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Abstract

Few studies have been conducted to investigate the association of kidney function decline with the trajectories of homocysteine (Hcy) over time,
using repeated measurements. We aimed to investigate the association of kidney function with changes in plasma Hcy levels over time. Data
were collected from the Rugao Longevity and Ageing Study. In detail, plasma Hcy and creatinine levels were measured in both waves (waves 2, 3
and 4) during the 3-5-year follow-up (72 1135). Wave 2 was regarded as the baseline survey. The estimated glomerular filtration rate (eGFR) was
calculated based on creatinine. Subjects were categorised into four groups according to quartiles of eGFR at baseline. Linear mixed-effect models
were used to investigate the association of eGFR with subsequent plasma Hcy levels. The mean eGFR at baseline was 90-84 (sp 11-42) ml/min per
1-73 m%. The mean plasma Hcy level was 14-09 (sp 6-82) at baseline and increased to 16-28 (sp 8-27) and 17-36 (s 10-39) pmol/1 during follow-
ups. In the crude model, the interaction between time and eGFR at baseline was significant (f = —0-02, 95 % CI —0-02, —0-01, = 0-002). After
adjusting for confounding factors, a significant relationship remained (= —0-02, 95 % CI —0-02, —0-01, P=0-003), suggesting that kidney func-
tion decline at baseline was associated with a faster increase in Hcey levels. Kidney function decline is associated with a more pronounced
increase in plasma Hcy levels. Further studies with longer follow-up periods and larger sample sizes are needed to validate our findings.
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Homocysteine (Hcy) is a sulphur amino acid by-product of disease™"1? and ameliorating psychiatric symptoms in schizo-

methionine metabolism™. The levels of Hcy are affected by
genetic alterations of methionine metabolism enzymes and the
concentrations of vitamin By,, vitamin Bg and folic acid®.
Mendelian randomisation studies have reported that Hcy is a
causal factor for many diseases, such as Alzheimer’s disease®®,
stroke™®> and schizophrenia®
reported the benefit of Hey-lowering therapy on improving cog-
nitive function in mild cognitive impairment®, reducing the risk
of stroke®!?, delaying the progression of chronic kidney disease
among patients with mild-to-moderate chronic kidney

"7 Randomised clinical trials also

phrenia’®'%, Hence, the metabolism of Hcy would be of impor-
tance to prevent and treat many diseases.

Kidney function plays an important role in Hcy metabo-
lism™>19_ Observational studies found that plasma Hey concen-
tration was elevated in moderate renal insufficiency’'”. Renal
transplant recipients had significantly decreased plasma Hcy lev-
els after renal transplant compared with that before renal trans-
plant™®. Kidney donors with a significantly decreased estimated
glomerular filtration rate (eGFR) had greater Hcy levels than
controls??” . Although previous studies have suggested the

Abbreviations: eGFR, estimated glomerular filtration rate; Hcy, homocysteine.
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important role of kidney function in Hcy metabolism, over-
whelming studies have paid attention to the link between plasma
Hcy levels and kidney function using cross-sectional®-2¥ and
longitudinal settings*~2%; there is still a lack of studies investi-
gating the relationship between kidney function and trajectories
of plasma Hcy levels over time.

Trajectory analysis is more sensitive when exploring the
course change in outcomes over time and reliably estimating
the slope, illustrating the natural history of exposure-induced
outcomes. Therefore, we aimed to explore the association of kid-
ney function at baseline with the trajectories of Hey levels using
repeated measurements in a longitudinal cohort among older
adults.

Methods
Study population

The Rugao Longevity and Ageing Study is an observational, pro-
spective and community-based cohort study”. Tts first survey
was conducted in November 2014 (wave 1). Then, the second
survey was conducted in April 2016 (wave 2). The third and
fourth surveys were conducted in November 2017 (wave 3)
and December 2019 (wave 4), respectively. Because plasma
Hcy was not measured in wave 1, we included subjects in waves
2, 3 and 4 in this study. A total of 1824 older adults were recruited
in wave 2. During the 3-5-year follow-up (from wave 2 to wave
4), 689 subjects were excluded because of a lack of plasma Hcy
or creatinine data. Finally, a total of 1135 subjects with complete
information in both waves were included. Additionally, wave 2
was regarded as the baseline survey in our analyses. This study
was approved by the Human Ethics Committee of the School of
Life Sciences of Fudan University. Informed consent was
obtained from each participant.

Measurements and outcomes

Plasma Hcy and creatinine levels were measured in both waves.
A chemiluminescence immunoassay was used to measure
plasma Hcy levels in the biochemistry laboratory of Rugao
People’s Hospital. Serum creatinine concentration was mea-
sured based on the enzymatic method with the Cica
Creatinine reagent (KANTO Chemical) and a Hitachi 7600 ana-
lyser (Hitachi). The eGFR was calculated using equations con-
ducted by the Chronic Kidney Disease Epidemiology
Collaboration for creatinine®®. eGFR = 144 X (creatinine (mg/
dD/0-7)793% x (0-993)*8¢, if female and creatinine <0-7;
eGFR = 144 X (creatinine  (mg/dD/0-7)7"% x (0-993)*¢,  if
female and creatinine > 0-7; eGFR = 141 X (creatinine (mg/dD/
0-9) 0415 (0.993)28¢ if male and creatinine <0-9; or
eGFR = 141 X (creatinine (mg/dD/0-9)712% x (0-993)A¢¢_ if male
and creatinine > 0-9.

Subjects were categorised according to plasma Hcy level and
eGFR. For plasma Hcy, subjects were defined as the elevated
Hcy group when their Hey was greater than 15 pmol/l; con-
versely, subjects were defined as the normal Hcy group when
their Hey was less than or equal to 15 pmol/1*”. For kidney

function, subjects were categorised into four groups according
to quartiles of eGFR.

Covariates

Demographic, clinical characteristics and lifestyles were col-
lected from the Rugao Longevity and Ageing Study.
Demographic data included age, sex, marital status and educa-
tional years. Clinical characteristics included CVD, diabetes mel-
litus, hypertension, chronic lung disease, cognitive function
decline (assessed by the revised Hasegawa’s dementia scale
and subjects with cognitive scores less than 21-5 were defined
as cognitive decline®”), antihypertension drugs, antidiabetic
drugs and vitamin By, concentration (in wave 2). CVD included
cerebral infarction, stroke, cerebral haemorrhage, CHD, myocar-
dial infarction and heart failure. Chronic lung disease included
pulmonary tuberculosis, chronic bronchitis, asthma or chronic
obstructive pulmonary disease. Participants who self-reported
a diagnosis of diabetes mellitus, used medication for diabetes
mellitus or had a fasting glucose greater than 125 mg/dl were
coded as having diabetes mellitus. Lifestyles included smoking,
alcohol consumption, sleep quality (assessed by the Pittsburgh
Sleep Quality Index®") and BMI. Vitamin B,, was categorised
into three groups according to tertiles (lowest third: <460
pmol/l; middle third: >460, <676 pmol/l; and highest third: >
676 pmol/D.

Statistical analysis

In this study, we described the characteristics of the study pop-
ulation at baseline stratified by quartiles of kidney function.
Continuous and categorical variables are presented as the mean
with standard deviation and frequency (%), respectively. Then,
for longitudinal analyses to assess the effect of eGFR at baseline
on subsequent levels of plasma Hcy during follow-ups, we used
linear mixed-effect models to analyse the association of eGFR at
baseline with subsequent plasma Hcy levels over time. A P-value
(two-tailed) less than 0-05 was considered statistically significant.
All analyses were conducted in the following three models:
model 1: unadjusted; model 2: adjusted for age, sex, smoking,
alcohol consumption, education, marital status, CVD, diabetes,
hypertension, chronic lung disease, cognitive function and sleep
quality; and model 3: adjusted for model 2 + vitamin B;, and
BMI. Additionally, we also explored the effect of plasma Hcy lev-
els atbaseline (normal v. elevated) on subsequent levels of eGFR
using linear mixed-effect models. Furthermore, we conducted
sensitivity analyses in participants without CVD or diabetes in
three models to validate our findings. All analyses were con-
ducted by SPSS 22.0 and R (Version 3.6.1: www.r-project.org/).

Results
Characteristics of study population

The included sample characteristics across the three waves are
presented in Table 1. In this study, a total of 1135 subjects were
included. The mean age was 76-52 (sp 3-87) years. The mean
plasma Hcey level was 14-09 (sp 6-82) pmol/1 at baseline and then
increased to 16-28 (sp 8:27) and 17-36 (s 10-39) pmol/l at the 1-5-
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Table 1. Sample characteristics across three waves (n 1135)
(Numbers and percentages)

Wave 4
Wave 2 Wave 3 (3-5-year
(baseline)  (1-5-year later) later)
n % n % n %
Age, years
Mean 76-52 78.04 80-22
SD 3.87 3-89 394
Male 521 4590 521 4590 521 45.90
Educational years
0 year 585 51.54 585 51.54 585 51.54
1-6 years 492 43.35 492 43-35 492 4335
> 7 years 58 510 58 510 58 510
Married* 783 6899 732 6449 673 5930
PSQl
Mean 526 5.07 5.09
SD 311 2.87 2:96
Smoking 307 2705 222 19-56 267 23.52
Alcohol consumption 404 3559 346 3048 364 32.07
BMI, kg/m?
Mean 23.83 24.31 23.87
sD 353 715 3.96
CVD 184 1621 154 1357 115 10-13
Diabetes 237 2088 177 1559 148 13.04
Hypertension 832 7330 985 86:78 795 70-04
Cognitive decline 505 4449 630 55.51 652 5744
Chronic lung disease 167 1471 101 890 78 6-87
Vitamin B,, pmol/l
Low (<460) 375 3304
Middle (>460, <676) 375 33-04
Highest (>676) 385 3392
Homocysteine, pmol/l
Mean 14.09 16-28 17-36
SD 6-82 827 10-39
Normal Hey 821 7233 616 54.27 560 49-34
Elevated Hcy 314 2767 519 45.73 575 50-66
eGFR, ml/min per 1.73 m?
Mean 90-84 85-13 77-16
SD 11.42 11.64 1317
Creatinine
Mean 0-63 072 0-81
sD 0-19 0-19 0-24

eGFR, estimated glomerular filtration rate; PSQI, Pittsburgh Sleep Quality Index.
* Married and living together.

and 3-5-year follow-ups, respectively (P < 0-001). The number of
subjects with elevated plasma Hey levels was 314 (sp 27-67 %) at
baseline and then increased to 519 (sp 45-73 %) and 575 (sp
50-66 %) at the 1-5- and 3-5-year follow-ups, respectively. The
mean eGFR was 90-84 (sp 11-42) ml/min per 1-73 m? at wave
2 and then increased to 85-13 (sp 11:64) and 77-16 (sp 13-17)
ml/min per 1-73 m? at subsequent follow-ups (P < 0-001). The
detailed characteristics of the study population stratified by
eGFR at baseline are presented in Table 2.

Associations of estimated glomerular filtration rate at
baseline with plasma homocysteine levels during
follow-ups

Associations between eGFR at baseline and subsequent plasma
Hcy levels during follow-ups are shown in Table 3. In crude
models, the interaction between time and eGFR at baseline
was significant (f=-0-02, 95% CI—0:02, —0-01, P=0-002).

After considering covariates, the interaction remained

(B=-0-02, 95% CI—0-02, —0-01, P=0-003), suggesting that
increased kidney function is associated with a more pronounced
decrease in plasma Hcy levels during follow-ups.

Additionally, we analysed the impact of different quartiles of
eGFR at baseline on subsequent plasma Hcy levels (Table 3).
The interaction term between time and quartile 1 of eGFR at
baseline was significant in both crude and adjusted models
(for crude models: =049, 95% CI 0-17, 0-81, P=0-003; for
adjusted models: = 0-49, 95 % CI 0-16, 0-81, P=0-003, respec-
tively). These results indicated a significant difference in the
slope for plasma Hcy levels over time between quartiles 1 and
4. The plasma Hcy levels increased approximately 0-49 points
faster per year for subjects in quartile 1 than in quartile 4. The
graphic analyses revealed that subjects in quartile 1 had a faster
increased trajectory in plasma Hcy levels compared with those in
quartile 4 (Fig. D).

Similarly, the interaction between time and eGFR at baseline
was significant (f=-0-01, 95% CI — 0-02, —0-00, P=0-043) in
both the crude and adjusted models after excluding participants
without CVD or diabetes (online Supplementary Table S1 and
Fig. S1).

Discussion
Principal findings

To our knowledge, this is the first study to explore the associa-
tion of kidney function with longitudinal changes in Hcy levels
over time using repeated measurements during a 3-5-year fol-
low-up and illustrated that kidney function decline was associ-
ated with a more pronounced increase in plasma Hcy levels.
Additionally, we adjusted for many clinical and lifestyle factors
(especially age, hypertension, vitamin By, level and cognitive
function), which provided robust evidence that kidney function
played an important role in Hcy metabolism.

Compared with previous studies

Few studies have investigated the trajectories of plasma Hcy lev-
els at different levels of kidney function, describing both changes
between the two surveys and the slope of change over time
using repeated measurements. The National Health and
Nutrition Examination Survey indicated a close association of
renal insufficiency with an increased risk of elevated circulating
Hey in the general population using cross-sectional settings®?.
Consistently, plasma Hcy levels were significantly higher in sub-
jects who had decreased kidney function in our study (Table 2).
However, the findings in National Health and Nutrition
Examination Survey were based on cross-sectional settings,
which just demonstrated a link relationship between eGFR
and Hcy levels. Our analyses were conducted using repeated
measurements during the 3-5-year follow-up and observed a
steeper increase in plasma Hcy concentrations in subjects with
kidney function decline. Trajectory analysis is more sensitive
for exploring the course change in outcome over time and reli-
ably estimating the slope, illustrating the natural history of kid-
ney function decline-induced Hcy levels. Therefore, our study
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Table 2. Characteristics of study population stratified by quartiles of eGFR at baseline

(Numbers and percentages)

Quartile 1 (n 284) Quatrtile 2 (n 286) Quatrtile 3 (n 279) Quartile 4 (n 286)
(<86-25) (>86-25, <91.79) (>91-79, <97-64) (>97-64)
Characteristics n % n % n % n % P
Age, years
Mean 79-06 76-89 75-59 76-52 <0-001
SD 3-83 3:65 326 318
Males 149 52.46 133 46-50 121 43.37 118 41.26 0-043
BMI, kg/m?
Mean 2397 2357 2394 23.84 0-505
SD 3.37 3:38 3:66 3.52
Educational years 0-090
0 year 146 51-41 150 5245 141 50-54 148 51.75
1-6 years 117 41.20 119 41.61 123 44.09 133 46-50
> 7 years 21 7-39 17 5.94 15 5.38 5 1.75
Married* 186 65-49 201 70-28 192 70-25 200 69-93 0-538
PSQl
Mean 5-04 525 5-35 543 0-092
SD 2:99 321 312 313
Smoking 84 28-58 91 25.45 71 25.45 61 21.33 0-025
Alcohol consumption 99 34.-86 105 36-71 103 36-92 97 3392 0-852
CVD 57 20-07 39 1364 51 1828 37 12.94 0-054
Diabetes mellitus 52 18-31 54 18.88 66 2366 58 20-28 0-392
Hypertension 230 80-98 196 68-53 204 7312 202 70-63 0-005
Cognitive decline 118 41.55 139 4860 117 41.94 131 45.80 0-274
Chronic lung disease 40 14.08 37 12.94 40 14.34 50 17.48 0-460
Vitamin B4z, pmol/l 0-385
Low third (<460) 110 38.73 86 30-07 87 21.18 92 3217
Middle third (>460, <676) 88 30-99 101 35-31 91 32.62 95 3322
Highest third (>676) 86 30-28 99 34.62 101 36-20 99 34-62
Homocysteine, pmol/l
Mean 16-86 14.26 1315 12.10 <0-001
) 6-08 7-06 8.07 4.74
Creatinine, mg/dl
Mean 0-84 0-66 0-57 0-46 <0-001
SD 018 0-09 0-09 0-09
eGFR, ml/min/1.73 m?
Mean 76-68 89-20 94.53 102.97 <0-001
SD 1119 1.58 1.73 5-08
eGFR, estimated glomerular filtration rate; PSQI, Pittsburgh Sleep Quality Index.
* Married: Married and living together.
Table 3. Associations of kidney function at baseline with subsequent plasma Hcy in all participants
(p-coefficients and 95 % confidence intervals)
Model 1 Model 2 Model 3
p 95% ClI P p 95 % ClI P p 95% ClI P
Kidney function at wave 2
eGFR, mL/min per 1.73 m? -0-19 -0-23, -0-15 <0-001 -0-15 -0-19, —0-10 <0-001 -0-15 -0-19, —-0-11 <0-001
Time, year 228 1-40, 3-16 <0-001 228 1-40, 3-16 <0-001 2:28 1-40, 3-16 <0-001
eGFR x time —-0-02 —-0-02, —0-01 0-002 -0-02 —-0-02, —0-01 0-002 —-0-02 —-0-02, —0-01 0-002
Kidney function quartiles
eGFR Q3 (>91-79, <97-64)*
Q3 0-89 -0-17, 1-95 0-101 0-56 -0-49, 1-60 0-301 0-64 —-0-38, 1-67 0-226
Time 0-76 0-59, 0-92 <0-001 0-76 0-59, 0-92 <0-001 076 0-59, 0-93 <0-001
Q3 x time -0-03 -0-27, 0-20 0-780 -0-03 -0-27, 0-20 0-779 -0.04 -0-27, 0-20 0-772
eGFR Q2 (>86-25, <91-79)*
Q2 2-33 1-11, 3:55 0-0002 1-69 0-44, 2-95 0-009 1.78 0-55, 3-02 0-005
Time 0-76 0-59, 0-92 <0-001 0-76 0-59, 0-92 <0-001 076 0-59, 0-93 <0-001
Q2 x time 0-16 —-0.07, 0-40 0-181 0-16 -0.07, 0-40 0-181 016 -0.07, 0-40 0-185
eGFR Q1 (<86-25)*
Q1 (<86-25) 4.94 358, 6-29 <0-001 2:95 1-41, 448 <0-001 3:02 1-50, 4-54 <0-001
Time 0-76 0-53, 0-98 <0-001 0-76 0-53, 0-98 <0-001 076 0-53, 0-99 <0-001
Q1 x time 0-49 0-17, 0-81 0-003 0-49 0-17, 0-81 0-003 049 0-16, 0-81 0-003

eGFR, estimated glomerular filtration rate; Hcy, homocysteine. Model 1: unadjusted; model 2: adjusted for age, sex, smoking, alcohol consumption, education, marital status, CVD,
diabetes, hypertension, chronic lung disease, cognitive function and sleep quality; model 3: adjusted for model 2 + Vitamin B4, and BMI.

* Compared with kidney function Q4 (>97-64 mi/min/1-73 m?).
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Figure 1 Longitudinal association of eGFR with subsequent plasma homocysteine during follow-ups.

provided more robust evidence to illustrate the significant asso-
ciation of kidney function with Hcy levels.

Coincidentally, renal transplant recipients had significantly
decreased Hcy levels after renal transplant compared with
before renal transplant™®. It was likely that the increased Hcy
levels in renal transplant recipients would be partially cleared
after renal transplant with healthy kidneys, which was consistent
with our findings that better kidney function has better efficiency
for cleaning Hcy. In addition, kidney donors had acutely and
persistently increased Hcy levels after renal transplantation at
subsequent 6- and 36-month follow-ups2%33 1t was conceiv-
able that plasma Hcy levels may be increased considerably due
to the cleaning efficiency of the kidney, because Hcy levels fell
significantly after uninephrectomy. Unintendedly, the potential
rejection of kidney allografts may affect efficient cleaning of
Hcy. Since these studies were conducted in patients with severe
renal disease or renal transplant, the generalisation of findings
was limited to older populations. In our studies, we explored
the association of kidney function with Hcy metabolism in a pro-
spective and community-based cohort without severe renal dis-
ease or renal transplant, avoiding the potential effect of allograft
rejection on Hey levels. Hence, our studies would provide more
generalised evidence than those studies conducted in patients
with renal disease.

Possible mechanisms

The underlying cause of elevated Hcy levels in renal disease is
not entirely understood, but it seems plausible that a reduction in
renal Hey clearance and metabolism was the cause®®. Previous
studies have reported that animal and human kidneys contain
the necessary Hcy-metabolising enzymes, including trans-sul-
phuration and remethylation enzymes®*. The normal kidney
may compensate glomerular filtration by up- or down-regulating

these pathways, thereby keeping Hcy levels constant®.
However, the loss of metabolically active kidney tissue normally
involved in Hey handling would decrease Hey clearance and
increase plasma levels®+3%,

Strengths and limitations

Strengths were presented in our studies. Our study was con-
ducted based on a community-based population in a prospec-
tive longitudinal cohort. It might be valuable to generalise the
findings to the older population. The repeated measurement
of plasma Hcy and creatinine levels was simultaneously mea-
sured from each subject at the same facility, which could ensure
stability and reliability. The limitation of our study was the rela-
tively small sample size, so it is necessary to recruit more individ-
uals to verify our results in the future. In addition, the follow-up
period was relatively short, which may limit the accuracy of the
trajectories of plasma Hcy levels. Therefore, it is essential to con-
duct longer-term follow-ups with more points at different times
to achieve more robust conclusions.

Conclusion

In summary, according to community-based and longitudinal set-
tings, our study demonstrated that kidney function plays an impor-
tant role in Hey metabolism. Kidney function decline is associated
with a more pronounced increase in plasma Hcy levels among
older adults. Kidney function should be primarily and carefully con-
sidered when conducting Hcy-lowering therapy and regimens.
Additionally, the study recommended that it was important and fea-
sible to trigger Hey-lowering interventions by improving kidney
function. Further studies with longer follow-up periods and larger
sample sizes are needed to validate our findings.
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