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Background: Lycopene is one of the hydrocarbon carotenoids which is
largely studied for its strong antioxidant and anti-inflammatory properties, as
well as improvement of endothelial function and anti-arteriosclerosis effects.
The use of lycopene has been shown to reduce mortality in the general
population. However, few studies have examined the association between
serum lycopene level and all-cause and cardiovascular mortality among
participants with chronic kidney disease (CKD).

Method: This study included 7,683 adults with CKD from the Third
National Health and Nutrition Examination Survey (NHANES IIl, 1988-
1994) and NHANES 2001-2006. Mortality status and cause of death
were ascertained by linkage to National Death Index records through 31
December 2018. Cox proportional hazards regression models were used to
estimate hazard ratios (HR) and 95% Cls for mortality from all-cause and
cardiovascular disease (CVD).

Result: During a median follow-up time of 309 months, there were 5,226 total
deaths. The median (interquartile range) serum lycopene concentration was
20.0 (12.0, 32.0) png/dl. After fully adjusted, restricted cubic spline analyses
reported that higher serum lycopene concentrations were significantly
associated with decreased risk of all-cause and CVD mortality in participants
with CKD (P < 0.001, P = 0.001). When extreme quartiles of serum lycopene
concentrations were compared, the multivariable-adjusted HR (95% CIl) was
0.778 (0.714-0.848) for all-cause mortality (P < 0.001), and 0.791 (0.692-
0.905) for CVD mortality (P < 0.001). Specifically, higher serum lycopene
decreased the risk of all-cause and CVD mortality at both CKD stage 1-2 and
stage 3-5. Further subgroup analyses and sensitivity analyses supported the
current results.
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Conclusion: Higher serum lycopene was independently associated with a
decreased risk of all-cause and CVD mortality in patients with CKD. These
findings suggested that maintain serum lycopene concentrations could lower
mortality risk in CKD patients.

lycopene, chronic kidney disease, antioxidant, oxidative stress, mortality

Introduction

In the USA, the incidence of chronic kidney disease (CKD)
in the general population has reached nearly 15% (1, 2), and
32.2% in the elderly (3), which brings a heavy burden to
individuals and society. People with CKD, have an extremely
high prevalence of comorbid cardiovascular diseases (CVDs)
ranging from ischemic heart disease and arrhythmias to heart
failure and venous thromboembolism, and CVD is a leading
cause of death (3). Chronic inflammatory state, oxidative stress
(OS), and vascular endothelial dysfunction, as well as the vicious
cycle formed by the three and the consequent pathological
changes, are considered to be the important reasons for the high
incidence rate of CVD morbidity and mortality in CKD patients
(4). Among them, OS holds a key position as a central link of the
intricated pathways involved in the progression of CKD (5-7).
Therefore, antioxidant therapy has become one of the important
measures to prevent and delay CKD progression.

Lycopene is a carotenoid (C40H56) present in red fruit and
vegetables, including tomato, papaya, red pepper, watermelons,
among others (8). Dietary Lycopene absorption is influenced by
several factors, including release from the food matrix, cooking
temperatures, and the presence of oil and other lipid-soluble
compounds (9). Lycopene is transported from the intestinal
mucosa to the general circulation via the lymphatic system
(10). In the blood, lycopene is mainly transported by low-
density lipoproteins (LDL) (11). OS as well as hyperactivity of
the endogenous enzymes responsible for generation of reactive
oxygen species (ROS) and nitric oxide (NO) may deplete
lycopene reserves in human cells and tissues (12). CKD patients
are accompanied by long-lasting OS, which may cause lycopene
depletion faster than normal population. Clinical research
shown that serum lycopene concentrations in hemodialysis
patients were lower when compared with healthy controls
(13, 14).

Experimental evidence has been presented that the use
of lycopene can inhibit NF-«kB activation, increase superoxide
dismutase activity, improve the NO bioavailability and protect
vascular endothelial function, which subsequently improve
OS, reduce chronic inflammation (8, 15-17). Also, lycopene
can inhibit LDL-cholesterol peroxidation, which can directly
damage the kidney and increase the risk of atherosclerosis and

Frontiers in Nutrition

02

CVD (18-21). Further, evidence from epidemiological studies
revealed that higher lycopene concentrations were associated
with lower risk of ischemic stroke and CVD (22, 23). Hence,
higher lycopene concentrations may benefit patients with CKD.

In fact, higher serum lycopene concentrations have been
reported to be associated with lower risk of CKD in the general
population (24) and reduce atherogenesis in patients receiving
hemodialysis (25). However, the relationship between serum
lycopene concentrations and mortality has not been elucidated
yet in patients with CKD. To fill these knowledge gaps, this study
focused on the association serum lycopene concentration and
all-cause and CVD mortality, and the individuals come from the
National Health and Nutrition Examination Survey (NHANES).

Materials and methods

Population resource

Generally reported, NHANES assessed the health and
nutritional status of the USA civilian, non-institutionalized
population (26). The present study was a prospective cohort
study enrolling individuals from NHANES III (1988-1994) and
2001-2006 with lycopene measures and assessment of CKD.

Assessment of lycopene levels and
chronic kidney diseases

As reported, serum lycopene levels were measured
using high-performance liquid chromatography (HPLC). As
previously reported (27), HPLC relies on a pump to push
a pressurized liquid solvent containing a sample mixture
through a column packed with solid adsorbent material. Each
component in the sample interacts with the sorbent material
slightly differently, resulting in different flow rates for the
different components and separation of the components
as they exit the column. CKD was defied as an estimated
glomerular filtration rate (eGFR) and urinary albumin-to-
creatinine ratio based on kidney diseases improving global
outcomes (KDIGO) guideline (28). The chronic kidney disease
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epidemiology collaboration equation (CKD-EPI) was used to
calculate eGFR. CKD was graded as follows: Stage 1, eGFR
> 90 ml/min/1.73 m? with albuminuria; stage 2, eGFR of
60-89 ml/min/1.73 m? and albuminuria; stage 3, eGFR of
30-59 ml/min/1.73 m?; stage 4, eGFR of 15-29 ml/min/1.73 m?;
and stage 5, eGFR < 15 ml/min/1.73 m2.

Mortality outcome ascertainment

Mortality information was obtained by linking to the
National Death Index through 31 December 2018. The follow-
up duration was calculated from the time participating in this
survey to the date of death or 31 December 2018. In this
database, the International Statistical Classification of Diseases
and Related Health Problems, Tenth Revision (ICD-10) was
used to identify the underlying cause of death. In our current
study, we evaluated the impact of lycopene levels on both all-
cause and CVD mortality. Specifically, cardiovascular death was
identified by codes 100-109, 111, I13, and 120-I51.

Covariates assessment

We extracted demographic characteristics, laboratory tests,
and chronic comorbidity data from NHANES III and NHANES
2001-2006. Demographic characteristics included age, sex,
body mass index (BMI), race/ethnicity, education levels, family
poverty-to-income ratio, smoking status, drinking status, anti-
diabetic drug use, and anti-hypertensive drug use. Laboratory
data included serum triglycerides, total cholesterol, and uric
acid. Chronic co-morbidity included diabetes and hypertension.
Education levels were classified into less than high school, high
school, and college or above. Family income-to-poverty ratio
was calculated by dividing total family income by the poverty
threshold. Smoking status was assessed and were classified into
current smoker, former smoker (not smoking now but > 100
cigarettes in life), and never smoker (< 100 cigarettes in life).
Drinking status were grouped into current heavy use (> 3
drinks/day for males and > 4 for females), moderate use (> 2
drinks/day for males and > 3 for females), mild use (current
use but < 2 drinks/day for males and < 3 for females), and
never. Diabetes was diagnosed based on the question “Are you
told to have diabetes by a doctor;” the use of antidiabetic drug
use, or laboratory tests, including HbAlc > 6.5%, fast glucose
> 7.1 mmol/L, random glucose > 11.1 mmol/L, or 2-h glucose
> 11.1 mmol/L after oral glucose tolerance tests.

Missing data imputation

Missing data included income to poverty ratio
(n = 733/7,683, 9.5%), BMI (n = 1,093/7,683; 14.2%),
Frontiers in Nutrition
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triglycerides (n = 12/7,683, < 0.1%), uric acid (n = 40/4,322,
< 0.1%), and total cholesterol (n = 1,826/7,683, 23.7%). Multiple
imputation with chained equations were used to imputed these
missing values, where linear regression was used to impute
normally distributed continuous variables, predictive mean
matching was used for non-normally distributed continuous
variables, and logistic regression for binary variables.

Statistical analyses

Lycopene levels were categorized into four categories based
on the quartile. Continuous variables are expressed as mean
(standard deviation) and categorical variables are presented
as numbers (proportions). Continuous and categorical
demographic variables were compared using analysis of
variance (ANOVA) and Chi-square tests, respectively.

We first conducted restricted cubic spline analyses to
evaluate the association between serum lycopene as the
continuous variable between all-cause and CVD mortality.
Then, Cox proportional hazards analyses were conducted
to identify the independent effect of different quartiles of
lycopene levels on all-cause and cardiovascular-cause mortality.
In Model 1, the estimates were adjusted for age and sex.
Model 2 was further adjusted for race/ethnicity, education,
income-to-poverty ratio, BMI, triglycerides, uric acid, and
total cholesterol based on model 1. Model 3 was the fully
adjusted model, further adjusted for smoking status, drinking
status, diabetes, anti-diabetic drug use, hypertension, and
anti-hypertensive drug use based on model 2. In the Model
4, lycopene levels were analyzed as the continuous variable
adjusted by these variables in the model 3. We further
applied stratification analysis for associations of lycopene
levels with all-cause and cardiovascular-cause mortality
based on age (< 65 or > 65 years), sex, race/ethnicity
(non-Hispanic white or other), BMI (< 30 or > 30 kg/m?),
serum triglycerides (> 200 mg/dl, or < 200 mg/dl), serum
total cholesterol (> 240 mg/dl, or < 240 mg/dl), diabetes
(Yes or No), hypertension (Yes or No), current smoking
status (Yes or No), current drinking status (Yes or No), and
CKD stage (stage 1-2, or stage 3-5). Sensitivity analyses
were performed by: (1) excluding the participants who
died within 12 months; (2) excluding the participants
with missing data.

Results

The study population included 7,683 participants and
the screening process was shown in Figure 1. The baseline
characteristics according to quartiles of serum lycopene
concentrations were shown in Table 1. The mean age
of the subjects was 63.1 =+ 18.5 years, and 42% were
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Participants from NHANES III (1988-1994), N=33994
NHANES 2001-2006, N=31509
Total, N=65503

No follow-up and survival information (including those aged <18 years)
NHANES III, N=14395

~| NHANES 2001-2006, N=14351

Total, N=33950

NHANES III, N=19599
NHANES 2001-2006, N=17158
Total, N=31553

Insufficient information for the diagnosis of CKD
NHANES III, N=14452

~| NHANES 2001-2006, N=14357

Total, N=28809

NHANES 1III, N=5147
NHANES 2001-2006, N=2801
Total, N=7948

Missing Information of Lycopene
NHANES III, N=133

NHANES 2001-2006, N=132
Total, N=265

NHANES III, N=5014
NHANES 2001-2006, N=2669
Total, N=7683

A A

A A

Quartile 1 of Lycopene
levels (0%-25%)

Quartile 2 of Lycopene
levels (25%-50%)

Quartile 3 of Lycopene
levels (50%-75%)

Quartile 4 of Lycopene
levels (75%-100%)

FIGURE 1
Flow chart.

male. Non-Hispanic Whites accounted for 53 and 54%
of the participants were at the educational level of high
school or higher. Among these participants, the median
(interquartile range) serum lycopene concentration was
20.0 (12.0, 32.0) pg/dl. Participants with higher serum

lycopene concentrations were more likely to be younger,
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non-Hispanic white, non-alcohol drinker, never smoker, have
higher education level, higher family income, higher value of
eGFR.

Of 7,683 CKD participants, there were 5,226 deaths during
a median follow-up time of 309 months. After multivariable

adjustment, higher serum lycopene concentrations were
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significantly associated with the reduction of all-cause mortality
in participants with CKD (Table 2). The multivariable adjusted
hazard ratios (HRs) (95% CI) across quartiles of serum lycopene
concentrations from low to high were 1 (reference), 0.903

TABLE 1 Baseline characteristics of patients with chronic kidney disease in NHANES Il and NHANES 2001-2006.

10.3389/fnut.2022.1048884

(0.84-0.971), 0.791 (0.732-0.854), and 0.778 (0.714-0.848)
(Ptrend < 0.001). In model 4, for every 1% increase in serum
concentration, all-cause mortality decreased by 0.7% (HR
0.993, 95% CI 0.991-0.995, P < 0.001). Restricted cubic spline

Serum lycopene (g/dl)
Characteristics Total Quartile 1 Quartile 2 Quartile 3 Quartile4  P-value
Patients, n 7,683 1,970 1,881 1,911 1,921
Age, years 63.1(18.5) 70.1 (14.6) 64.6 (17.6) 60.1 (18.8) 57.5(20.0) <0.001
Male, sex (%) 3,225 (42.0%) 852 (26.4%) 702 (21.8%) 818 (25.4%) 853 (26.4%)
Race (%) 0.006
Mexican American 1,251 (16.3%) 301 (15.3%) 300 (15.9%) 338 (17.7%) 312 (16.2%)
Non-Hispanic Black 2,044 (26.6%) 556 (28.2%) 482 (25.6%) 515 (26.9%) 491 (25.6%)
Non-Hispanic White 4,049 (52.7%) 1,033 (52.4%) 1,034 (55.0%) 976 (51.1%) 1,006 (52.4%)
Other 339 (4.4%) 80 (4.1%) 65 (3.5%) 82 (4.3%) 112 (5.8%)
Education (%) <0.001
College or above 1,517 (19.7%) 270 (13.7%) 288 (15.3%) 387 (20.3%) 572 (29.8%)
High school 2,601 (33.9%) 622 (31.6%) 643 (34.2%) 614 (32.1%) 722 (37.6%)
Less than high school 3,565 (46.4%) 1,078 (54.7%) 950 (50.5%) 910 (47.6%) 627 (32.6%)
Poverty to income ratio 24(1.7) 2.0 (1.5) 2.4(1.7) 2.5(1.7) 2.5(1.7) <0.001
BMI, kg/m? 28.0 (6.0) 27.4 (5.9) 27.7 (5.8) 28.4(5.9) 285 (6.2) <0.001
eGER, ml/min/1.73 m? 61.0 (23.0) 545 (17.5) 57.5 (18.8) 622 (22.6) 70.0 (28.5) <0.001
Serum triglycerides, mg/dl 163.4 (133.9) 157.2 (99.8) 158.6 (102.1) 162.9 (124.8) 175.0 (188.9) <0.001
Serum uric acid, mg/dl 9 (1.7) 5.9 (1.7) 5.8 (1.6) 5.8 (1.6) .9 (1.6) 0.086
Serum total cholesterol, mg/dl 250.2 (112.0) 223.0 (86.5) 235.2 (94.3) 251.4 (109.7) 291.6 (138.3) <0.001
Urine albumin, pg/ml 158.8 (645.9) 138.7 (649.7) 147.4 (712.9) 163.0 (582.7) 186.5 (632.2) 0.106
Urine creatinine, jumol/l 3,402.4 (6,252.8) 1,256.0 (3,834.8) 1,787.6 (4,177.0) 3,469.7 (6,228.2) 7,117.7 (8,036.0) <0.001
Urinary ACR, mg/g 8,498.8 (50,544.2)  10,599.8 (54,146.9)  9,485.5(57,068.8)  8,190.3 (45,181.0)  5,684.9 (44,515.3) 0.017
CKD (%) <0.001
Stage 1-2 2,396 (31.2%) 411 (20.9%) 464 (24.7%) 651 (34.1%) 870 (45.3%)
Stage 3-5 5,287 (68.8%) 1,559 (79.1%) 1,417 (75.3%) 1,260 (65.9%) 1,051 (54.7%)
Serum lycopene [median (IQR)], pg/dl 20.0 (12.0, 32.0) 8.0 (6.0, 10.0) 16.0 (14.0, 18.0) 25.0 (23.0, 28.0) 42.0 (36.0, 51.3)
Serum alpha-carotene [median (IQR)], pg/dl 3.6 (1.8,6.0) 3.0 (1.0, 5.0) 4.0 (2.0, 6.0) 4.0 (2.0, 6.0) 4.0 (2.0, 6.4) <0.001
Serum beta-carotene [median (IQR)], ng/dl 16.9 (9.2,28.2) 14.0 (8.0, 24.0) 16.0 (9.0, 28.0) 18.0 (10.0, 30.0) 19.0 (10.7, 31.4) <0.001
Serum beta-cryptoxanthin [median (IQR)], pg/dl 8.0 (5.0, 12.2) 6.0 (4.0, 10.0) 7.7 (5.0, 12.0) 8.9 (6.0, 13.4) 9.3 (6.0, 14.2) <0.001
Serum lutein [median (IQR)], pg/dl 19.0 (13.0, 27.0) 17.4 (12.0, 25.0) 19.0 (13.9, 27.0) 20.0 (14.0, 29.0) 19.0 (13.2,27.0) <0.001
Diabetes mellitus (%) 0.001
No 6,034 (78.5%) 1,552 (86.7%) 1,503 (79.9%) 1,532 (80.2%) 1,447 (75.3%)
Yes 1,649 (21.5%) 418 (23.3%) 378 (20.1%) 379 (19.8%) 474 (24.7%)
Hypertension (%) 0.032
No 3,574 (46.5%) 932 (47.3%) 901 (47.9%) 903 (47.3%) 838 (43.6%)
Yes 4,109 (53.5%) 1,038 (52.7%) 980 (52.1%) 1,008 (52.7%) 1,083 (56.4%)
Smoking status (%) 0.002
Current 1,154 (15.0%) 310 (15.7%) 251 (13.3%) 304 (15.9%) 289 (15.0%)
Former 2,642 (34.4%) 728 (37.0%) 662 (35.2%) 641 (33.5%) 611 (31.8%)
Never 3,887 (50.6%) 932 (47.3%) 968 (51.5%) 966 (50.6%) 1,021 (53.2%)
Drinking status (%) 0.073
Heavy 609 (7.9%) 151 (7.7%) 130 (6.9%) 158 (8.3%) 170 (8.8%)

(Continued)
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TABLE1 (Continued)
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Serum lycopene (jLg/dl)

Characteristics Total Quartile 1 Quartile 2 Quartile 3 Quartile 4 P-value
Mild 2,115 (27.5%) 513 (26.0%) 516 (27.4%) 532 (27.8%) 554 (28.8%)

Moderate 633 (8.2%) 144 (7.3%) 163 (8.7%) 166 (8.7%) 160 (8.3%)

Never 4,326 (56.3%) 1,162 (59.0%) 1,072 (57.0%) 1,055 (55.2%) 1,037 (54.0%)

Diabetes medicine use (%) <0.001
No 6,779 (88.2%) 1,769 (89.8%) 1,675 (89.0%) 1,701 (89.0%) 1,634 (85.1%)

Yes 904 (11.8%) 201 (10.2%) 206 (11.0%) 210 (11.0%) 287 (14.9%)

Hypertension medicine use (%) <0.001

No 5,399 (70.3%)

2,284 (29.7%)

1,183 (60.0%)

Yes 787 (40.0%)

1,260 (67.0%)
621 (33.0%)

1,376 (72.0%)
535 (28.0%)

1,580 (82.2%)
341 (17.8%)

Normally distributed continuous variables are described as means &= SD, and continuous variables without a normal distribution are described as medians (interquartile ranges).
Categorical variables are presented as numbers (percentages). IQR, interquartile range; BMI, body mass index; eGFR, estimated glomerular filtration rate; ACR, albumin-creatinine

ratio; CKD, chronic kidney disease.

analyses showed similar results between serum lycopene
concentration and all-cause mortality (P < 0.001) (Figure 2A).
Like associations seen with all-cause mortality, higher serum
lycopene concentrations were associated with decreased CVD
mortality (Table 3). The multivariable adjusted HRs (95%
CI) across quartiles of serum lycopene concentrations were 1
(reference), 0.91 (0.813-1.018), 0.818 (0.726-0.923), and 0.791
(0.692-0.905) (Pyeng < 0.001). For every 1% increase in serum
concentration, the risk of CVD mortality decreased by 0.6%
(HR 0.994, 95% CI 0.991-0.998, P < 0.001). A non-linear dose-
response relationship of serum lycopene concentration and
CVD mortality was also demonstrated (P = 0.001) (Figure 2B).

Consistent results were observed between serum lycopene
concentrations and all-cause mortality when analyses were
stratified by sex, age, race, BMI, serum triglycerides, serum
total cholesterol, diabetes, hypertension, current smoking status,
current drinking status, and CKD stage (Figure 3). We also
conducted subgroup analyses of the association between serum
lycopene concentrations and CVD mortality (Figure 4). The
relationship seems to be more obvious and significant in
participant who were older, non-Hispanic White, non-smoker,
non-drinker and without hyperlipidemia, hypercholesterolemia,
or diabetes.

The results also showed that with increasing serum
lycopene concentration, all-cause and CVD mortality decreased
progressively in participants with CKD stage 3-5. The
subgroup analyses were also conducted among these patients,
and the result remained consistent with the main analysis
(Supplementary Tables 1, 2). In particular, the upper quartile
serum concentrations of lycopene were associated with a
statistically significant reduction in all-cause and CVD mortality
in CKD stage 3-5 patients with diabetes.

In sensitive analyses, the same analyses (using model 3)
were repeated after excluding people died within the first
follow-up 12 months or using data before multiple imputation
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(Supplementary Table 3). The inverse association of serum
lycopene concentration with all-cause and CVD mortality
were not changed.

Discussion

In this study, we examined the association between serum
lycopene concentrations and all-cause and CVD mortality
among participants with CKD. We found that higher serum
lycopene was independently associated with a decreased risk of
all-cause and CVD mortality after adjusting for major known
risk factors such as age, sex, education, serum triglycerides, total
cholesterol, smoking/drinking status, diabetes, hypertension.
A variety of subgroup analyses and sensitivity analyses
confirmed the robustness of overall findings.

Oxidative stress is defined as a state of imbalance between
excess oxidant (free) radicals and insufficient degradation
of these radicals by the antioxidant system (29). There
is substantial evidence to suggest that CKD patients are
characterized by enhanced OS, even in early stages (30, 31).
In the presence of renal dysfunction, high ROS production
and decreased clearance of pro-oxidant substances, together
with damage to the antioxidant system, are responsible for
the pro-oxidant environment in patients with CKD (30-32).
Furthermore, endothelial dysfunction, pro-inflammation status
and CVD, the major cause of death in patients with CKD, are
also linked to increased levels of OS (29).

Lycopene is a lipid soluble compound with 40 carbon
atoms and contains 13 linearly arranged double bonds, 11 of
which are conjugated (8). The elongated carbon chain with
conjugated double bonds makes lycopene the most potent
single oxygen and free radical scavenger among carotenoids
(33, 34). The main protective effect of lycopene is achieved
through the inactivation of ROS and the extinction of free
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TABLE 2 All-cause mortality according to quartiles of serum lycopene concentrations among patients with CKD.

Quartiles of serum lycopene level (png/dl)

Quartiles 1 Quartiles 2 Quartiles 3 Quartiles 4 Pirend
Median (IQR) 8.0 (6.0, 10.0) 16.0 (14.0, 18.0) 25.0 (23.0, 28.0) 42.0 (36.0, 51.3)
Rang 0-12.0 12.0-20.0 20.1-31.9 32.00-151.0
Death (%) 1,685 (86) 1,394 (74) 1,150 (60) 997 (52)
Model 1 Reference 0.909 (0.847-0.977) 0.794 (0.736-0.857) 0.826 (0.763-0.894) <0.001
Model 2 Reference 0.908 (0.845-0.976) 0.795 (0.736-0.859) 0.805 (0.74-0.875) <0.001
Model 3 Reference 0.903 (0.84-0.971) 0.791 (0.732-0.854) 0.778 (0.714-0.848) <0.001
Model 4 0.993 (0.991-0.995) <0.001

Data are presented as HR (95% CI) unless indicated otherwise. Model 1: Adjusted for age (continuous) and sex (male or female); Model 2: Model 1 plus race/ethnicity, education level,
poverty to income ratio, BMI, uric acid, triglycerides, total cholesterol; Model 3: Model 2 plus smoking status, drinking status, diabetes, hypertension, diabetes medicine, hypertension
medicine; Model 4: continues model (each per 1% increase in serum concentrations), adjusted by variables in model 3.
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FIGURE 2
(A) Restricted cubic spline analyses between serum lycopene concentrations and all-cause mortality. (B) Restricted cubic spline analyses
between serum lycopene concentrations and cardiovascular-cause mortality.

TABLE 3 Cardiovascular disease mortality according to quartiles of serum lycopene concentrations among patients with CKD.

Quartiles of serum lycopene level (jLg/dl)

Quartiles 1 Quartiles 2 Quartiles 3 Quartiles 4 Pirend
Median (IQR) 8.0 (6.0, 10.0) 16.0 (14.0, 18.0) 25.0 (23.0,28.0) 42.0 (36.0,51.3)
Rang 0-12.0 12.0-20.0 20.1-31.9 32.00-151.0
Death (%) 716 (1,970) 571 (1,881) 473 (1,911) 395 (1,921)
Model 1 Reference 0.905 (0.81-1.011) 0.808 (0.718-0.908) 0.806 (0.712-0.913) <0.001
Model 2 Reference 0.903 (0.808-1.01) 0.806 (0.716-0.909) 0.784 (0.688-0.893) <0.001
Model 3 Reference 0.91 (0.813-1.018) 0.818 (0.726-0.923) 0.791 (0.692-0.905) <0.001
Model 4 0.994 (0.991-0.998) <0.001

Data are presented as HR (95% CI) unless indicated otherwise. Model 1: Adjusted for age (continuous) and sex (male or female); Model 2: Model 1 plus race/ethnicity, education level,
poverty to income ratio, BMI, uric acid, triglycerides, total cholesterol; Model 3: Model 2 plus smoking status, drinking status, diabetes, hypertension, diabetes medicine, hypertension
medicine; Model 4: continues model (each per 1% increase in serum concentrations), adjusted by variables in model 3.

radicals (35). In addition to its antioxidant capacity, lycopene antioxidant, there has been a growing body of evidence

also exhibits anti-inflammatory, anti-atherosclerosis properties supporting the direct role in decreasing the all-cause mortality
and improved endothelial function (36). Lycopene can attach and preventing the occurrence and progression of CVD.
to LDL cholesterol in plasma and provide protection against Li and colleague’s umbrella review showed that dietary

atherosclerosis via lipid peroxidation (36). As a powerful lycopene intake or serum lycopene was inversely associated
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Subgroups Lycopene Event/Total HR (95%Cl) P value Pinteraction Subgroups Lycopene Event/Total HR (95%Cl) P value Pinteraction
Female Q1 923/1118 eference 0.5969 Female Q1 390/1118 rence 0.784
Q2 82111179 .- 0.87 (0.791-0.958)  0.004 Q2 33511179 e 0.88 (0.759-1.022) 0.093
Q3 587/1093 -— 0.775 (0.697-0.861) <0.001 Q3 248/1093 —-— 0.844 (0.717-0.993) 0.041
Q4 508/1068 .-— 0.785 (0.698-0.883) <0.001 Q4 200/1068 ——| 0.805 (0.669-0.968) 0.021
Male Qa1 762/852 Reference Male Q1 326/852 Reference
Q2 5737702 ol 0.95(0.849-1.061) 0363 @ 2361702 e 0935 (0.787-1111) 0.445
Q3 563/818 -— 0.813 (0.725-0.912) <0.001 Q3 225/818 —— 0.779 (0.651-0.932) 0.006
Q4 489/853 —-— 0.783 (0.689-0.89) <0.001 Q4 195/853 —-— 0.771(0.631-0.942) 0.011
Age Age
s yeas I R—— Refrence ossss s yours PV Rotence ossor
Q2 3417755 -t 0.924 (0.792-1 075) 0.309 Q2 116/755 . 0.982 (0.755-1.276) 0.892
Q3 —-— 775 (0.66-0. 0.002 Q3 104/949 e 0.794 (0.603-1.046) 0.101
Q4 296/1067 —— 0.834 (0.703 0959) 0.037 Q4 103/1067 ——— 0.886 (0.661-1.189) 0.420
>=65 years Q1 1337/1403 eference >=65 years Q1 597/1403 rence
Q2 1053/1126 Eal 0.914 (0.842-0.993) 0.033 Q2 455/1126 -— 0.816 (0.721-0.924) 0.001
Q3 8441962 - 0806 (0.737-0.881) <0.001 Q3 3601962 -— 0702 (0.614-0.801) <0.001
Q4 701/854 el 0.783 (0.708-0.866) <0.001 Q4 292/854 - 0.638 (0.549-0.743) <0.001
Race Race
Non-Hispanic White Q1 965/1033 Reference 0.1964 Non-Hispanic White: Qi 417/1033 rence 06841
& ol s S e oons R b ey 2
Q3 697/976 Bl 0.7¢ 94-0.849) <0.001 Q3 97/976 ——| 0.836 (0.717-0.975) 0.023
639/1 .-— 0.752 (0.674-0.838) <0.001 Q4 257/1006 —-— 0.785 (0.662-0.931) 0.006
over & AN over o S s
Q2 541/847 - 0.959 (0.856-1.075) 0.472 Q2 207/847 —-r 91 (0.7¢ 09) 0.305
Q3 453/935 —-— 0.817 (0.722-0.924) 0.001 Q3 176/935 - 0. 505 (0. 562’0 978) 0.029
3581915 o 05836 (0.726-0.963) 0.013 a4 3819 —— 0.851(0.679-1.065) 0.158
Body mass index Body mass index
>=30 kgim2 Q1 4521562 003009 >=30 kg/m2 a1 2001562 000139
Q2 399/555 e 0.651 Q2 177/555 —.— 0.987 (0.803-1.213) 0.901
Q3 —.— 0 8‘9 10 709 0 9‘5) 0.006 Q3 —— u 795 (U 339'0 938' 0.038
Q4 311, —— 0.819 (0.697-0.964) 0.016 Q4 124/644 —— 3-0. 0.025
<30 kg/m2 Q1 1233/1408 Refemnce <30 kg/m2. Q1 507/1408 Re'fevenoe
& <1 oumomssem oo & e 1 s en oo
Q3 782/1 - 0.781(0.712-0.857) <0.001 Q3 319/1244 —.—| 0.838 (0.725-0.969) 0.017
Q4 686/1277 -— 0.768 (0.693-0.85) <0.001 Q4 2711277 | 0.83 (0.706-0.976)  0.024
Serum triglycerides Serum triglycerides
>=200 mg/dL. Q1 370/421 <0.001 >=200 mg/dL. Qi 158/421 Reference 0.0231
Q2 357/439 L. 0.894 (D 771 1 037) 0.139 Q2 138/439 —— 0.822 (0.65-1.038)  0.100
Q3 296/458 ——{ 0.839 (0.716-0.984) 0.030 Q3 133/4¢ - 0.91(0.716-1.157) 0.442
Q4 296/503 —— DE” (U 655 096’ 0.015 Q4 121/503 —— 0.824 (0.633-1.073) 0.150
<200 mg/dL. a1 1315/1549 <200 mg/dL Q1 5581549 Reference
Q2 1037/1442 s 0599 \D 327 0977) 0.012 Q2 43311442 .t 0.932 (0.819-1.059) 0.279
R e o A & e e by oy
Q4 70111418 -— 0.77 (0.697-0.852) <0.001 Q4 27411418 —— 0.785(0.67-0.92)  0.003
Serum tﬂ'a| choleslerol ‘Serum total cholesterol
>=240 1 463/526 Reference <0.001 >= 240 mg/dL Qi 196/526 Reference 0.0461
2 500612 . 0864 (0.76-0.982) 0026 @ 214612 —l 0902 (0.741-1.099) 0.306
13 487/731 —-— 0.754 (0.663-0.859) <0.001 Q3 2101731 —.— 0.813 (0.667-0.991) 0.041
Q4 579/1005 .— 0.765 (0.673-0.871) <0.001 Q4 239/1005 ——q 0.802 (0.657-0.979) 0.030
<240 mg/dL 1 1222/1444 Reference <240 mg/dL Q1 520/1444 ferenc
2 894/1269 . 0.92 (0.842-1.005)  0.063 Q2 357/1269 —-r 0.918(0.8-1.054) 0.223
13 663/1180 -— 0.807 (0.732-0.89) <0.001 Q3 263/1180 —.— 816 (0.7-0.952)  0.010
24 418916 . 0778 (0.69-0.878) <0.001 a4 1561916 — 0767 (0.631-0.931) 0.007
Diabetes Diabetes
Yes 1 362/418 Reference 0.5205 Yes Q1 158/418 Reference 0.9604
2 3301378 o 0964(0826-1124) 0637 ) 144/378 —d . 0084 (0776-1243 0892
13 273379 —e—t 0.889 (0.755-1.047) 0.160 Q3 103/379 —e— 0.8 (0.618-1.035)  0.090
24 300/474 e 0.856 (0 721 1 015) 0.074 Q4 121/474 et 0.807 (0.618-1.053) 0.114
No 1 1323/1562 No Q1 558/1552 rence
5 Toanes o] oerosy oo EI Ak ol s o
13 877/1532 .- 0.772(0.707-0.844) <0.001 Q3 370/1532 - 0.838 (0.731-0.96) 0.011
24 688/1447 -— 0.766 (D 693-0.847) <0.001 Q4 27411447 —.-— 0.814 (0.694-0.953) 0.011
Hypertension Hypertension
Yes 1 923/1038 Reference 0.3172 Yes Qi 430/1038 Reference 06119
2 825/980 -t 0.949 (0.862-1.044) 0.280 Q2 364/980 . 0.942 (0.816-1.086) 0.407
13 715/1008 - 0.813(0.735-0.9)  <0.001 Q3 303/1008 —-— 0.788 (0.677-0.917) 0.002
24 705/1083 al 0.807 (0.724-0.899) <0.001 Q4 291/1083 —-— 0.795 (0.674-0.937) 0.006
No 1 762/932 eference No Q1 286193 rence
2 569/901 -— 0.854 (0.764-0.954) 0.006 Q2 207/9 —-—t 0.878 (0.73-1.055) 0.164
Q3 4351903 . 0773 (0.683-0875) <0.001 Q3 1701903 —1 0.906 (0.742-1.107) 0.
Q4 292/838 —-— 0.756 (0.654-0.873) <0.001 Q4 104/838 —— 0.836 (0.658-1.064) 0.145
Current Smoking status Current Smoking status
Yes 1 2701310 Reference 0.4984 Yes Q1 110/310 Reference 0.2467
2 1797251 —-— 0.841(0.691-1.022) 0.08° Q2 581251 —— 0.694 (0.5-0.962)  0.029
13 199/3( —a— 0.824 (0.68-0.999) 0.049 Q3 76/304 ——t 0.781(0.574-1.063) 0.116
24 141728 | 0.779 (0.62-0.977)  0.03° Q4 43/289 ——— 0.624 (0.422-0.922) 0.018
o HEL s "o & dan S
2 1215/1630 Bl 0.911(0.842-0.984) 0.019 Q2 513/1630 .t 0.931(0.826-1.049) 0.241
13 951/1607 - 0.783 (0.72-0.853) <0.001 Q3 397/1607 —-— 0.802 (0.704-0.914)  0.001
24 856/1632 ol 0.775 (0.708-0.849) <0.001 Q4 352/1632 -— 0.779 (0.676-0.897) 0.001
Current Drinking status. Current Drinking status
Yes Q1 2447295 Reference 0.9752 Yes Q1 917295 rence 09383
Q2 2007293 .t 0.926 (0.767-1.118)  0.424 Q2 761293 ——r 0.913 (0.67-1.246)  0.567
Q3 183/324 e 0.838 (0.688-1.021) 0.079 Q3 73/32¢ —— 0.949 (0.691-1.302) 0.745
Q4 1211330 —— 0.819 (0.647-1.036) 0.096 Q4 11/33( ——— 0.879 (0.593-1.303) 0.520
No Q1 144111675 Reference No Q1 625/1675 Reference
Q2 1185/1588 R 0.899 (0.831-0.972) 0.008 Q2 495/1588 e 0.891(0.79-1.004)  0.059
Q3 967/1587 - 0.789 (0.725-0.858) <0.001 Q3 400/1587 —_— 0.783 (0.688-0.891) <0.001
Q4 876/1591 - 0.781(0.714-0.855) <0.001 Q4 354/1591 -— 0.748 (0.65-0.861) <0.001
CKD CKD
e 1-2 a1 s cterence o7 oo 1-2 a rean Reforone o
Q2 11311417 —— 0.999 (0.841-1.186) 0.989 Q2 88/464 e 0.785 (0.594-1.037) 0.0887
Q3 305/12¢ —— 0.756 (0.635-0.901) 0.0018 Q3 97/651 —-— 0.677 (0.514-0.892) 0.0055
Q4 709/1051 —-— 0.769 (0.644-0.918) 0.0036 Q4 121/870 — 766 (0.584-1.005) 0.0545
Stage 3-5 Q1 292/411 eference Stage 3-5 Q1 587/1559 rence
Q2 263/464 .- 0.885 (0.817-0.959) 0.0029 Q2 4831417 -t 0.923 (0.816-1.044) 02033
Q3 255/851 - 0.805 (0.738-0.878) <0.001 Q3 376/1260 —-— 0.835 (0.731-0.954) 0.
Q4 288/870 - 0.79 (0.717-0.871) <0.001 Q4 274/1051 P 0.745 (0.638-0.869) 00002
Decressed dek Incressed risk Decreased risk Increased risk.
FIGURE 3 FIGURE 4
Subgroup analyses of the association between serum lycopene Subgroup analyses of the association between serum lycopene
concentrations and all-cause mortality. concentrations and cardiovascular-cause mortality.

with all-cause mortality, prostate cancer, stroke, CVD, and
metabolic syndrome (37). In another comprehensive meta-
analysis (38), the results showed that high-intakes or high-
serum concentration of lycopene are associated with significant
reductions in the risk of stroke (26%), mortality (37%), and
CVDs (14%). Shardell et al. suggested that lycopene was the
carotenoid most strongly predictive of all-cause mortality in the
general population (39).

In this study, we founded that the concentration of lycopene
tended to decline with increasing age in CKD patients. This
is consistent with the study by Semba et al. who confirmed
that the serum lycopene concentration of older participants
was statistically lower than that of young after matching
with similar ethnic and dietary backgrounds (40). On the
other hand, our results showed that higher concentrations of
lycopene can significantly reduce risk of all-cause mortality
and CVD mortality in older (> 65 years) CKD patients,
but not in patients younger than 65 years. Obesity is an
independent risk-factor in many chronic diseases and may
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increase OS (41,
higher in obese CKD patients than in non-obese CKD

42). Levels of OS are correspondingly

patients. Our results showed that higher concentrations of
lycopene also significantly reduced risk of all-cause mortality
and CVD mortality in obese CKD patients. For patients
with CKD stage 1-5 and diabetes, pooled results showed
that higher lycopene concentrations were associated with a
reduction in all-cause mortality and CVD mortality, but
the difference was not statistically significant; however, in
CKD stages 3-5 patients with diabetes, this difference was
statistically significant. It can be seen from the above that
there were a clear and significant health benefits of increasing
lycopene concentrations in the CKD patients that may have
higher levels of OS.

The antioxidant capacity of carotenoids is well known,
but at high concentrations and under unusual conditions
such as high intracellular OS, high oxygen tension, and low
levels of endogenous antioxidants, carotenoids can function
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as pro-oxidants (43-45). Clinical trial has shown that high
does B-carotene supplementation may increase lung cancer
incidence in male smokers (46). Higher concentrations of serum
p-carotene were significantly associated with an increased risk of
cardiovascular mortality among patients with diabetes (47). For
lycopene, there is no epidemiological evidence that lycopene in
different concentrations exhibits the conversion between anti-
oxidation and pro-oxidation properties, or harmful effects at
high concentrations (48). Our results also showed that high
concentrations of serum lycopene can significantly reduce all-
cause mortality and CVD mortality even in patients with CKD
stage 3-5 and diabetes, who are at a high level of OS and
pro-inflammatory status.

There is no official recommended for the daily intake of
lycopene. Tomatoes can provide almost 85% of the lycopene
(49), and heat-processed tomato products can micronize
lycopene and promote its intestinal absorption (8, 50). However,
the absorption and bio-availability of lycopene from dietary
sources is extremely low, and a large proportion of dietary
lycopene is excreted from the body in undigested form (14).
Furthermore, the accumulation of lycopene varies in tissues,
and this accumulation is influenced by genetic factors and
phenotypic (51, 52); this results in individual differences in
the bioavailability and distribution of lycopene. Due to the
poor statistical correlation between diet and serum lycopene
levels (14), circulating levels of lycopene concentration were
superior to self-reported measures of dietary intake in assessing
the relationship between lycopene and chronic disease (53, 54).
Previous studies showed that an intake of 5-7 mg of lycopene
per day was recommended for healthy people (55), and higher
doses of lycopene (35-75 mg/day) may be required in the setting
of cancer or CVD (56).

This study has some limitations. First, although this was
a prospective follow-up study, the number of follow-ups
visit for every participant was extremely limited; Second,
dietary habits recorded at baseline may significantly change
during follow-up, especially when the patient’s eGFR decrease
progressively or develop intercurrent disorders. Third, the
lycopene concentration obtained at the time of testing may
not be representative of the patient’s long-term dietary patterns
and the actual condition. Fourth, socioeconomic situations may
change, and alterations in exercise and other environmental
factors like medication use may affect the development of
morbidity and death; Fifth, these results are based on USA
adults with CKD, which may limit the generalizability to other
populations; Finally, the possibility of residual and unknown
confounding cannot be eliminated.

Conclusion

Higher serum lycopene was independently associated with a
decreased risk of all-cause and CVD mortality in patients with
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CKD. These findings suggested that maintain serum lycopene
concentrations could lower mortality risk in CKD patients.

Data availability statement

The original contributions presented in this study are
included in the article/Supplementary material, further
inquiries can be directed to the corresponding author.

Ethics statement

This study involved secondary data analysis of a nationally
representative publicly available dataset. The study we
conducted was exempt from institutional review for this
reason. Written informed consent for participation was
not required for this study in accordance with the national
legislation and the institutional requirements.

Author contributions

QZ and YP analyzed the data and drafted the manuscript. SY
provided technical guidance. KZ designed the study and revised
the manuscript. All authors approved the final version of the
manuscript, ensure the accuracy and integrity of the work, and
agree to be accountable for all aspects of the work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material
The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/
fnut.2022.1048884/full#supplementary- material

frontiersin.org


https://doi.org/10.3389/fnut.2022.1048884
https://www.frontiersin.org/articles/10.3389/fnut.2022.1048884/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2022.1048884/full#supplementary-material
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Zhong et al.

References

1. Saran R, Robinson B, Abbott KC, Bragg-Gresham ], Chen X, Gipson D, et al.
US Renal Data System 2019 annual data report: epidemiology of kidney disease
in the United States. Am ] Kidney Dis Off ] Natl Kidney Found. (2020) 75(Suppl
1):A6-7. doi: 10.1053/j.ajkd.2019.09.003

2. McCullough PA, Amin A, Pantalone KM, Ronco C. Cardiorenal nexus: a
review with focus on combined chronic heart and kidney failure, and insights from
recent clinical trials. ] Am Heart Assoc. (2022) 11:¢024139. doi: 10.1161/JAHA.121.
024139

3. Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway CW, Carson
AP, et al. Heart disease and stroke statistics-2020 update: a report from the
American heart association. Circulation. (2020) 141:¢139-596. doi: 10.1161/CIR.
0000000000000757

4. Ravarotto V, Simioni F, Pagnin E, Davis PA, Calo LA. Oxidative stress - chronic
kidney disease - cardiovascular disease: a vicious circle. Life Sci. (2018) 210:125-31.
doi: 10.1016/}.1fs.2018.08.067

5. Akchurin OM, Kaskel F. Update on inflammation in chronic kidney disease.
Blood Purification. (2015) 39:84-92. doi: 10.1159/000368940

6. Rapa SE, Di Iorio BR, Campiglia P, Heidland A, Marzocco S. Inflammation and
oxidative stress in chronic kidney disease-potential therapeutic role of minerals,
vitamins and plant-derived metabolites. Int ] Mol Sci. (2019) 21:263. doi: 10.3390/
ijms21010263

7. Modlinger PS, Wilcox CS, Aslam S. Nitric oxide, oxidative stress, and
progression of chronic renal failure. Semin Nephrol. (2004) 24:354-65.

8. Bin-Jumah MN, Nadeem MS, Gilani SJ, Mubeen B, Ullah I, Alzarea SI,
et al. Lycopene: a natural arsenal in the war against oxidative stress and
cardiovascular diseases. Antioxidants (Basel, Switzerland). (2022) 11:232. doi: 10.
3390/antiox11020232

9. Rao AV, Ray MR, Rao LG. Lycopene. Adv Food Nutr Res. (2006) 51:99-164.
doi: 10.1016/S1043-4526(06)51002-2

10. Zaripheh S, Erdman JW. The biodistribution of a single oral dose of [14C]-
lycopene in rats prefed either a control or lycopene-enriched diet. J Nutr. (2005)
135:2212-8.

11. Clinton SK. Lycopene: chemistry, biology, and implications for human health
and disease. Nutr Rev. (1998) 56(Pt 1):35-51.

12. Arballo J, Amengual J, Erdman JW. Lycopene: a critical review of digestion,
absorption, metabolism, and excretion. Antioxidants (Basel, Switzerland). (2021)
10:342. doi: 10.3390/antiox10030342

13. Lim PS, Chan EC, Lu TC, Yu YL, Kuo SY, Wang TH, et al. Lipophilic
antioxidants and iron status in ESRD patients on hemodialysis. Nephron. (2000)
86:428-35. doi: 10.1159/000045830

14. Petyaev IM. Lycopene deficiency in ageing and cardiovascular disease.
Oxidative Med Cell Longev. (2016) 2016:3218605. doi: 10.1155/2016/3218605

15. Riso P, Visioli F, Erba D, Testolin G, Porrini M. Lycopene and vitamin C
concentrations increase in plasma and lymphocytes after tomato intake. Effects on
cellular antioxidant protection. Eur J Clin Nutr. (2004) 58:1350-8. doi: 10.1038/sj.
€jcn.1601974

16. Riso P, Visioli F, Grande S, Guarnieri S, Gardana C, Simonetti P, et al.
Effect of a tomato-based drink on markers of inflammation, immunomodulation,
and oxidative stress. J Agric Food Chem. (2006) 54:2563-6. doi: 10.1021/jf05
3033c

17. Yeh W-J, Yang H-Y, Pai M-H, Wu C-H, Chen J-R. Long-term administration
of advanced glycation end-product stimulates the activation of NLRP3
inflammasome and sparking the development of renal injury. J Nutr Biochem.
(2017) 39:68-76. doi: 10.1016/j.jnutbio.2016.09.014

18. Rissanen TH, Voutilainen S, Nyyssonen K, Salonen R, Kaplan GA,
Salonen JT. Serum lycopene concentrations and carotid atherosclerosis: the
Kuopio Ischaemic Heart Disease Risk Factor Study. Am ] Clin Nutr. (2003)
77:133-8.

19. Tabrez S, Al-Shali KZ, Ahmad S. Lycopene powers the inhibition of
glycation-induced diabetic nephropathy: a novel approach to halt the AGE-RAGE
axis menace. BioFactors (Oxford, England). (2015) 41:372-81. doi: 10.1002/biof.
1238

20. Kruger C, Burke §J, Collier JJ, Nguyen T-T, Salbaum JM, Stadler K. Lipid
peroxidation regulates podocyte migration and cytoskeletal structure through
redox sensitive RhoA signaling. Redox Biol. (2018) 16:248-54. doi: 10.1016/j.redox.
2018.02.024

21. Libby P, Ridker PM, Hansson GK. Progress and challenges in translating the
biology of atherosclerosis. Nature. (2011) 473:317-25. doi: 10.1038/nature10146

Frontiers in Nutrition

10

10.3389/fnut.2022.1048884

22. Giovannucci E. Tomato products, lycopene, and prostate cancer: a review of
the epidemiological literature. J Nutr. (2005) 135:2030S-18S.

23. Hak AE, Ma ], Powell CB, Campos H, Gaziano JM, Willett WC, et al.
Prospective study of plasma carotenoids and tocopherols in relation to risk of
ischemic stroke. Stroke. (2004) 35:1584-8. doi: 10.1161/01.STR.0000132197.67350.
bd

24. Chiang S-S, Tai C-W, Chung C-J, Shiue H-S, Chen J-B, Su C-T, et al
Micronutrients and lifestyles in Taiwanese patients with stage 3 to 5 chronic kidney
disease. Nutrition (Burbank, Los Angeles County, Calif). (2010) 26:276-82. doi:
10.1016/j.nut.2009.04.021

25. Roehrs M, Valentini J, Paniz C, Moro A, Charao M, Bulcio R, et al. The
relationships between exogenous and endogenous antioxidants with the lipid
profile and oxidative damage in hemodialysis patients. BMC Nephrol. (2011) 12:59.
doi: 10.1186/1471-2369-12-59

26. Murphy D, McCulloch CE, Lin F, Banerjee T, Bragg-Gresham JL, Eberhardt
MS, et al. Trends in prevalence of chronic kidney disease in the United States. Ann
Intern Med. (2016) 165:473-81. doi: 10.7326/M16-0273

27.van Lettow M, Harries AD, Kumwenda JJ, Zijlstra EE, Clark TD, Taha
TE, et al. Micronutrient malnutrition and wasting in adults with pulmonary
tuberculosis with and without HIV co-infection in Malawi. BMC Infect Dis. (2004)
4:61. doi: 10.1186/1471-2334-4-61

28. Kidney Disease: Improving Global Outcomes [KDIGO] Diabetes Work
Group. KDIGO 2020 clinical practice guideline for diabetes management in chronic
kidney disease. Kidney Int. (2020) 98(4S):S1-115. doi: 10.1016/j.kint.2020.06.019

29. Daenen K, Andries A, Mekahli D, Van Schepdael A, Jouret F, Bammens B.
Oxidative stress in chronic kidney disease. Pediatric Nephrol (Berlin, Germany).
(2019) 34:975-91. doi: 10.1007/s00467-018-4005-4

30. Duni A, Liakopoulos V, Roumeliotis S, Peschos D, Dounousi E. Oxidative
stress in the pathogenesis and evolution of chronic kidney disease: untangling
Ariadne’s thread. Int ] Mol Sci. (2019) 20:3711. doi: 10.3390/ijms20153711

31. Liakopoulos V, Roumeliotis S, Gorny X, Dounousi E, Mertens PR. Oxidative
stress in hemodialysis patients: a review of the literature. Oxidative Med Cell Longev.
(2017) 2017:3081856. doi: 10.1155/2017/3081856

32. Dounousi E, Papavasiliou E, Makedou A, Ioannou K, Katopodis KP, Tselepis
A, et al. Oxidative stress is progressively enhanced with advancing stages of CKD.
Am ] Kidney Dis Off ] Natl Kidney Found. (2006) 48:752-60.

33. Palozza P, Catalano A, Simone R, Cittadini A. Lycopene as a guardian of redox
signalling. Acta Biochim Pol. (2012) 59:21-5.

34. Kelkel M, Schumacher M, Dicato M, Diederich M. Antioxidant and anti-
proliferative properties of lycopene. Free Radical Res. (2011) 45:925-40. doi: 10.
3109/10715762.2011.564168

35. Britton G. Structure and properties of carotenoids in relation to function.
FASEB ] Off Publ Federation Am Soc Experiment Biol. (1995) 9:1551-8.

36. Collins JK, Arjmandi BH, Claypool PL, Perkins-Veazie P, Baker RA,
Clevidence BA. Lycopene from two food sources does not affect antioxidant or
cholesterol status of middle-aged adults. Nutr J. (2004) 3:15.

37.Li N, Wu X, Zhuang W, Xia L, Chen Y, Wu C, et al. Tomato and lycopene
and multiple health outcomes: umbrella review. Food Chem. (2021) 343:128396.
doi: 10.1016/j.foodchem.2020.128396

38. Cheng HM, Koutsidis G, Lodge JK, Ashor AW, Siervo M, Lara J. Lycopene
and tomato and risk of cardiovascular diseases: a systematic review and meta-
analysis of epidemiological evidence. Crit Rev Food Sci Nutr. (2019) 59:141-58.
doi: 10.1080/10408398.2017.1362630

39. Shardell MD, Alley DE, Hicks GE, El-Kamary SS, Miller RR, Semba RD,
et al. Low-serum carotenoid concentrations and carotenoid interactions predict
mortality in US adults: the Third National Health and Nutrition Examination
Survey. Nutr Res (New York, NY). (2011) 31:178-89. doi: 10.1016/j.nutres.2011.03.
003

40. Semba RD, Patel KV, Ferrucci L, Sun K, Roy CN, Guralnik JM, et al. Serum
antioxidants and inflammation predict red cell distribution width in older women:
the Women’s Health and Aging Study I. Clin Nutr (Edinburgh, Scotland). (2010)
29:600-4. doi: 10.1016/j.clnu.2010.03.001

41. Bohn T. Carotenoids and markers of oxidative stress in human observational
studies and intervention trials: implications for chronic diseases. Antioxidants
(Basel, Switzerland). (2019) 8:179. doi: 10.3390/antiox8060179

42. Pérez-Torres I, Castrejon-Téllez V, Soto ME, Rubio-Ruiz ME, Manzano-Pech
L, Guarner-Lans V. Oxidative stress, plant natural antioxidants, and obesity. Int |
Mol Sci. (2021) 22:1786. doi: 10.3390/ijms22041786

frontiersin.org


https://doi.org/10.3389/fnut.2022.1048884
https://doi.org/10.1053/j.ajkd.2019.09.003
https://doi.org/10.1161/JAHA.121.024139
https://doi.org/10.1161/JAHA.121.024139
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1016/j.lfs.2018.08.067
https://doi.org/10.1159/000368940
https://doi.org/10.3390/ijms21010263
https://doi.org/10.3390/ijms21010263
https://doi.org/10.3390/antiox11020232
https://doi.org/10.3390/antiox11020232
https://doi.org/10.1016/S1043-4526(06)51002-2
https://doi.org/10.3390/antiox10030342
https://doi.org/10.1159/000045830
https://doi.org/10.1155/2016/3218605
https://doi.org/10.1038/sj.ejcn.1601974
https://doi.org/10.1038/sj.ejcn.1601974
https://doi.org/10.1021/jf053033c
https://doi.org/10.1021/jf053033c
https://doi.org/10.1016/j.jnutbio.2016.09.014
https://doi.org/10.1002/biof.1238
https://doi.org/10.1002/biof.1238
https://doi.org/10.1016/j.redox.2018.02.024
https://doi.org/10.1016/j.redox.2018.02.024
https://doi.org/10.1038/nature10146
https://doi.org/10.1161/01.STR.0000132197.67350.bd
https://doi.org/10.1161/01.STR.0000132197.67350.bd
https://doi.org/10.1016/j.nut.2009.04.021
https://doi.org/10.1016/j.nut.2009.04.021
https://doi.org/10.1186/1471-2369-12-59
https://doi.org/10.7326/M16-0273
https://doi.org/10.1186/1471-2334-4-61
https://doi.org/10.1016/j.kint.2020.06.019
https://doi.org/10.1007/s00467-018-4005-4
https://doi.org/10.3390/ijms20153711
https://doi.org/10.1155/2017/3081856
https://doi.org/10.3109/10715762.2011.564168
https://doi.org/10.3109/10715762.2011.564168
https://doi.org/10.1016/j.foodchem.2020.128396
https://doi.org/10.1080/10408398.2017.1362630
https://doi.org/10.1016/j.nutres.2011.03.003
https://doi.org/10.1016/j.nutres.2011.03.003
https://doi.org/10.1016/j.clnu.2010.03.001
https://doi.org/10.3390/antiox8060179
https://doi.org/10.3390/ijms22041786
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Zhong et al.

43. Black HS, Boehm F, Edge R, Truscott TG. The benefits and risks of
certain dietary carotenoids that exhibit both anti- and pro-oxidative mechanisms-
a comprehensive review. Antioxidants (Basel, Switzerland). (2020) 9:264. doi: 10.
3390/antiox9030264

44. Ribeiro D, Freitas M, Silva AMS, Carvalho F, Fernandes E. Antioxidant and
pro-oxidant activities of carotenoids and their oxidation products. Food Chem
Toxicol Int ] Published Br Industrial Biol Res Assoc. (2018) 120:681-99. doi: 10.1016/
jAfCt.2018.O7,060

45. El-Agamey A, McGarvey DJ. The reactivity of carotenoid radicals with
oxygen. Free Radical Res. (2007) 41:295-302.

46. Omenn GS, Goodman GE, Thornquist MD, Balmes J, Cullen MR, Glass A,
et al. Effects of a combination of beta carotene and vitamin A on lung cancer and
cardiovascular disease. N Engl ] Med. (1996) 334:1150-5.

47. Qiu Z, Chen X, Geng T, Wan Z, Lu Q, Li L, et al. Associations of serum
carotenoids with risk of cardiovascular mortality among individuals with Type 2
diabetes: results from NHANES. Diabetes Care. (2022) 45:1453-61. doi: 10.2337/
dc21-2371

48. Trumbo PR. Are there adverse effects of lycopene exposure? J Nutr. (2005)
135:2060S-1S.

49. Canene-Adams K, Campbell JK, Zaripheh S, Jeffery EH, Erdman JW. The
tomato as a functional food. J Nutr. (2005) 135:1226-30.

Frontiers in Nutrition

11

10.3389/fnut.2022.1048884

50. Dhuique—Mayer C, Servent A, Descalzo A, Mouquet-Rivier C, Amiot M-
J, Achir N. Culinary practices mimicking a polysaccharide-rich recipe enhance
the bioaccessibility of fat-soluble micronutrients. Food Chem. (2016) 210:182-8.
doi: 10.1016/j.foodchem.2016.04.037

51. Moran NE, Erdman JW, Clinton SK. Complex interactions between dietary
and genetic factors impact lycopene metabolism and distribution. Arch Biochem
Biophys. (2013) 539:171-80. doi: 10.1016/j.abb.2013.06.017

52. Yeum K-J, Russell RM. Carotenoid bioavailability and bioconversion. Annu
Rev Nutr. (2002) 22:483-504.

53. Crowe-White KM, Phillips TA, Ellis AC. Lycopene and cognitive function. J
Nutr Sci. (2019) 8:€20. doi: 10.1017/jns.2019.16

54.Li X, Xu J. Dietary and circulating lycopene and stroke risk: a meta-
analysis of prospective studies. Sci Rep. (2014) 4:5031. doi: 10.1038/srep
05031

55. Sanchez-Moreno C, Cano MP, de Ancos B, Plaza L, Olmedilla B, Granado F,
et al. Mediterranean vegetable soup consumption increases plasma vitamin C and
decreases F2-isoprostanes, prostaglandin E2 and monocyte chemotactic protein-1
in healthy humans. ] Nutr Biochem. (2006) 17:183-9.

56. Mein JR, Lian E Wang X-D. Biological activity of lycopene metabolites:
implications for cancer prevention. Nutr Rev. (2008) 66:667-83. doi: 10.1111/j.
1753-4887.2008.00120.x

frontiersin.org


https://doi.org/10.3389/fnut.2022.1048884
https://doi.org/10.3390/antiox9030264
https://doi.org/10.3390/antiox9030264
https://doi.org/10.1016/j.fct.2018.07.060
https://doi.org/10.1016/j.fct.2018.07.060
https://doi.org/10.2337/dc21-2371
https://doi.org/10.2337/dc21-2371
https://doi.org/10.1016/j.foodchem.2016.04.037
https://doi.org/10.1016/j.abb.2013.06.017
https://doi.org/10.1017/jns.2019.16
https://doi.org/10.1038/srep05031
https://doi.org/10.1038/srep05031
https://doi.org/10.1111/j.1753-4887.2008.00120.x
https://doi.org/10.1111/j.1753-4887.2008.00120.x
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Association of serum lycopene concentrations with all-cause and cardiovascular mortality among individuals with chronic kidney disease: A cohort study
	Introduction
	Materials and methods
	Population resource
	Assessment of lycopene levels and chronic kidney diseases
	Mortality outcome ascertainment
	Covariates assessment
	Missing data imputation
	Statistical analyses

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher's note
	Supplementary material
	References


