TG. In Model 1, the effect value 8 and
95% CI were 0.8 (0.7, 1.0), which implied a 0.8-year
increase in corresponding BA for each unit increase in
HOMA-IR. And an effect value OR and 95% CI of 1.2
(1.1, 1.2), demonstrating that the risk of advanced aging
increased by 20% for every unit higher in HOMA-IR. In
Model 2, the effect value 8 and 95% CI were 0.9 (0.8, 1.0),
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and the effect value OR and 95% CI were 1.1 (1.1, 1.2). In
Model 3, the effect value S and 95% CI were 0.6 (0.5, 0.7),
and the effect value OR and 95% CI were 1.1 (1.1, 1.2). In
Model 4, the effect value S and 95% CI were 0.5 (0.4, 0.6),
and the effect value OR and 95% CI were 1.0 (1.0,1.1).
Based on the above results, HOMA-IR was related inde-
pendently with BA and advanced aging. In addition, this
study also performed a trend test to further confirm the
reliability of the findings. HOMA-IR was converted from
continuous to categorical variables using the interquar-
tile range. HOMA-IR-Q1 was used as the reference, with
the HOMA-IRQ level increased, the increased of BA
as well as the increased risk of advanced aging showed
a monotonically increasing trend in all 4 models (all P
for trend <0.0001), which indicated that HOMA-IR was
strongly connected with BA and advanced aging, and the
results were stable.

Table 5 Association between HOMA-IR and Biological Age, Adjusted for Covariates

Variable Model 1 Model 2 Model 3 Model 4
B (95%) P-value B (95%) P-value B (95%) P-value B (95%) P-value
HOMA-IR 0.8(0.7,1.0) <0.001 0.9(0.8,1.0) <0.001 0.6 (0.5,0.7) <0.001 0.5 (0.4,0.6) <0.001
HOMA-IR group
Q1 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref)
Q2 2.8(1.93.8) <0.001 302139 <0.001 1.8(1.0,2.6) <0.001 2.1(1.3,3.0) <0.001
Q3 5.7 (4.7,6.6) <0.001 6.1(5.2,7.1) <0.001 4.0(3.1,4.9) <0.001 4.1(3.15.2) <0.001
Q4 9.6 (86,10.5) <0.001 10.0 (9.1,11.0) <0.001 7.0(6.3,7.8) <0.001 6.9 (6.0,7.9) <0.001
P for trend <0.001 <0.001 <0.001 <0.001
Model 1: Non-adjusted
Model 2: Adjusted for sex, ethnic
Model 3: Adjusted for Model2 + Marital status, PIR, smoking, alcohol use
Model 4: Adjusted for Model3 +BMI, ALT, AST, TG, HDL
Table 6 Association between HOMA-IR and Advanced Aging, Adjusted for Covariates
Variable Model 1 Model 2 Model 3 Model 4
OR (95%) P-value OR (95%) P-value OR (95%) P-value OR (95%) P-value
HOMA-IR 12(1.1,1.2) <0.001 1.1(1.1,1.2) <0.001 1.1(1.1,1.2) <0.001 1.0(1.0,1.1) <0.001
HOMA-IR group
Q1 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)
Q2 15(1.3,1.7) <0.001 14(1.23,1.6) <0.001 14(1.21.7) <0.001 1.2(1.0,1.5) <0.001
Q3 2.0(1.8,2.3) <0.001 19(1.62.1) <0.001 19(1.62.2) <0.001 1.3(1.1,1.5) <0.001
Q4 32(283.7) <0.001 30(26,34) <0.001 292534 <0.001 1.6(1.3,1.9) <0.001
p for trend <0.001 <0.001 <0.001 <0.001

Model 1: Non-adjusted

Model 2: Adjusted for sex, ethnic

Model 3: Adjusted for Model2 + Marital status, PIR, smoking, alcohol use
Model 4: Adjusted for Model3 + BMI, ALT, AST, TG, HDL
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Fig. 2 Association between HOMA-IR and biological age
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Fig. 3 Association between HOMA-IR and advanced aging

Curve fitting

In this study, smoothed fitted curves were drawn using
restricted cubic splines based on the linear regression
and logistic regression models to visually describe the
shape of the relationship between HOMA-IR and BA and
advanced aging, as shown in Figs. 2 and 3. The smoothed
curves showed that after adjusting for adjustment for sex,
ethnic, PIR, marital status, smoking, alcohol use, BMI,
ALT, AST, TG and HDL, HOMA-IR level was non-linear
with BA (P for non-linear<0.001), and so was the risk of
advanced aging (P for non-linear=0.006).

Stratified analysis

Table 7 shows the stratified associations between the
HOMA-IR and BA, indicating that BA increased as the
HOMA-IR increased in all subgroups. There was no sig-
nificant interaction in smoke (P for interaction=0.4) and
ethnic (P for interaction=0.1), while significant interac-
tions were detected in sex (P for interaction<0.0001),
BMI (P for interaction<0.001) and alcohol use (P for
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interaction=0.03). In addition, Table 8 demonstrates
that the rise in HOMA-IR was accompanied by a rise in
advanced aging in all subgroups. There was no signifi-
cant interaction in smoke (P for interaction =0.3), ethnic
(P for interaction=0.5) and alcohol use (P for interac-
tion=0.2), while significant interactions were observed
in sex (P for interaction=0.001) and BMI (P for inter-
action=0.02). And a stronger association between the
HOMA-IR and advanced aging was detected in people
who had a BMI under 18.5.

Discussion

This study is the first to report that HOMA-IR was
positively correlated with BA and advanced aging after
adjusted for covariates. Previous studies mostly explored
the association between IR and age based on CA. How-
ever, there is a lack of relevant studies on the association
between IR and BA. In this investigation, we examined
the linkage between the two, which might highlight the
connection among the changes in physiological func-
tion and IR in the process of human aging and could
more accurately reflect the linkage between IR and age
and advanced aging. We also conducted a trend test
and stratified analysis, which proved that the results
were robust. And the smooth fitting curves showed that
HOMA-IR was non-linear with BA and advanced aging,
both showed a monotonically increasing trend.

Some studies suggested that IR might be related to
oxidative stress as well as to telomere length. Oxida-
tive stress played an important role in the etiologic
mechanism of IR. The excessive presence of oxidants
was intricately linked to the multifaceted origin of insu-
lin resistance, particularly in skeletal muscle tissue [31].
Superoxide was thought to stimulate mitogen-activated
protein kinases (MAPKs) through a potential intracel-
lular signaling mechanism, according to certain stud-
ies [32-34]. The MAPK activation pathway followed the
same conserved three-kinase module and consisted of
MAPK, MAPK kinases (MAPKK, MKK, or MEK) and
MAPK kinase kinases (MAPKKK, MEKK). As a subtype
of MAPK, p38MAPK was activated by its threonine and
tyrosine residues, which would be dephosphorylated
under various stimulations [35], then blocked insulin
signaling factors involved in GLUT-4 translocation regu-
lation, thereby reducing the ability for insulin-dependent
glucose transport activity and resulting in IR [31]. Higher
concentration of the maker of oxidative stress could
be detected in people with IR compared to the others
who did not have IR [36]. It was also widely recognized
that oxidative stress was a significant factor contribut-
ing to aging [37]. Oxidative stress induced activation of
MAPK cascades, leading to activation of extracellular
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Table 7 Stratified associations between HOMA-IR and Biological Age, Adjusted for Covariates

Characteristic No. of participants B (95% Cl) P P for interaction
Sex <0.0001
Female 6343 0.8(0.6,1.1) <0.0001
Male 5923 0.5(0.3,0.6) <0.0001
Smoke 04
Former 3241 0.5(0.2,0.8) <0.001
Never 6445 0.5(0.3,0.7) <0.0001
Now 2569 0.8(0.5,1.0) <0.0001
BMI <0.001
<185 181 .7 (—=26,4.0) 0.6
>18.5,<24 2626 2(04,20) 0.004
>24,<28 3509 4(1.0,1.8) <0.0001
>28 5780 .5(0.4,0.6) <0.0001
Ethnic 0.1
Mexican American 2589 5(0.3,0.8) <0.001
Non-Hispanic Black 2173 5(03,08) <0.001
Non-Hispanic White 6182 0.6(04,0.7) <0.0001
Other Hispanic 838 3(0.0,0.5) 0.1
Other Race 484 1(05,1.6) <0.001
Alcohol use 0.03
Former 2389 3(0.2,05) <0.0001
Heavy 2703 5(0.3,0.7) <0.0001
Mild 3787 0.8(0.6,1.1) <0.0001
Moderate 1586 8(04,1.2) <0.001
Never 1631 6(0.3,1.0) <0.001

Model adjusted for sex, BMI, smoke, ethnic, alcohol use, mar, PIR, ALT, AST, TG, HDL
In each case, the model is not adjusted for the stratification variable

signal-related kinases (ERKs), c-jun NH2-terminal
kinases (JNKs) and p38MAPK, resulting in apoptosis and
cell death. The prevention of oxidative stress focused on
the aforementioned pathway could be a significant strat-
egy that facilitates the extension of life [38]. Meanwhile,
some researchers found that HOMA-IR was associated
with telomere length [39]. Short telomere would down
the function of the pancreas’ beta cell in mice and played
an important role in diabetes pathogenesis [40]. People
who were born with a short leucocyte telomere length
are more like to get IR in their life, for their impaired
glucose homeostasis [41]. In addition, telomere length
was correlated with levels of markers of oxidative stress
during aging [42], telomeres were more susceptible to
oxidative stress than whole chromosomes [43], and
the repair of oxidative damage in telomeric DNA was
comparatively less efficient than in other regions of the
chromosome, resulting in the acceleration of telomere
shortening under conditions of oxidative stress, leading
to the acceleration of aging [44]. Recently, high levels of
biomarkers of oxidative stress were detected in the urine
of people whose BA were older than their CA [45]. These

studies might provide explanations for our findings. We
speculated that oxidative stress as well as telomere length
which were associated with the level of HOMA-IR might
co-influence BA in somehow during aging, contributing
to advanced aging.

Some research found that the occurrence of IR could
be attributed to the dysfunction of insulin signaling
pathways, including the Phosphoinositide 3-kinase/Pro-
tein Kinase B /Mammalian Target of Rapamycin (PI3K/
Akt/mTOR) pathway [46]. mTOR was an effector pro-
tein downstream of PI3K/PKB in the insulin PI3K/Akt/
Glycogen Synthase Kinase 1 (GSK-1) signaling path-
way and possessed serine/threonine kinase activity
[47]. Long-term high-fat, high-sugar diets, obesity, and
nutrient excess activated mTOR, which activated its
downstream effector proteins, P70 ribosomal protein S6
kinase 1 (p70S6K1) and eukaryotic translation initiation
factor 4E-binding protein 1 (4E-BP1). PI3K/Akt activity
was negatively regulated by phosphorylated p70S6K1,
which suppressed insulin receptor substrate tyrosine
phosphorylation and caused IR [48]. mTOR also played
an important role in aging pathways. The manipulation
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Table 8 Stratified associations between HOMA-IR and Advanced Aging, Adjusted for Covariates

Characteristic No. of participants OR (95% Cl) P P for interaction
Sex 0.001
Male 6343 1.1(1.0,1.1) <0.001
Female 5923 1.1(1.1,1.1) <0.0001
Smoke 03
Former 3241 1.1(1.0,1.1) <0.001
Never 6445 1.1(0.01.1) 0.002
Now 2569 1.1(1.1,1.2) <0.0001
BMI 0.02
<185 181 13(05,3.2) 0.5
>185,<24 2626 12(1.1,14) <0.001
>24,<28 3509 1.1(1.0,1.1) 0.01
>28 5780 1.1(1.0,1.1) <0.0001
Ethnic 0.5
Mexican American 2589 1.1(1.0,1.2) <0.001
Non-Hispanic Black 2173 1.1(1.01.1) 0.01
Non-Hispanic White 6182 1.1(1.0,1.1) <0.0001
Other Hispanic 838 1.2(1.1,1.3) 0.004
Other Race 484 1.0(09,1.2) 0.6
Alcohol use 0.2
Former 2389 1.0(1.0,1.1) 0.1
Heavy 2703 1.1(1.0,1.1) 0.001
Mild 3787 1.1(1.0,1.1) 0.01
Moderate 1586 1.1(1.0,1.2) 0.01
Never 1631 1.1(1.0,1.2) 0.01

Model adjusted for sex, BMI, smoke, ethnic, alcohol use, mar, PIR, ALT, AST, TG, HDL
In each case, the model is not adjusted for the stratification variable

of genes within the insulin-signaling system, which was
recognized for its ability to modify nutrient sensing, had
been demonstrated to increase the longevity of differ-
ent species. The extension of life could be achieved by
inhibiting the TOR signaling system through the modi-
fication of gene expression within this nutrient-sensing
pathway, which was conserved across several organisms
ranging from yeast to humans [49]. It is worth men-
tioning that there was a significant increase in lifespan,
around fivefold, observed in C. elegans double mutants
that possessed mutations in genes associated with both
the TOR and insulin signaling pathways [50]. Since then,
additional studies in flies, worms, and rodents have dem-
onstrated that inhibiting the insulin signaling pathway
prolongs life [51]. These studies might help to explain our
findings.

The BA of individuals of the same CA varied. Com-
pared with CA, BA could reflect one’s physiological func-
tion accurately. In this study, we calculated BA based on
the eight biomarkers as mentioned above. These bio-
markers could represent BA better. Some researchers
confirmed that high level of CRP was associated with

one’s physical and cognitive function [52], and CRP was
a predictor of healthy aging [53], people who felt younger
than their CA had a lower CRP value [54]. People who
got faster aging (BA>CA) were more likely to have
higher total cholesterol and glycohemoglobin, conversely,
people whose biological ages were younger than their
chronological ages had higher albumin [55]. ALP was a
biomarker of age that was positively related to age [56].
SBP and BUN were proved to be excellent aging biomark-
ers for calculating BA [57]. Compared with studies that
used a single biomarker to calculate BA, this study used
eight biomarkers to calculate BA; the results would be
more representative. Moreover, these eight biomarkers
were more economical and easily available than single
biomarkers such as DNA methylation. What we found in
this study that HOMA-IR was positively associated with
BA/advanced aging might reveal the real relationship
between IR and age/aging.

The clinical value of our study is as follows: (1) to our
knowledge, this is the first to investigate the relationship
between HOMA-IR and BA/advanced aging, in a big
sample of US adults. (2) These findings may aid future
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research on IR and BA and aging. (3) Aging is an impor-
tant cause for many disorders [58], such as Alzheimer’s
disease (AD) [59], Parkinson’s disease [60], and cancer
[61]. Expanding our understanding of the biological pro-
cesses that promote rapid aging may result in efficient
interventions. For example, medication therapies that
postpone aging may have significant clinical and soci-
etal health implications. Metformin, the most commonly
prescribed insulin-sensitizing agent currently used in
the clinical practice, is always prescribed to individuals
with IR [62]. A study found that male mice’s longevity
and health span were increased by long-term metformin
administration (0.1% w/w in diet), which began in mid-
dle age [63]. Mohammed et al. [64] concluded that
despite evidence of anti-aging advantages, the claim that
metformin lengthens lifespan was still debatable. How-
ever, metformin could increase health span, prolonging
the amount of time spent in excellent health, by lower-
ing early mortality linked to a number of disorders, such
as diabetes, cardiovascular disease, cognitive decline,
and cancer. Our findings may provide a basis for future
efforts to reduce the incidence of IR through anti-aging
treatments.

The data of this study were obtained from NHANES
database, which has a relatively large sample size and can
better reduce the problem of sample bias. However, there
are also some limitations to this study. The confound-
ers in this cross-sectional study had been controlled for,
but there might be unidentified covariates. Besides this
study was conducted in adults and did not involve people
under the age of 20, more validation studies are needed
in this segment of the population in the future. Last, this
study found a positive association between HOMA-IR
and BA/advanced aging, but the causal relationship could
not be determined. Further cohort studies are needed to
investigate the causal relationship between HOMA-IR
and BA/advanced aging.

Conclusion

In conclusion, the results of this cross-sectional study
suggest that HOMA-IR levels are positively associated
with BA and advanced aging. The increased HOMA-
IR levels implied an increased BA and an increased risk
of advanced aging. The results might supplement the
research on IR and age/aging.
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HOMA-IR ~ Homeostasis model assessment of insulin resistance

Author contributions

HY, RG and TH proposed the idea; HY and RG wrote the manuscript; RG, ML
and YD collected and analyzed the data; XZ and TH reviewed and revised the
manuscript. All authors read and approved the submitted version.

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Availability of data and materials

All data are from NHANES database (https://wwwn.cdc.gov/nchs/nhanes/
Default.aspx). Data in this study will be made available on request by contact
with the corresponding author.

Declarations

Ethics approval and consent to participate

All information were from NHANES that were free for public, the survey for
NHANES was approved by CDC’s National Center Research Ethics Review
Board (https://www.cdc.gov/nchs/nhanes/irba98.htm).

Competing interests
The authors declare no conflict of interests.

Received: 3 May 2023 Accepted: 15 October 2023
Published online: 28 October 2023

References

1. Mastrototaro L, Roden M. Insulin resistance and insulin sensitizing agents.
Metabolism. 2021;125: 154892. https://doi.org/10.1016/j.metabol.2021.
154892.

2. ChelbiS, BenNaceur K, Oueslati |, Bendag N, Smida A, Sellami S, Temessek
A, Mami FB. Insulinorésistance: dose d'insuline et équilibre du diabéte de
type 2. Annales d'Endocrinologie. 2018;79:500. https://doi.org/10.1016/j.
ando.2018.06.1014.

3. Santoleri D, Titchenell PM. Resolving the paradox of hepatic insulin resist-
ance. Cell Mol Gastroenterol Hepatol. 2018. https://doi.org/10.1016/j.
jcmgh.2018.10.016.

4. Diamanti-Kandarakis E. Insulin resistance in PCOS. Endocrine. 2006.
https://doi.org/10.1385/endo:30:1:13.

5. Wang F, Han L, Hu D. Fasting insulin, insulin resistance and risk of hyper-
tension in the general population: a meta-analysis. Clin Chim Acta. 2016.
https://doi.org/10.1016/j.cca.2016.11.009.

6.  Artunc F, Schleicher E, Weigert C, Fritsche A, Stefan N, Haring HU. The
impact of insulin resistance on the kidney and vasculature, nature
reviews. Nephrology. 2016;12:721-37. https://doi.org/10.1038/nrneph.
2016.145.

7. Buzzetti E, Pinzani M, Tsochatzis E. The multiple-hit pathogenesis of non-
alcoholic fatty liver disease (NAFLD). Metabol Clin Exp. 2016;65:1038-48.
https://doi.org/10.1016/j.metabol.2015.12.012.

8. Chan AA, Li H, LiW, Pan K, Yee JK, Chlebowski RT, Lee DJ. Association
between baseline insulin resistance and psoriasis incidence: the Women's
Health Initiative. Arch Dermatol Res. 2021. https://doi.org/10.1007/
500403-021-02298-9.

9. Komninou D, Ayonote A, Richie JP, Rigas B. Insulin resistance and its
contribution to colon carcinogenesis. Exp Biol Med. 2003. https://doi.org/
10.1177/153537020322800410.


https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
https://www.cdc.gov/nchs/nhanes/irba98.htm
https://doi.org/10.1016/j.metabol.2021.154892
https://doi.org/10.1016/j.metabol.2021.154892
https://doi.org/10.1016/j.ando.2018.06.1014
https://doi.org/10.1016/j.ando.2018.06.1014
https://doi.org/10.1016/j.jcmgh.2018.10.016
https://doi.org/10.1016/j.jcmgh.2018.10.016
https://doi.org/10.1385/endo:30:1:13
https://doi.org/10.1016/j.cca.2016.11.009
https://doi.org/10.1038/nrneph.2016.145
https://doi.org/10.1038/nrneph.2016.145
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1007/s00403-021-02298-9
https://doi.org/10.1007/s00403-021-02298-9
https://doi.org/10.1177/153537020322800410
https://doi.org/10.1177/153537020322800410

Yang et al. European Journal of Medical Research

20.

21

22.

23.

24.

25.

26.

27.

(2023) 28:470

Tsugane S, Inoue M. Insulin resistance and cancer: epidemiological
evidence. Cancer Sci. 2010. https://doi.org/10.1111/j.1349-7006.2010.
01521.x.

. Sasaki Y. Insulin resistance and hepatocarcinogenesis. Clin J Gastroenterol.

2010. https://doi.org/10.1007/512328-010-0177-6.

Schutze LLC, Brant L, de Fatima Haueisen Sande Diniz M, Lotufo P, Bense-
nor |, Griep RH, Barreto S, Ribeiro A. Insulin resistance independently
predicts hypertension in individuals with lower education status-from
the elsa-brasil cohort study. J Am College Cardiol. 2021. https://doi.org/
10.1016/50735-1097(21)02856-4.

Avilés-Jurado FX, Flores JC, Guma J, Ceperuelo-Mallafré V, Casanova-
Marqués R, Gémez D, Vendrell JJ, Ledn X, Vilaseca |, Terra X. Prognostic
relevance of insulin resistance on disease-free survival in head and neck
squamous cell carcinomas: Preliminary results. Head Neck. 2017. https://
doi.org/10.1002/hed.24919.

Guan L, Feng H, Gong D, Zhao X, Cai L, Wu Q, Yuan B, Yang M, Zhao J, Zou
Y. Genipin ameliorates age-related insulin resistance through inhibiting
hepatic oxidative stress and mitochondrial dysfunction. Exp Gerontol.
2013. https://doi.org/10.1016/j.exger.2013.09.001.

Oya J, NakagamiT, Yamamoto Y, Fukushima S, Takeda M, Endo Y, Uchigata
Y. Effects of age on insulin resistance and secretion in subjects without
diabetes. Intern Med. 2014. https://doi.org/10.2169/internalmedicine.53.
1580.

Rodriguez-Moran M, Guerrero-Romero F. Insulin resistance is indepen-
dently related to age in Mexican women. J Endocrinol Invest. 2003;26:42—
8. https://doi.org/10.1007/BF03345121.

Maltoni R, Ravaioli S, Bronte G, Mazza M, Cerchione C, Massa |, Balzi W,
Cortesi M, Zanoni M, Bravaccini S. Chronological age or biological age:
What drives the choice of adjuvant treatment in elderly breast cancer
patients? Translational Oncol. 2021. https://doi.org/10.1016/j.tranon.2021.
101300.

Klemera P, Doubal S. A new approach to the concept and computation
of biological age. Mech Ageing Dev. 2006;127:240-8. https://doi.org/10.
1016/j.mad.2005.10.004.

Drewelies J, Hueluer G, Duezel S, Vetter VM, Pawelec G, Steinhagen-
Thiessen E, Wagner GG, Lindenberger U, Lill CM, Bertram L, Gerstorf D,
Demuth I. Using blood test parameters to define biological age among
older adults: association with morbidity and mortality independent of
chronological age validated in two separate birth cohorts. GeroScience.
2022. https://doi.org/10.1007/511357-022-00662-9.

Kresovich JK, Xu Z, O'Brien KM, Weinberg CR, Sandler DP, Taylor JA.
Methylation-based biological age and breast cancer risk. J Natl Cancer
Inst. 2019. https://doi.org/10.1093/jnci/djz020.

Shaaban CE, Rosano C, Zhu X, Rutherford BR, Witonsky KR, Rosso AL, Yaffe
K, Brown PJ. Discordant biological and chronological age: implications for
cognitive decline and frailty. J Gerontol Series A. 2023. https://doi.org/10.
1093/gerona/glad174.

Sayed N, Huang Y, Nguyen K, Krejciova-Rajaniemi Z, Grawe AP, Gao T,
Tibshirani R, Hastie T, Alpert A, Cui L, Kuznetsova T, Rosenberg-Hasson

Y, Ostan R, Monti D, Lehallier B, Shen-Orr SS, Maecker HT, Dekker CL,
Wyss-Coray T, Franceschi C, Jojic V, Haddad F, Montoya JG, Wu JC,

Davis MM, Furman D. An inflammatory aging clock (iAge) based on

deep learning tracks multimorbidity, immunosenescence, frailty and
cardiovascular aging. Nat Aging. 2021;1:598-615. https://doi.org/10.1038/
$43587-021-00082-y.

Viljanen A, Salminen M, Irjala K, Korhonen P, Vahlberg T, Viitanen M,
Loppdnen M, Viikari L. Re-examination of successful agers with lower
biological than chronological age still after a 20-year follow-up period.
BMC Geriatr. 2023;23:128. https://doi.org/10.1186/512877-023-03844-y.
Connelly MA, Wolak-Dinsmore J, Dullaart RPF. Branched chain amino
acids are associated with insulin resistance independent of leptin and
adiponectin in subjects with varying degrees of glucose tolerance. Metab
Syndr Relat Disord. 2017. https://doi.org/10.1089/met.2016.0145.
Johnson TE. Recent results: biomarkers of aging. Exp Gerontol.
2006;41:1243-6. https://doi.org/10.1016/j.exger.2006.09.006.

Chen L, Zhao'Y, Liu F, Chen H, Tan T, Yao P, Tang Y. Biological aging medi-
ates the associations between urinary metals and osteoarthritis among
US adults. BMC Med. 2022. https://doi.org/10.1186/512916-022-02403-3.
Levine ME. Modeling the rate of senescence: can estimated biological
age predict mortality more accurately than chronological age? J Gerontol

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 13 of 14

A Biol Sci Med Sci. 2013,68:667-74. https://doi.org/10.1093/gerona/
gls233.

Martin JC, Awoke MA, Misso ML, Moran LJ, Harrison CL. Preventing
weight gain in adults: a systematic review and meta-analysis of rand-
omized controlled trials. Obesity Rev. 2021. https://doi.org/10.1111/0br.
13280.

Szapary CL, Avila JC, Monnig MA, Sokolovsky AW, DeCost G, Ahluwalia

JS. Adherence to COVID-19 guidelines among current Former, and Never
Smokers. Am j Health Behav. 2022;46:442-55. https://doi.org/10.5993/
AJHBA64.5.

Xi B, Veeranki SP, Zhao M, Ma C, Yan Y, Mi J. Relationship of alcohol con-
sumption to all-cause, cardiovascular, and cancer-related mortality in US
adults. J Am College Cardiol. 2017. https://doi.org/10.1016/jjacc.2017.06.
054.

Henriksen EJ, Diamond-Stanic MK, Marchionne EM. Oxidative stress and
the etiology of insulin resistance and type 2 diabetes. Free Radical Biol
Med. 2011;51:993-9. https://doi.org/10.1016/j.freeradbiomed.2010.12.
005.

Chan SHH, Hsu K-S, Huang C-C, Wang L-L, Ou C-C, Chan JYH. NADPH
oxidase-derived superoxide anion mediates angiotensin ll-induced pres-
sor effect via activation of p38 mitogen-activated protein kinase in the
rostral ventrolateral medulla. Circ Res. 2005,97:772-80. https://doi.org/10.
1161/01.RES.0000185804.79157.C0.

Park KM, Chen A, Bonventre JV. Prevention of kidney ischemia/reperfu-
sion-induced functional injury and JNK, p38, and MAPK kinase activation
by remote ischemic pretreatment. J Biol Chem. 2001;276:11870-6.
https://doi.org/10.1074/jbc.M007518200.

Feillet-Coudray C, Sutra T, Fouret G, Ramos J, Wrutniak-Cabello C, Cabello
G, Cristol JP, Coudray C. Oxidative stress in rats fed a high-fat high-sucrose
diet and preventive effect of polyphenols: involvement of mitochondrial
and NAD (P)H oxidase systems. Free Radical Biol Med. 2009;46:624-32.
https://doi.org/10.1016/jfreeradbiomed.2008.11.020.

Ravingerova T, Barancik M, Strniskovd M. Mitogen-activated protein
kinases: a new therapeutic target in cardiac pathology. Mol Cell Biochem.
2003;247:127-38. https://doi.org/10.1023/A:1024119224033.
Hitsumoto T, lizuka T, Takahashi M, Yoshinaga K, Matsumoto J, Shimizu

K, Kaku M, SugiyamaY, Sakurai T, Aoyagi K, Kanai M, Noike H, Ohsawa H,
Watanabe H, Shirai K. Relationship between insulin resistance and oxida-
tive stress in vivo. J Cardiol. 2003;42:119-27.

De Gaetano A, Gibellini L, Zanini G, Nasi M, Cossarizza A, Pinti M.
Mitophagy and oxidative stress: the role of aging. Antioxidants.
2021;10:794. https://doi.org/10.3390/antiox10050794.

Vatner SF, Zhang J, Oydanich M, Berkman T, Naftalovich R, Vatner DE.
Healthful aging mediated by inhibition of oxidative stress. Ageing Res
Rev. 2020;64: 101194. https://doi.org/10.1016/j.arr.2020.101194.
Strazhesko |, Tkacheva O, Boytsov S, Akasheva D, Dudinskaya E, Vygodin
V, Skvortsov D, Nilsson P. Association of insulin resistance, arterial stiffness
and telomere length in adults free of cardiovascular diseases. PLoS ONE.
2015;10: e0136676. https://doi.org/10.1371/journal.pone.0136676.

Guo N, Parry EM, Li L-S, Kembou F, Lauder N, Hussain MA, Berggren P-O,
Armanios M. Short telomeres compromise -Cell signaling and survival.
PLoS ONE. 2011;6: €17858. https://doi.org/10.1371/journal.pone.0017858.
Verhulst S, Dalgard C, Labat C, Kark JD, Kimura M, Christensen K,
Toupance S, Aviv A, Kyvik KO, Benetos A. A short leucocyte telomere
length is associated with development of insulin resistance. Diabetologia.
2016;59:1258-65. https://doi.org/10.1007/500125-016-3915-6.

Yadav S, Maurya PK. Correlation between telomere length and biomark-
ers of oxidative stress in human aging. Rejuvenation Res. 2022;25:25-9.
https://doi.org/10.1089/rej.2021.0045.

Boonekamp JJ, Bauch C, Mulder E, Verhulst S. Does oxidative stress
shorten telomeres? Biol Lett. 2017;13:20170164. https://doi.org/10.1098/
rsbl.2017.0164.

von Zglinicki T. Oxidative stress shortens telomeres. Trends Biochem Sci.
2002;27:339-44. https://doi.org/10.1016/S0968-0004(02)02110-2.

Mukli P, Wu DH, Csipo T, Owens CD, Lipecz A, Racz FS, Zouein FA, Tabak
A, Csiszar A, Ungvari Z, Tsitouras PD, Yabluchanskiy A. Urinary biomarkers
of oxidative stress in aging: implications for prediction of accelerated
biological age in prospective cohort studies. Oxid Med Cell Longev.
2022;2022:1-12. https://doi.org/10.1155/2022/6110226.

Ramasubbu K, Devi Rajeswari V. Impairment of insulin signaling pathway
PI3K/Akt/mTOR and insulin resistance induced AGEs on diabetes mellitus


https://doi.org/10.1111/j.1349-7006.2010.01521.x
https://doi.org/10.1111/j.1349-7006.2010.01521.x
https://doi.org/10.1007/s12328-010-0177-6
https://doi.org/10.1016/s0735-1097(21)02856-4
https://doi.org/10.1016/s0735-1097(21)02856-4
https://doi.org/10.1002/hed.24919
https://doi.org/10.1002/hed.24919
https://doi.org/10.1016/j.exger.2013.09.001
https://doi.org/10.2169/internalmedicine.53.1580
https://doi.org/10.2169/internalmedicine.53.1580
https://doi.org/10.1007/BF03345121
https://doi.org/10.1016/j.tranon.2021.101300
https://doi.org/10.1016/j.tranon.2021.101300
https://doi.org/10.1016/j.mad.2005.10.004
https://doi.org/10.1016/j.mad.2005.10.004
https://doi.org/10.1007/s11357-022-00662-9
https://doi.org/10.1093/jnci/djz020
https://doi.org/10.1093/gerona/glad174
https://doi.org/10.1093/gerona/glad174
https://doi.org/10.1038/s43587-021-00082-y
https://doi.org/10.1038/s43587-021-00082-y
https://doi.org/10.1186/s12877-023-03844-y
https://doi.org/10.1089/met.2016.0145
https://doi.org/10.1016/j.exger.2006.09.006
https://doi.org/10.1186/s12916-022-02403-3
https://doi.org/10.1093/gerona/gls233
https://doi.org/10.1093/gerona/gls233
https://doi.org/10.1111/obr.13280
https://doi.org/10.1111/obr.13280
https://doi.org/10.5993/AJHB.46.4.5
https://doi.org/10.5993/AJHB.46.4.5
https://doi.org/10.1016/j.jacc.2017.06.054
https://doi.org/10.1016/j.jacc.2017.06.054
https://doi.org/10.1016/j.freeradbiomed.2010.12.005
https://doi.org/10.1016/j.freeradbiomed.2010.12.005
https://doi.org/10.1161/01.RES.0000185804.79157.C0
https://doi.org/10.1161/01.RES.0000185804.79157.C0
https://doi.org/10.1074/jbc.M007518200
https://doi.org/10.1016/j.freeradbiomed.2008.11.020
https://doi.org/10.1023/A:1024119224033
https://doi.org/10.3390/antiox10050794
https://doi.org/10.1016/j.arr.2020.101194
https://doi.org/10.1371/journal.pone.0136676
https://doi.org/10.1371/journal.pone.0017858
https://doi.org/10.1007/s00125-016-3915-6
https://doi.org/10.1089/rej.2021.0045
https://doi.org/10.1098/rsbl.2017.0164
https://doi.org/10.1098/rsbl.2017.0164
https://doi.org/10.1016/S0968-0004(02)02110-2
https://doi.org/10.1155/2022/6110226

Yang et al. European Journal of Medical Research

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

(2023) 28:470

and neurodegenerative diseases: a perspective review. Mol Cell Biochem.
2023;478:1307-24. https://doi.org/10.1007/511010-022-04587-x.
Waullschleger S, Loewith R, Hall MN. TOR signaling in growth and metabo-
lism. Cell. 2006;124:471-84. https://doi.org/10.1016/j.cell.2006.01.016.
Lian J, Yan X-H, Peng J, Jiang S-W.The mammialian target of rapamycin

pathway and its role in molecular nutrition regulation. Mol Nutr Food Res.

2008;52:393-9. https://doi.org/10.1002/mnfr.200700005.

Kapahi P, Zid BM, Harper T, Koslover D, Sapin V, Benzer S. Regulation of
lifespan in drosophila by modulation of genes in the TOR signaling path-
way. Curr Biol. 2004;14:1789. https://doi.org/10.1016/j.cub.2004.09.057.
Chen D, Li PW-L, Goldstein BA, Cai W, Thomas EL, Chen F, Hubbard AE,
Melov S, Kapahi P. Germline signaling mediates the synergistically pro-
longed longevity produced by double mutations in daf-2 and rsks-1in C.
elegans. Cell Rep. 2013;5:1600-10. https://doi.org/10.1016/j.celrep.2013.
11.018.

Bartke A. Impact of reduced insulin-like growth factor-1/insulin signaling
on aging in mammals: novel findings. Aging Cell. 2008;7:285-90. https://
doi.org/10.1111/j.1474-9726.2008.00387 x.

Jenny NS, French B, Arnold AM, Strotmeyer ES, Cushman M, Chaves
PHM, Ding J, Fried LP, Kritchevsky SB, Rifkin DE, Sarnak MJ, Newman AB.
Long-term assessment of inflammation and healthy aging in late life: the
cardiovascular health study all stars. J Gerontol Series A. 2012,67:970-6.
https://doi.org/10.1093/gerona/glr261.

Lassale C, Batty GD, Steptoe A, Cadar D, Akbaraly TN, Kivimaki M,
Zaninotto P. Association of 10-year C-reactive protein trajectories with
markers of healthy aging: findings from the english longitudinal study of
aging. The Journals of Gerontology: Series A. 2019;74:195-203. https://
doi.org/10.1093/gerona/gly028.

StephanY, Sutin AR, Terracciano A. Younger subjective age is associated
with lower C-reactive protein among older adults. Brain Behav Immun.
2015;43:33-6. https://doi.org/10.1016/j.bbi.2014.07.019.

Cortez BN, Pan H, Aguayo-Mazzucato C. 356-OR: DNA methylation sug-
gests accelerated biological age and specific biomarkers correlate with
the speed of aging in diabetes mellitus. Diabetes. 2022,71:356. https.//
doi.org/10.2337/db22-356-OR.

Human serum alcaline phosphatase and ageing-PubMed, (n.d.). https.//
pubmed.ncbi.nim.nih.gov/15631850/ Accessed 15 Feb 2023.

Nakamura E, Miyao K. A method for identifying biomarkers of aging and
constructing an index of biological age in humans. J Gerontol A Biol Sci
Med Sci. 2007;62:1096-105. https://doi.org/10.1093/gerona/62.10.1096.
Simm A, Nass N, Bartling B, Hofmann B, Silber RE, NavarreteSantos A.
Potential biomarkers of ageing. Bchm. 2008;389:257-65. https://doi.org/
10.1515/BC.2008.034.

Liu R-M. Aging cellular senescence, and Alzheimer’s Disease. Int J Mol Sci.
2022;23:1989. https://doi.org/10.3390/ijms23041989.

Reeve A, Simcox E, Turnbull D. Ageing and Parkinson’s disease: Why is
advancing age the biggest risk factor? Ageing Res Rev. 2014;14:19-30.
https://doi.org/10.1016/j.arr.2014.01.004.

Havas A, Yin S, Adams PD. The role of aging in cancer. Mol Oncol.
2022;16:3213-9. https://doi.org/10.1002/1878-0261.13302.

Giannarelli R, Aragona M, Coppelli A, Del Prato S. Reducing insulin
resistance with metformin: the evidence today. Diabetes Metabolism.
2003;29:628-35. https://doi.org/10.1016/51262-3636.(03)72785-2.
Martin-Montalvo A, Mercken EM, Mitchell SJ, Palacios HH, Mote PL,
Scheibye-Knudsen M, Gomes AP, Ward TM, Minor RK, Blouin M-J, Schwab
M, Pollak M, Zhang Y, Yu Y, Becker KG, Bohr VA, Ingram DK, Sinclair DA,
Wolf NS, Spindler SR, Bernier M, De Cabo R. Metformin improves health-
span and lifespan in mice. Nat Commun. 2013;4:2192. https://doi.org/10.
1038/ncomms3192.

Mohammed |, Hollenberg MD, Ding H, Triggle CR. A critical review of the
evidence that metformin is a putative anti-aging drug that enhances
healthspan and extends lifespan. Front Endocrinol. 2021;12: 718942.
https://doi.org/10.3389/fendo.2021.718942.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1007/s11010-022-04587-x
https://doi.org/10.1016/j.cell.2006.01.016
https://doi.org/10.1002/mnfr.200700005
https://doi.org/10.1016/j.cub.2004.09.057
https://doi.org/10.1016/j.celrep.2013.11.018
https://doi.org/10.1016/j.celrep.2013.11.018
https://doi.org/10.1111/j.1474-9726.2008.00387.x
https://doi.org/10.1111/j.1474-9726.2008.00387.x
https://doi.org/10.1093/gerona/glr261
https://doi.org/10.1093/gerona/gly028
https://doi.org/10.1093/gerona/gly028
https://doi.org/10.1016/j.bbi.2014.07.019
https://doi.org/10.2337/db22-356-OR
https://doi.org/10.2337/db22-356-OR
https://pubmed.ncbi.nlm.nih.gov/15631850/
https://pubmed.ncbi.nlm.nih.gov/15631850/
https://doi.org/10.1093/gerona/62.10.1096
https://doi.org/10.1515/BC.2008.034
https://doi.org/10.1515/BC.2008.034
https://doi.org/10.3390/ijms23041989
https://doi.org/10.1016/j.arr.2014.01.004
https://doi.org/10.1002/1878-0261.13302
https://doi.org/10.1016/S1262-3636.(03)72785-2
https://doi.org/10.1038/ncomms3192
https://doi.org/10.1038/ncomms3192
https://doi.org/10.3389/fendo.2021.718942

	HOMA-IR is positively correlated with biological age and advanced aging in the US adult population
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Method
	Participants and study design
	Fasting insulin and fasting glucose measurements
	Biological age and superannuated aging determination
	Covariate selection and definitions

	Statistical analysis

	Results
	Description of the basic characteristics of the population
	Univariate analyses
	Multivariate analysis
	Curve fitting
	Stratified analysis

	Discussion
	Conclusion
	References


