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Aim: Serum levels of cholesterol absorption and synthesis markers are known to be associated with cardiovascular 
risk. Individuals with reduced kidney function or chronic kidney disease (CKD) are at an increased risk for 
cardiovascular disease. Hence, we examined the relationship between estimated glomerular filtration rate (eGFR) 
and serum markers of cholesterol absorption and synthesis.

Methods: The CACHE (Cholesterol Absorption and Cholesterol synthesis in High-risk patiEnts) Consortium, 
comprised of 13 research groups in Japan possessing data of lathosterol (Latho, synthesis marker) and campesterol 
(Campe, absorption marker) measured via gas chromatography, compiled the clinical data using the REDCap system. 
Among the 3597 records, data from 2944 individuals were utilized for five analyses including this CKD analysis.

Results: This study analyzed data from 2200 individuals including 522 hemodialysis patients; 42.3% were 
female, the median age was 58 years, and the median eGFR was 68.9 mL/min/1.73 m2. Latho, Campe, and 
Campe/Latho ratio were significantly different when compared across CKD stages. When the associations of 
eGFR with these markers were assessed with multivariable nonlinear regression models, Latho, Campe, and 
Campe/Latho ratio showed positive, inverse, and inverse associations with eGFR. These associations were 
significantly modified by sex, the presence/absence of diabetes mellitus, and the presence/absence of statin use.

Conclusion: We showed that individuals with lower eGFR have lower cholesterol synthesis marker levels and 
higher cholesterol absorption marker levels in this large sample.
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level of cholesterol absorption11). Thus, altered 
cholesterol metabolism may be one of the 
nontraditional risk factors that could affect not only 
prognosis but also the effectiveness of lipid-lowering 
medications to reduce cardiovascular risk in patients 
with low kidney function.

Thus far, little is known regarding the possible 
changes in cholesterol metabolism among patients 
with CKD not treated with dialysis. Sonoda et al 12) 
showed in patients with 146 patients with type 2 
diabetes mellitus without taking lipid-lowering 
medications that a marker of cholesterol synthesis 
(Latho) was positively associated with eGFR and that 
a marker of cholesterol absorption (Campe) was 
inversely associated with eGFR. Campe/Latho ratio 
showed an inverse association with eGFR in their 
study. However, since the above-mentioned study by 
Sonoda et al 12) included only patients with diabetes 
mellitus, the associations between eGFR and 
cholesterol metabolism markers may be different in 
the absence of diabetes mellitus. Also, since healthy 
men and women have different levels of serum 
markers of cholesterol metabolism13), sex-related 
differences should be considered in the relationship 
between kidney function and cholesterol metabolism. 
Additionally, many patients are treated with statin and 
other lipid-lowering medications that could affect 
cholesterol metabolism. Thus, to establish the 
association between eGFR and cholesterol metabolism 
markers, it is important to handle these factors as 
potential effect modifiers in the analysis of associations 
between eGFR and cholesterol metabolism markers.

Aim

In the present study, we addressed the following 
two research questions. First, is eGFR associated with 
cholesterol metabolism biomarkers in a wide range of 
kidney function from those with normal kidney 
function to patients with kidney failure needing 
hemodialysis? Second, are the associations between 
eGFR and cholesterol metabolism biomarkers 
modified by age, the presence of diabetes mellitus, and 
the use of statin medication?

Methods

Ethical Consideration
This study adhered to the latest version of the 

Introduction

Patients with reduced kidney function or chronic 
kidney disease (CKD) is at an elevated risk for 
cardiovascular disease (CVD). The risk of incidence of 
CVD is higher in those with lower estimated 
glomerular filtration (eGFR)1). Among patients with 
kidney failure treated with hemodialysis, the risk of 
death from CVD is 10–30 times higher than those 
with the general population2). The increased CVD 
risk in CKD has been attributed not only to 
traditional risk factors including hypertension, 
diabetes mellitus, and dyslipidemia but also to 
nontraditional risk factors, which include renal 
anemia, bone and mineral disorder, protein–energy 
wasting, inflammation, oxidative stress, and uremic 
toxins3, 4).

Apart from serum lipids and lipoprotein levels, 
alterations in cholesterol metabolism may affect the 
risk of CVD. Dietary cholesterol is absorbed from the 
intestine, and the key intestinal cholesterol transporter 
is Nieman-Pick C1-like protein 1 (NPC1L1)5). 
Ezetimibe is a selective inhibitor of the NPC1L1-
mediated cholesterol absorption and lowers plasma 
concentration of cholesterol5). Cholesterol absorption 
can be assessed by measuring the serum level of plant 
sterols such as campesterol (Campe)6), which is not 
synthesized in humans but absorbed via the NPC1L1 
in the intestine. Besides dietary cholesterol intake, 
cholesterol is synthesized mainly by the liver, and 
3-hydroxy-3-methylglutaryl Coenzyme A (HMG-
CoA) reductase is the rate-limiting enzyme in 
cholesterol biosynthesis. Statins selectively inhibit this 
enzyme and reduce cholesterol in plasma 7). 
Cholesterol synthesis can be evaluated by measuring 
serum levels of the precursors of cholesterol such as 
lathosterol (Latho)6). Previous studies showed that 
high cholesterol absorbers had higher risks for all-
cause death and cardiovascular death in a cohort of 
home-dwelling elderly individuals8). Similarly, in a 
cohort of patients with kidney failure undergoing 
hemodialysis, high cholesterol absorbers had a higher 
risk for all-cause mortality9). Importantly, these 
patients on hemodialysis had increased levels of 
cholesterol absorption markers and decreased levels of 
cholesterol synthesis markers9, 10). In a post hoc 
analysis of a randomized controlled trial with 
atorvastatin, the effect of atorvastatin on 
cardiovascular outcomes was modified by the baseline 
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Other Variables
The CACHE study collected clinical data from 

medical records or data sets for research purpose 
regarding the following items: (1) clinical background 
including age, sex, smoking status, high-risk 
conditions [prior coronary artery disease (CAD), prior 
stroke, prior peripheral artery disease (PAD), diabetes 
mellitus, CKD including dialysis, and familial 
hypercholesterolemia], and comorbidity such as 
hypertension and hyperuricemia; (2) blood tests 
including total cholesterol, triglycerides (TG), high-
density lipoprotein cholesterol (HDL-C), low-density 
lipoprotein cholesterol (LDL-C), fasting plasma 
glucose, hemoglobin A1c (HbA1c), serum creatinine, 
eGFR, uric acid, serum albumin, aspartate 
transaminase (AST), alanine transaminase (ALT), 
C-reactive protein, and red blood cells (RBC), 
hemoglobin, mean corpuscular volume (MCV), white 
blood cells (WBC), and platelet counts; (3) physical 
examination and vital signs including height, body 
weight, body mass index (BMI), systolic blood 
pressure, diastolic blood pressure, and pulse rate; (4) 
medication use including drugs for dyslipidemia 
[statin, fibrate, ezetimibe, resin, probucol, omega-3 
polyunsaturated fatty acid (PUFA), nicotinic acid, 
Proprotein convertase subtilisin/kexin type 9 (PCSK9) 
inhibitor, and microsomal triglyceride transfer protein 
(MTP) inhibitor], hypertension, diabetes mellitus, 
and hyperuricemia; and (5) specific treatments 
including hemodialysis and LDL apheresis.

Diabetes mellitus was defined by either previous 
diagnosis of diabetes mellitus, use of any antidiabetic 
medication, fasting plasma glucose of 126 mg/dL or 
higher, or hemoglobin A1c (HbA1c) by the National 
Glycohemoglobin Standardization Program (NGSP) 
value of 6.5% or higher according to the diagnostic 
criteria by the American Diabetes Association and the 
Japan Diabetes Society (JDS)17, 18). If the previously 
used HbA1c value by the JDS was entered, it was 
converted to the NGSP value using a conversion 
formula provided by JDS19).

Hypertension was defined either by use of any 
antihypertensive medication, systolic blood pressure of 
140 mmHg or higher, or diastolic blood pressure of 
90 mmHg or higher according to the criteria by the 
Japanese Society of Hypertension20).

CKD was defined in this study by eGFR lower 
than 60 mL/min/1.73 m2 using the equation for the 
Japanese16). Because the CACHE study did not collect 
data on proteinuria, proteinuria was not considered 
for the definition of CKD in this study. Patients with 
kidney failure treated with hemodialysis were included 
in patients with CKD. CKD stages were classified 
according to the KDIGO guideline21): Stage G3a if 

Declaration of Helsinki and the Ethical Guidelines for 
Medical and Health Research Involving Human 
Subjects by the Ministry of Health, Labor and Welfare 
and Ministry of Education, Japan (the original version 
in 2016 which was modified in 2017). The study 
protocol was reviewed and approved by the Ethics 
Committee, Osaka City University Graduate School 
of Medicine, Osaka, Japan (Approval No. 3871), and 
was registered at UMIN-CTR (UMIN000030635). 
Also, the protocol of this study was approved by the 
review board of each participating institution prior to 
the study.

Clinical Data Collection
Thirteen research groups in Japan that possessed 

data of serum markers of cholesterol metabolism made 
up the CACHE consortium. CACHE stands for 
Cholesterol Absorption and Cholesterol synthesis in 
High-risk patiEnts. Clinical data including serum 
biomarkers of cholesterol metabolism were collected 
and compiled using the web-based system called 
Research Electronic Data Capture (REDCap)14, 15) 
(https://projectredcap.org/about/) at Osaka City 
University (http://www.hosp.med.osaka-cu.ac.jp/self/
hyokac/redcap/index.shtml).

Selection of the CACHE Population and Participants 
for this Analysis

From the total of 3597 records accumulated in 
the REDCap system, we selected the CACHE 
population for analysis by excluding (1) the second 
records of the same individuals and (2) participants 
with missing values of age, sex, or both height and 
weight. For this “CACHE-CKD analysis,” individuals 
were further excluded if serum creatinine was missing.

Estimation of Kidney Function by eGFR
eGFR was calculated from age, sex, and serum 

creatinine using the equation for the Japanese by 
Matsuo et al 16).

Assays for Lathosterol  and Campesterol 
Concentrations

Serum concentrations of Latho and Campe were 
measured as the biomarkers for cholesterol synthesis 
and absorption, respectively, by gas chromatography 
at SRL Inc., Tokyo, Japan. The procedure of gas 
chromatography has been described elsewhere in 
detail13). Besides concentrations of Latho and Campe, 
we calculated the Campe-to-Latho ratio (Campe/
Latho ratio) for the assessment of the relative status of 
cholesterol absorption to cholesterol synthesis12).
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assumption of the regression model, we logarithmically 
transformed the objective variables and then used 
them in the regression models. In the above regression 
models, all missing values were complemented 
through the multiple imputation methods on the basis 
of the predictive mean matching approach.

Moreover, to examine whether the associations 
differ depending on the patients’ characteristics, we 
performed similar analyses considering a cross-product 
term between eGFR and each candidate, separately.

All statistical inferences were conducted with a 
two-sided 5% significance level using R software 
version 4.0.3 (https://cran.r-project.org/).

Results

Selection of Participants for this Analysis
Fig. 1 shows the selection of participants for this 

CACHE-CKD analysis. We collected 3597 records for 
2989 individuals, and the repeated records were not 
used. By excluding 45 subjects with missing data on 
age, sex, or both height and weight, the CACHE 
population (N=2944) was determined. For the 
purpose of this CACHE-CKD analysis, 744 subjects 
were further excluded because of a missing value of 

eGFR was 45–59.9 mL/min/1.73 m2, Stage G3b if 
eGFR was 30–44.9 mL/min/1.73 m2, Stage G4 if 
eGFR was 15–29.9 mL/min/1.73 m2, Stage G5ND if 
eGFR was ＜15 mL/min/1.73 m2 and not on dialysis 
treatment, and stage G5D if the subject was on 
dialysis. All patients in stage G5D in this study were 
treated by hemodialysis. In this study, individuals with 
eGFR ≥ 60 mL/min/1.73 m2 were classified as having 
no CKD.

Familial hypercholesterolemia was diagnosed by 
the criteria from Japan Atherosclerosis Society22).

Regarding lipid parameters, we used the 
following rules: (1) TG and HDL-C values were used 
as entered. (2) Using total cholesterol (TC), TG, and 
HDL-C, non-HDL-C was calculated by subtracting 
HDL-C from TC, and low-density lipoprotein 
cholesterol (LDL-C) was calculated using the 
Friedewald formula23). (3) If LDL-C measured by a 
homogenous assay was entered but TC was not 
available, the LDL-C by a homogenous assay was used 
for analysis, and non-HDL-C was calculated as 
LDL-C plus TG/5. (4) If LDL-C or non-HDL-C 
cannot be calculated because of a missing value of TG 
or HDL-C, it was handled as missing. In the 
CACHE-CKD analysis, we presented data of TG, 
HDL-C, non-HDL-C, and LDL-C thus determined.

Statistical Analysis
The clinical characteristics were presented by 

CKD stages for the participants selected for this 
analysis. Continuous and categorical variables were 
summarized by medians (interquartile ranges, IQR) 
and numbers (percentages), respectively, and 
compared via the Kruskal–Wallis test or Fisher’s exact 
test, respectively.

The associations between CKD stages and the 
serum markers for cholesterol metabolism were 
examined using linear regression models without and 
with covariates’ adjustment. Spearman’s rank 
correlation analysis showed significant associations 
between serum lipids and the markers of cholesterol 
metabolism (Supplemental Table 1). Then, the 
adjustment was made for non-HDL-C, HDL-C, and 
TG, besides age, sex, presence of any CVD, diabetes 
mellitus, hypertension, smoking status, BMI, use of 
statin, use of fibrates, and use of other lipid-lowering 
medications.

 The associations of eGFR (exposure) with serum 
markers of cholesterol metabolism (outcomes) were 
examined using nonlinear regression models, which 
consider the restricted cubic spline term for eGFR 
with three knots (10th, 50th, and 90th percentile 
levels). The rms function was implemented in the rms 
and Hmisc packages in R. To meet the normal 

CACHE Population
N = 2,944 individuals

CACHE-CKD
Analysis set

N 2,200

Excluded (N 45
• Missing age or sex
• Missing Height and weight

Excluded (N 744
• Missing serum Creatinine

Total records in REDCap
• Records N = 3,597
• Individuals N = 2,989

Fig.1. Selection of participants for this CACHE-CKD analysis
The initial dataset contained 3597 records from 2989 independent 
individuals. We excluded the second records from the same 
individuals. We further excluded 45 individuals who had missing 
values of age, sex, and/or height and body weight. The remaining 
2944 were defined as the CACHE population for further analyses 
including this CACHE-CKD analysis. We excluded 447 individuals 
with missing values of serum creatinine, and the remaining 2200 
subjects were analyzed in this CACHE-CKD analysis.
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the multivariable-adjusted relationship between eGFR 
and serum levels of Latho, Campe, and Campe/Latho 
ratio in the total subjects (Fig. 2). Latho showed a 
positive association with eGFR in the range below 
60–70 mL/min/1.73 m2, whereas the association was 
not apparent in eGFR higher than this level. 
Campesterol and Campe/Latho showed inverse 
associations with eGFR, although these associations 
were less clear in eGFR ranges higher than 60–70 mL/
min/1.73 m2.

Effect Modification by Diabetes Mellitus
Fig. 3 shows the results stratified by the presence 

of diabetes mellitus. Latho was positively associated 
with eGFR in patients with diabetes mellitus, whereas 
Latho showed an inverted U-shaped association with 
eGFR in individuals without diabetes mellitus. The 
effect modification by diabetes mellitus was significant 
(P=0.010). Diabetes mellitus was associated with 

serum creatinine. Finally, 2200 individuals were 
selected for this analysis.

Table 1 gives characteristics of the study subjects 
by CKD stages. It was noted that the numbers of 
subjects in CKD stage G4 (N=18, 0.8% of total) and 
G5ND (N=22, 1.0% of total) were quite limited.

Markers of Cholesterol Metabolism in CKD Stages
The levels of serum Latho, Campe, and Campe/

Latho ratio were compared among the CKD stages 
without adjustment (Supplemental Fig. 1). When 
covariates’ adjustment was done, Latho levels were the 
lowest in the CKD stage G4 and G5D, whereas 
Campe and Campe/Latho ratio were the highest in 
CKD stage G5D (Supplemental Fig. 2).

Markers of Cholesterol Metabolism as Functions of 
eGFR

Restricted cubic spline curves were used to show 

Table 1. Characteristics of participants of this analysis

Variables Unit Total subjects Missing CKD stages P value

No CKD CKD-G3a CKD-G3b CKD-G4 CKD-G5ND CKD-G5D

Number of subjects --- 2200 --- 1379 203 56 18 22 522 ---
Serum creatinine mg/dL 0.84 (0.66–2.38) 0 (0.0%) 0.70 (0.60–0.83) 1.02 (0.85– 1.10) 1.29 (1.14– 1.40) 2.00 (1.83–2.40) 6.60 (4.44– 7.63)11.55 (9.87– 13.45) ＜0.001
eGFR mL/min/ 

1.73m2

68.9 (20.4–82.7) 0 (0.0%) 78.5 (70.5– 90.8) 55.5 (51.5– 57.9) 41.6 (37.1– 43.2) 23.2 (18.6– 27.2) 7.6 (5.8– 10.1) 3.6 (3.2– 4.2) ＜0.001

Age years 58 (49–66) 0 (0.0%) 55 (44–63) 65 (59–73) 72 (63–78) 70 (61–77) 65 (60–72) 61 (54–68) ＜0.001
Sex (female) N (%) 931 (42.3) 0 (0.0%) 365 (46.1%) 66 (32.5%) 19 (33.9%) 8 (44.4%) 9 (70.9%) 194 (37.2%) ＜0.001
Current smoking N (%) 410 (18.7%) 5 (0.23%) 158 (11.5%) 27 (13.3%) 10 (17.9%) 1 (5.6%) 1 (4.5%) 213 (40.8%) ＜0.001
BMI kg/m2 22.6 (20.5–24.8) 13 (0.59%) 22.7 (20.8–25.1) 23.7 (21.6–26.0) 23.4 (21.8–25.2) 24.5 (23.7–26.2) 23.4 (21.1–24.0) 21.6 (19.6–23.5) ＜0.001
HDL-C mg/dL 53 (42–65) 0 (0.0%) 57 (47–69) 49 (41–63) 42 (37–52) 39 (33– 46) 33 (26–45) 44 (36–54) ＜0.001
Non-HDL-C mg/dL 140 (112–170) 5 (0.23%) 150 (125–177) 144 (115–178) 120 (88–155) 151 (120–231) 128 (108–164) 114 (91–138) ＜0.001
TG mg/dL 101 (72–143) 0 (0.0%) 97 (70–135) 113 (86–155) 104 (79–143) 167 (102–241) 129 (94–173) 103 (72–151) ＜0.001
Comorbidities

CAD N (%) 328 (14.9%) 0 (0.0%) 152 (11.1%) 73 (36.0%) 34 (60.7%) 7 (38.9%) 4 (18.2%) 58 (11.1%) ＜0.001
Stroke N (%) 98 (4.5%) 0 (0.0%) 16 (1.2%) 6 (3.0%) 5 (8.9%) 1 (5.6%) 0 (0.0%) 70 (13.4%) ＜0.001
PAD N (%) 83 (3.8%) 0 (0.0%) 27 (2.0%) 15 (7.4%) 12 (21.4%) 2 (11.1%) 3 (13.6%) 24 (4.6%) ＜0.001
Any CVD N (%) 431 (19.6%) 0 (0.0%) 174 (12.6%) 77 (37.9%) 34 (60.7%) 7 (38.9%) 4 (18.2%) 135 (25.9%) ＜0.001
Diabetes mellitus N (%) 588 (34.5%) 498 (22.6%) 314 (32.6%) 76 (56.3%) 39 (90.7%) 16 (88.9%) 22 (100.0%) 121 (12.2%) ＜0.001
Hypertension N (%) 1081 (49.9%) 35 (1.59%) 431 (32.0%) 132 (65.7%) 42 (75.0%) 10 (55.6%) 16 (72.7%) 450 (86.2%) ＜0.001

Lipid-lowering 
medications

Statin N (%) 365 (16.6%) 0 (0.0%) 231 (16.8%) 71 (35.0%) 28 (50.0%) 4 (22.2%) 4 (18.2%) 27 (5.2%) ＜0.001
Fibrate N (%) 14 (0.6%) 0 (0.0%) 6 (0.4%) 3 (1.5%) 1 (1.8%) 1 (5.6%) 0 (0.0%) 3 (0.6%) 0.044
Ezetimibe N (%) 60 (2.7%) 0 (0.0%) 54 (3.9%) 4 (2.0%) 2 (3.6%) 0 (0.0%) 0 (0.0%) 0 (0.0%) ＜0.001
Resins N (%) 15 (0.7%) 0 (0.0%) 14 (1.0%) 1 (0.5%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0.251
Probucol N (%) 18 (0.8%) 0 (0.0%) 15 (1.1%) 2 (1.0%) 1 (1.8%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0.253
Omega-3 PUFA N (%) 28 (1.3%) 0 (0.0%) 15 (1.1%) 9 (4.4%) 1 (1.8) 1 (5.6%) 1 (4.5%) 1 (0.2%) ＜0.001
Nicotinic acid N (%) 5 (0.2%) 0 (0.0%) 1 (0.1%) 3 (1.5%) 1 (1.8%) 0 (0.0%) 0 (0.0%) 0 (0.0%) ＜0.001
PCSK9 inhibitor N (%) 4 (0.2%) 0 (0.0%) 3 (0.2%) 0 (0.0%) 1 (1.8%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0.093
MTP inhibitor N (%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) NA

The table gives medians (interquartile ranges) for continuous variables and numbers (percentages) for categorical variables. 
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Effect Modification by Sex
Fig. 4 presents the results stratified by sex. 

Women had lower levels of Latho than men (P＜
0.001). Although both men and women showed a 
positive association between eGFR and Latho in the 
eGFR range below 60–70 mL/min/1.73 m2, such an 
association was not apparent in the eGFR range 
higher than this level. The association between eGFR 
and Latho was modified by sex (P=0.038).

Men had higher levels of Campe than women in 
the eGFR range between 20–30 and 100–110 mL/
min/1.73 m2, whereas the difference was less apparent 
outside this eGFR range (P＜0.001). Although the 
inverse association between eGFR and Campe was 
seen in both men and women, the association was 
modified by sex (P=0.016).

Women had higher levels of Campe/Latho ratio 
regardless of eGFR (p＜0.001). Campe/Latho ratio 
showed an inverse association with eGFR, and this 

higher Latho levels in those with eGFR was higher 
than 80–90 mL/min/1.73 m2, whereas diabetes 
mellitus was associated with similar or lower Latho 
levels in the eGFR range below this level.

Patients with diabetes mellitus showed lower 
Campe levels than those without diabetes mellitus (P
＜0.001), although the association between eGFR and 
Campe was not significantly modified by the presence 
of diabetes mellitus (P=0.229).

The Campe-to-Latho ratio was generally lower 
in patients with diabetes mellitus (P＜0.001). The 
Campe/Latho ratio showed an inverse association with 
eGFR in patients with diabetes mellitus, whereas such 
an inverse association was not apparent in individuals 
without diabetes mellitus having eGFR higher than 
60–70 mL/min/1.73 m2. The effect modification by 
the presence of diabetes mellitus was significant 
(P=0.017).
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Fig. 3. Effect modification by the presence of diabetes mellitus
The association between eGFR and each marker of cholesterol metabolism was analyzed in the subgroups with and without diabetes mellitus, 
and the effect modification of the presence of diabetes mellitus was evaluated. The curves and shaded areas indicate means and 95% 
confidence intervals.
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Total subjects (N = 2200)

Fig. 2. Markers of cholesterol metabolism as functions of eGFR
The associations of eGFR with serum levels of Latho, Campe, and Campe/Latho ratio were analyzed with a multivariable-adjusted nonlinear 
regression model in the total subjects (N=2200). The curves and shaded areas indicate means and 95% confidence intervals. The adjustment 
was done for age, sex, presence of any cardiovascular disease, diabetes mellitus, hypertension, smoking status, body mass index, non-high-
density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides, use of statin, use of fibrates, and use of other lipid-lowering 
medications.



1841

The CACHE-CKD Analysis

(P＜0.001).

Additional Analysis Excluding Patients undergoing 
Hemodialysis

Additional analysis was done in 1678 individuals 
excluding those on hemodialysis. Supplemental Fig. 3 
shows the adjusted associations between eGFR and 
serum markers of cholesterol metabolism. Similar to 
the analysis in the total subjects, Latho was positively 
associated with eGFR in the eGFR range below 70–80 
mL/min/1.73 m2, whereas the association was inverse 
in the eGFR range higher than this level. The 
association between eGFR and Latho was significant 
(P＜0.001). Unlike the results in the total subjects, 
the association between eGFR and Campe was not 
significant in the subjects excluding those on 
hemodialysis (P=0.523). Nevertheless, similar to the 
results in the total subjects, the inverse association 
between eGFR and Campe/Latho was significant 
(P=0.008), and the association was more apparent in 
the eGFR range below 60–70 mL/min/1.73 m2.

Additional Analysis only in Patients undergoing 
Hemodialysis

Additional analysis was conducted in 522 

association was not significantly modified by sex 
(P=0.404).

Effect Modifications by the Use of Statin
Fig. 5 presents the results stratified by the use of 

statin. The use of statin was associated with 
significantly lower levels of Latho (P＜0.001). The 
individuals without statin use showed an inverted 
U-shaped association between eGFR and Latho, and a 
positive association was noticed in the eGFR ranges 
below 70–80 mL/min/1.73 m2. By contrast, the 
association between eGFR and Latho was less 
remarkable in statin users, showing a significant effect 
modification by the use of statin (P＜0.001).

Statin users showed higher levels of Campe (P＜
0.001). The inverse association between eGFR and 
Campe was found regardless of the use of statin, and 
the effect modification by the statin use was not 
significant (P=0.256).

Campe/Latho ratio was higher in statin users (P
＜0.001). An inverse association between eGFR and 
Campe/Latho ratio can be seen in statin users, whereas 
it was less apparent in individuals without statin use 
with eGFR higher than 60 mL/min/1.73 m2. The 
effect modification by the use of statin was significant 
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Fig. 5. Effect modification by the use of statin
The association between eGFR and each marker of cholesterol metabolism was analyzed in the subgroups with and without the use of statin, 
and the effect modification of the use of statin was evaluated. The curves and shaded areas indicate means and 95% confidence intervals.
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Fig. 4. Effect modification by sex
The association between eGFR and each marker of cholesterol metabolism was analyzed in the subgroups of men and women, and the effect 
modification of sex was evaluated. The curves and shaded areas indicate means and 95% confidence intervals.
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the serum level of cholesterol synthesis marker was 
decreased in patients with lower kidney function 
including those on hemodialysis9, 10, 12). HMG-CoA 
reductase is the key enzyme in the biosynthesis of 
cholesterol, and it is upregulated by activation of sterol 
regulatory element-binding protein 2 (SREBP2) upon 
cell cholesterol depletion 29). Inflammation and 
protein–energy wasting may contribute to it. Serum 
cholesterol level is known to decrease in these 
conditions, and it is included as one of the diagnostic 
criteria of protein–energy wasting30). A dietary weight 
loss intervention resulted in decreased Latho and 
increased Campe concentrations in moderately obese 
men31). Although a reduced availability of source 
nutrients for cholesterol biosynthesis may explain the 
decreased cholesterol synthesis, the precise 
mechanisms for it in patients with low kidney 
function are unknown at present.

A recent study by Zhou et al 32) revealed that 
hyperphosphatemia and excessive cellular uptake of 
phosphate can result in increased α-mannosidase II 
activity, increased SREBP cleavage activating protein 
(SCAP), overactivation of SERBP2, increased HMG-
CoA reductase, and robust increase in de novo 
cholesterol synthesis. The experiments by Zhou et al 
used mouse aorta and primary human aortic smooth 
muscle cells, demonstrating that hyperphosphatemia 
could promote atherosclerotic vascular changes32). If 
similar changes occur in the intestine and the liver, 
overactivation of SREBP2 could increase the 
transcription of NPC1L1 leading to an increased 
cholesterol absorption in patients with low kidney 
function and hyperphosphatemia. Nevertheless, the 
sequence of events starting from hyperphosphatemia 
does not explain the reduced level of serum Latho in 
patients with low eGFR. Presumably, the above-
mentioned mechanism found in vascular smooth 
muscle cells does not play an important role, if any, in 
the cholesterol homeostasis in the liver.

This study revealed that the presence of diabetes 
mellitus modifies the associations of eGFR with Latho 
and Campe/Latho ratio. The association between 
eGFR and Latho was positive in patients with diabetes 
mellitus, whereas it was inverted U-shaped in 
individuals without diabetes mellitus. Also, the inverse 
association between eGFR and Campe/Latho ratio 
was more apparent in patients with diabetes mellitus. 
These findings in patients with diabetes mellitus are in 
line with the results by Sonoda et al 12) who analyzed 
only patients with type 2 diabetes mellitus. 
Nonetheless, a recent study by Emrich et al 33) reported 
that there was no significant association between CKD 
stages and Campe/Latho ratio in 251 patients with 
CKD not on dialysis. The majority (67.4%) of the 

patients undergoing hemodialysis. Supplemental 
Fig. 4 shows the adjusted associations between eGFR 
and serum markers of cholesterol metabolism in this 
subgroup. Within the narrow range of eGFR (2.5–6.5 
mL/min/1.73 m2), both Latho and Campe were 
inversely associated with eGFR (P＜0.001 and 
P=0.034, respectively), whereas the association 
between eGFR and Campe/Latho ratio was not 
significant (P=0.109).

Additional Analysis in Female Subjects Stratified by 
Age Category

The associations between eGFR and cholesterol 
metabolism markers were additionally analyzed only 
in female subjects stratified by age category (50 years 
or younger vs. over 50 years old). Supplemental Fig. 5 
shows that the younger age group showed lower Latho 
levels, higher Campe levels, and higher Campe/Latho 
ratios than the older counterpart in a wide range of 
eGFR, particularly in eGFR ＞60 mL/min/1.73 m2. 
Also, we noted a marginally significant effect 
modification by age category on Latho.

Discussion

Using the relatively large sample of the CACHE, 
this study showed that eGFR was associated positively 
with Latho, inversely with Campe and Campe/Latho 
ratio in individuals with various kidney functions. 
Also, this study showed that some of these associations 
were modified by the presence of diabetes mellitus, 
sex, and the use of statin.

We confirmed previous results that the level of 
cholesterol absorption marker was elevated in patients 
with lower kidney function including those on 
hemodialysis9, 10, 12). The underlying mechanism for 
this association is unclear, but some explanations are 
possible. Intestinal cholesterol absorption is mediated 
by the function of NPC1L1 24). Transcription of 
NPC1L1 is suppressed by the action of a nuclear 
receptor peroxisome proliferator-activated receptor α 
(PPARα)25). PPARα activation by fenofibrate was 
shown to suppress intestinal transcription of NPC1L1 
mRNA and fractional absorption of cholesterol in 
mice25). Pemafibrate is also known to activate PPARα 
and suppress NPC1L1 mRNA in mice26). Chronic 
renal failure was shown to reduce PPARα mRNA level 
in a rat model27). The role of PPARα in cholesterol 
synthesis is much less clear than that in cholesterol 
absorption28). Taken together, suppressed PPARα and 
subsequent increase in NPC1L1 is likely to explain 
the increased level of Campe in patients with 
decreased kidney function.

This study also confirmed previous results that 
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content, which stimulates SREBP2 to upregulate 
transcription of the HMG-CoA R gene on the one 
hand. On the other hand, SREBP2 activation also 
upregulates transcription of the NPC1L1 gene, 
increases the intestinal transport of sterols via 
NPC1L1, and increases the serum level of Campe. 
Thus, the so-called “compensatory increase” in 
cholesterol absorption during statin use can be 
explained by the activation of SREBP2.

In the additional analysis only in patients 
undergoing hemodialysis, eGFR was inversely 
associated with Latho level within a narrow eGFR 
range. This was in contrast to the positive association 
in individuals not on dialysis treatment in a wide 
range of eGFR  below 60–70 mL/min/1.73 m2. Since 
kidney function is almost completely lost in patients 
requiring hemodialysis, a variation in eGFR of the 
dialysis population reflects a variation of creatinine 
generation from muscle. Hence, careful consideration 
is needed in the interpretation of the association 
between eGFR and Latho and other markers of 
cholesterol metabolism in patients who need dialysis 
treatment. A higher serum creatinine level is associated 
with higher muscle strength and lean body mass38) and 
lower risk of death among patients on hemodialysis39). 
Therefore, a higher serum Latho in hemodialysis 
patients with a higher serum creatinine concentration 
may be explained by a better nutritional condition.

This study has several limitations. First, although 
this analysis included 2200 individuals having various 
levels of kidney function, we had only a small number 
of patients in CKD stages G4 and G5ND. Thus, the 
confidence interval was larger in a lower eGFR range, 
and the association of eGFR with Latho was not 
statistically significant in the subgroup analysis 
excluding patients on hemodialysis. Further studies 
are needed in patients with advanced stages of CKD, 
not on dialysis. Second, since the information was 
lacking in the CACHE dataset, we could not assess 
the possible influence of proteinuria on the cholesterol 
metabolism markers. Third, we used creatinine-based 
eGFR for the estimation of kidney function. Since 
serum creatinine is affected by muscle mass regardless 
of dialysis treatment, careful interpretation of eGFR is 
needed. The relative influence of muscle mass may be 
larger in subjects with lower kidney function 
particularly in hemodialysis patients, although the 
absolute influence of muscle mass may be smaller in 
these patients based on the very high prevalence of 
sarcopenia in patients on hemodialysis40). Cystatin 
C-based eGFR may be better in this regard41). 
Additionally, eGFR of patients treated with 
hemodialysis may be inaccurate as the measure of 
patient’s own kidney function, because it is affected by 

study subjects of Emrich et al 33) did not have diabetes 
mellitus. Thus, the discrepancy between studies may 
be explained by the effect modification by the 
presence of diabetes mellitus.

Our results indicated the sex-related difference in 
serum Latho and Campe in individuals with a wide 
range of kidney functions and comorbidities. The 
higher levels of Latho in men in our study agree with 
a recent report by Yoshida et al in healthy Japanese 
subjects13) and the report by Dayspring et al from the 
United States34), whereas Matthan et al 35) reported 
that Latho levels were comparable between men and 
women in the participants of Framingham Offspring 
Study. The positive effect of estradiol on cholesterol 
synthesis in human hepatoma cells (HepG2) does not 
fit the clinical observations36), and the actual roles of 
sex steroids on cholesterol synthesis are largely 
unknown.

Regarding sex-related differences in cholesterol 
absorption, we found that male sex was associated 
with higher levels of Campe. This agrees with the 
result by Matthan et al 35) but is contrary to the above-
mentioned studies by Yoshida et al 13) and Dayspring 
et al 34). Dayspring et al showed that Campe levels 
were higher in females than males in individuals who 
were 50 years old or older, and they confirmed the 
higher cholesterol absorption using other markers 
such as serum sitosterol and cholestanol. Although we 
do not know the reason for the discrepancy among 
studies, differences in statistical methods may explain 
it. Our results were adjusted for many potential 
confounders including BMI and statin use, and 
Matthan et al made an adjustment for BMI, whereas 
the other two studies took no statistical adjustment. 
Additionally, menopause or estrogen status may be an 
important factor in female subjects. In our study, 
when we analyzed the female subjects stratified by age 
category (50 years or younger vs. over 50 years old), 
the younger group of female subjects had a lower 
Latho level and a higher Campe level than the older 
counterpart in a wide range of eGFR, particularly in 
eGFR ＞60 mL/min/1.73 m2 (Supplemental Fig. 5). 
Thus, the consideration of menopause or estrogen 
status in female subjects may explain the discrepancy 
among studies.

It was an expected result that statin use was 
associated with a lower Latho level and a higher 
Campe level because statin inhibits HMG-CoA 
reductase and Latho was downstream of this step. 
Also, intestinal cholesterol absorption was known to 
increase by statin37). What is the mechanism for the 
increased Campe level associated with the use of 
statin? Inhibition of HMG-CoA reductase activity by 
statin results in decreased intracellular cholesterol 
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and decision to submit the manuscript for publication. 
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Supplemental Table 1. Correlation matrix between serum lipids and markers of cholesterol metabolism

Non-HD-C HDL-C TG Lathosterol Campesterol Campe/Latho

Non-HDL-C --- r=0.066
P=0.002

r=0.362
P＜0.001

r=0.485
P＜0.001

r=0.222
P＜0.001

r=–0.243
P＜0.001

HDL-C r=0.066
P=0.002

--- r=–0.429
P＜0.001

r=0.138
P＜0.001

r=0.315
P＜0.001 

r=0.096
P＜0.001

TG r=0.362
P＜0.001

r=–0.429
P＜0.001

--- r=0.212
P＜0.001

r=–0.018
P=0.392

r=–0.181
P＜0.001

Lathosterol r=0.485
P＜0.001

r=0.138
P＜0.001

r=0.212
P＜0.001

--- r=–0.029
P=0.177

r=–0.783
P＜0.001

Campesterol r=0.222
P＜0.001

r=0.315
P＜0.001

r=–0.018
P=0.392

r=–0.029
P=0.177

--- r=0.606
P＜0.001

Campe/Latho r=–0.243
P＜0.001

r=0.096
P＜0.001

r=–0.181
P＜0.001

r=–0.783
P＜0.001

r=0.606
P＜0.001

---

The table gives Spearman’s correlation coefficients and P values in the 2200 subjects. 
Abbreviation: r, Spearman’s correlation coefficient.
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Supplemental Fig. 1. Unadjusted comparison of markers of cholesterol metabolism among CKD stages
The serum levels of lathosterol, campesterol, and campesterol/lathosterol ratio were compared among CKD stages. The points and vertical 
lines indicate means and 95% confidence intervals.
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Supplemental Fig. 2. Adjusted comparison of markers of cholesterol metabolism among CKD stages
The serum levels of lathosterol, campesterol, and campesterol/lathosterol ratio were compared among CKD stages after adjustment for the 
same 13 factors as used for the nonlinear regression analysis shown in Figure 2. The points and vertical lines indicate means and 95% 
confidence intervals.
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Subgroup of patients on hemodialysis (N = 522)

Supplemental Fig. 4. Additional analysis in only patients undergoing hemodialysis
The association between eGFR and each marker of cholesterol metabolism was analyzed in the subgroup including only patients undergoing 
hemodialysis (N=522). The covariates’ adjustment was made for the same variables as used in the total 2200 subjects. The curves and shaded 
areas indicate means and 95% confidence intervals. Note the very narrow range of eGFR in this subgroup.
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Supplemental Fig. 5. Additional analysis in female subjects stratified by age category
The associations between eGFR and cholesterol metabolism marker were analyzed only in female subjects stratified by age category (50 years 
or younger vs. over 50 years old). The curves and shaded areas indicate means and 95% confidence intervals.
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Subgroup excluding patients on hemodialysis (N = 1678)

Supplemental Fig. 3. Additional analysis excluding patients undergoing hemodialysis
The association between eGFR and each marker of cholesterol metabolism was analyzed in the subgroup excluding patients undergoing 
hemodialysis (N=1678). The adjustment was done for the same variables as used in the total 2200 subjects. The curves and shaded areas 
indicate means and 95% confidence intervals.
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