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ORIGINAL INVESTIGATION

Remnant lipoprotein cholesterol 
is associated with incident new onset 
diabetes after transplantation (NODAT) 
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Abstract 

Background:  New onset diabetes after transplantation (NODAT) is a frequent and serious complication of renal 
transplantation resulting in worse graft and patient outcomes. The pathophysiology of NODAT is incompletely 
understood, and no prospective biomarkers have been established to predict NODAT risk in renal transplant recipi‑
ents (RTR). The present work aimed to determine whether remnant lipoprotein (RLP) cholesterol could serve as such a 
biomarker that would also provide a novel target for therapeutic intervention.

Methods:  This longitudinal cohort study included 480 RTR free of diabetes at baseline. 53 patients (11%) were 
diagnosed with NODAT during a median [interquartile range, IQR] follow-up of 5.2 [4.1–5.8] years. RLP cholesterol was 
calculated by subtracting HDL and LDL cholesterol from total cholesterol values (all directly measured).

Results:  Baseline remnant cholesterol values were significantly higher in RTR who subsequently developed NODAT 
(0.9 [0.5–1.2] mmol/L vs. 0.6 [0.4–0.9] mmol/L, p = 0.001). Kaplan-Meier analysis showed that higher RLP cholesterol 
values were associated with an increased risk of incident NODAT (log rank test, p < 0.001). Cox regression demon‑
strated a significant longitudinal association between baseline RLP cholesterol levels and NODAT (HR, 2.27 [1.64–3.14] 
per 1 SD increase, p < 0.001) that remained after adjusting for plasma glucose and HbA1c (p = 0.002), HDL and 
LDL cholesterol (p = 0.008) and use of immunosuppressive medication (p < 0.001), among others. Adding baseline 
remnant cholesterol to the Framingham Diabetes Risk Score significantly improved NODAT prediction (change in 
C-statistic, p = 0.01).

Conclusions:  This study demonstrates that baseline RLP cholesterol levels strongly associate with incident NODAT 
independent of several other recognized risk factors.
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Background
Renal transplantation represents the preferred treat-
ment option for patients with end-stage renal disease 
in terms of cost efficiency, gain in quality of life and 
decrease in morbidity and mortality [1]. With con-
stantly increasing survival rates of renal transplant 
recipients (RTR) and improved immunosuppressive 
regimens, chronic complications of the stable long-
term course after kidney transplantation become 
clinically more and more important [2, 3]. New Onset 
Diabetes After Transplantation (NODAT) is one such 
relevant condition which might affect up to 50% of RTR 
[4]. NODAT is associated with worse patient and graft 
outcomes mirrored by elevated risks of cardiovascular 
events and chronic graft failure [2, 4]. NODAT also sig-
nificantly increases the yearly costs of post transplan-
tation care estimated at $12,000 in the first year after 
transplantation and $19,000 during following years in 
the United States [5]. Despite the clinical importance 
of the topic, pathophysiological mechanisms favoring 
the development of NODAT are still ill explored and 
consequently current attempts to define predictive bio-
markers have been of limited practical relevance [1, 2, 
4]. A common denominator on which the pathophysiol-
ogy of NODAT and type 2 diabetes converges appears 
to be proper functioning of beta cells [4]. Beta cells, 
however, are sensitive to disturbances in their cho-
lesterol balance. Cholesterol loading of beta-cells via 
uptake of LDL renders them dysfunctional and impairs 
insulin secretion [6]. These observations can provide an 
explanation why the use of statins, that increase LDL 
receptor expression on beta-cells, is associated with 
an elevated risk of type 2 diabetes [7]. Indeed, we have 
recently shown that also in RTR statin use increases 
the risk of developing NODAT [8]. On the other hand, 
impaired HDL-mediated cholesterol efflux, a mecha-
nism to unload cellular cholesterol, also seems to result 
in dysfunctional beta-cells [9]. Consistent with these 
data, we reported in recent observational work that a 
low baseline HDL-mediated cholesterol efflux capacity 
substantially increases the risk of incident NODAT in 
RTR during follow-up [10]. Apart from LDL and HDL, 
remnant lipoprotein (RLP) cholesterol represents an 
emerging subclass that prospectively associates not 
only with higher incident cardiovascular disease, but 
also with increased overall mortality and systemic 
inflammation [11, 12]. Remnants are incompletely 
lipolyzed remainders of liver-derived VLDLs and 

intestine-derived chylomicrons [11]. Conceivably, rem-
nants could be even more damaging to beta-cells than 
LDL, since they are taken up in an unregulated fashion 
via scavenger receptors [11, 13]. However, to date no 
data exist clinically exploring such a hypothesis. There-
fore, the current study was designed to test whether in 
RTR baseline levels of RLP cholesterol associate with 
the risk of incident NODAT.

Methods
Study design and study population
The research question was addressed in a prospective lon-
gitudinal cohort study from the Northern Netherlands 
[14]. Data collection and inclusion took place between 
November 2008 and June 2011 using the Transplant-
lines Food and Nutrition Biobank and Cohort  study 
(NCT02811835). All RTR above the age of 18 with at 
least one year of functioning allograft visiting the outpa-
tient clinic of the University Medical Center Groningen 
were eligible to join. Exclusion criteria comprised conges-
tive heart failure, cancer other than cured skin cancer and 
endocrine disorders other than diabetes mellitus. Out of 
817 eligible patients 707 (86.5%) gave written informed 
consent. Participants did not differ in baseline characteris-
tics from all eligible patients. Patients with missing values 
of either remnant cholesterol or to establish a diagnosis of 
NODAT (n = 57) or with a history of diabetes or glucose 
lowering medication use (n = 169) were excluded from the 
study, leaving 480 RTR eligible for the current analysis.

This study was approved by the local Institutional 
Review Board (METc 2008/186) and was conducted 
according to the Declaration of Helsinki.

Outcome measures and end point
The primary outcome measure was fasting plasma RLP 
cholesterol.

The primary end point was incident NODAT during 
follow-up. NODAT was defined in accordance with the 
latest Expert Panel recommendations from the Ameri-
can Diabetes Association criteria with the following 
requirements [15]: fasting plasma glucose concentra-
tion > 126  mg/dL (7.0  mmol/L); non-fasting plasma glu-
cose concentration > 200  mg/dL (11  mmol/L), HbA1c 
level ≥ 6.5% (53  mmol/mol); use of glucose lowering 
drugs and/or typical symptoms (polyuria, polydipsia, 
unexplained weight loss).

Keywords:  Transplantation, Kidney, Diabetes, Cholesterol, Remnants, Prospective, Incident, Renal transplant 
recipients, NODAT, Complications
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Measurements and definitions
Information on medication and medical history were 
derived from patient records. BMI was calculated as 
weight (kg) divided by height squared (m2). Blood pres-
sure was measured three times using an automated 
device (every minute for 15  min using Dinamap1846; 
Critikon, Tampa, FL) and the average of the three meas-
urements was calculated. Waist circumference was meas-
ured on skin midway between the iliac crest and the 10th 
rib.

All blood samples were drawn after an overnight fast 
of 8–12  h. Routine clinical chemistry methods were 
used to determine plasma total cholesterol (cholesterol 
oxidase-phenol aminophenazone method, MEGA AU 
510; Merck Diagnostica, Darmstadt, Germany), HDL 
cholesterol (cholesterol oxidase-phenol aminophena-
zone method on a Technikon RA-1000, Bayer Diagnos-
tics, Mijdrecht, The Netherlands) and triglyceride levels 
(glycerol-3-phosphate oxidase-phenol aminophena-
zone method, Roche Diagnostics, Basel, Switzerland). 
LDL cholesterol was measured directly using a Roche 
P-modular automated analyzer (Roche Diagnostics). This 
allowed for an accurate calculation of plasma remnant 
cholesterol concentrations by subtracting values of HDL 
cholesterol and LDL cholesterol from total cholesterol 
levels [16]. Plasma hsCRP was assessed using an immu-
noturbidimetric assay (Roche Modular P Chemistry plat-
form, Roche Diagnostics, Manheim, Germany). Plasma 
urine and creatinine concentrations were determined 
using an isotope dilution mass spectrometry (IDMS) 
traceable enzymatic method on a Roche P-modular auto-
mated analyzer. Renal function was assessed using the 
combined creatinine cystatin C-based Chronic Kidney 
Disease Epidemiology Collaboration (CKD-EPI) formula 
in order to calculate the estimated glomerular filtration 
rate (eGFR). HbA1c concentrations were measured using 
a turbidimetric inhibition immunoassay (Roche Integra). 
Total urinary protein excretion was determined utilizing 
the Biuret reaction (MEGA AU 510, Merck Diagnostica). 
Proteinuria was defined as a protein excretion of ≥ 0.5 g 
per 24  h. Urinary albumin was determined using neph-
elometry (Dade Behring Diagnostics).

Statistical analysis
A P value of < 0.05 was considered to be statistically sig-
nificant. All statistical analyses were performed using 
the Statistical Package for the Social Sciences ver-
sion 26 (IBM SPSS) and RStudio (RStudio Team, 2020, 
RStudio: Integrated Development for R. RStudio, PBC, 
Boston, MA). All variables were checked for normal dis-
tribution. Data with normal distribution are expressed 
as mean ± standard deviation (differences tested using 

one way ANOVA) and data with skewed distribution 
are expressed as median [interquartile range, IQR] (dif-
ferences tested with the Kruskall-Wallis test). Absolute 
numbers (percentages) are given for categorical vari-
ables (p values for differences obtained by χ2-test). The 
development of NODAT was visualized using Kaplan–
Meier analysis and statistical significance was tested 
utilizing the log rank (Mantel-Cox) test [17]. To inform 
about the functional association between RLP choles-
terol and NODAT, cubic splines analysis was done with 
four knots. Cox regression analysis with the spline term 
was performed on 4 models: crude, adjusted for age and 
sex, adjusted for age, sex and HbA1c and adjusted for 
age, sex, HbA1c and BMI. The relative risk for NODAT 
at different RLP cholesterol concentrations was plotted. 
To adjust for relevant confounders Cox proportional haz-
ards regression analysis was performed. The following 
seven models were constructed: model 1 (crude analy-
sis), model 2 (adjusted for age and sex), model 3 (model 
2 + BMI, systolic and diastolic blood pressure), model 
4 (model 2 + eGFR, time since renal transplantation, 
acute rejection, HLA class I and II antibodies), model 5 
(model 2 + urinary albumin to creatinine ratio (ACR), 
model 6 (model 2 + plasma glucose, HbA1c), model 7 
(model 2 + HDL cholesterol, LDL cholesterol), model 8 
(model 2 + statin use), model 9 (model 2 + smoking and 
alcohol consumption), model 10 (model 2 + use of pro-
liferation inhibitors, calcineurin inhibitors, tacrolimus, 
cyclosporine and prednisolone dose). Using Schoenfeld 
residuals test the proportional hazard assumption was 
found not to be violated. Subsequently, sensitivity analy-
ses with the same models were performed in RTR exclud-
ing those with impaired fasting glucose (IFG) (defined 
according to the WHO criteria as a fasting plasma glu-
cose between 6.1 and 7.0 mmol/l). In addition, subgroup 
analyses using interaction tests were performed in which 
HR were determined across categories of baseline char-
acteristics. For continuous variables the median value 
was used as cut-off. Included characteristics were sex, 
age, smoking, alcohol consumption, BMI, eGFR, cyclo-
sporine and tacrolimus use as well as daily predniso-
lone dose. We calculated the Framingham Diabetes Risk 
Score in all participants (using the parameters age, sex, 
BMI, blood pressure, HDL cholesterol, triglycerides and 
fasting glucose). We did not include family history in the 
score, since this parameter is not strictly objective [18] 
and it was not consistently available in all participants. 
In order to test the predictive capacity of the risk score, 
forward stepwise conditional binary logistic regression 
was carried out and in the first step remnant cholesterol 
was added in order to estimate whether this increases the 
predictive capacity of the model. Furthermore, C-statis-
tics was done for the Framingham Diabetes Risk Score 
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in a crude Cox regression model. Subsequently, RLP-C 
was added to this model and the concordance was deter-
mined. P values representing the improvement in the 
models were determined using ANOVA.

Results
The median age of the participants was 53.4 [42.8–62.1] 
years at baseline with 57.5% being male. When patients 
were divided into sex-stratified tertiles of RLP choles-
terol the respective median values were 0.3 [0.2–0.4] for 
the low, 0.6 [0.5–0.7] for the medium and 1.1 [0.9–1.4] 
mmol/L for the high tertile (Table 1). Higher RLP choles-
terol concentrations were significantly associated with (i) 
increased BMI, (ii) a worse allograft function as reflected 
by increased serum creatinine and a lower eGFR, and (iii) 
dyslipidemia, as expected, especially lower HDL choles-
terol and higher total cholesterol, LDL cholesterol as well 
as triglyceride levels. Higher RLP cholesterol levels were 
not significantly associated with other constituents of 
the metabolic syndrome, such as higher waist circumfer-
ence, higher systolic blood pressure, and higher glucose 
or with higher circulating hsCRP. There was also no sta-
tistically significant association detected between HbA1c 
and RLP cholesterol. With respect to medication, antihy-
pertensives (p = 0.864), statins (p = 0.165), cyclosporine 
(p = 0.490), tacrolimus (p = 0.686) and prednisolone 
(p = 0.183) use were not different among the RLP choles-
terol tertiles.

During a median follow-up of 5.2 [4.1–5.8] years, 53 
patients developed NODAT (11%). Baseline remnant 
cholesterol values were significantly higher in those who 
subsequently developed NODAT (0.9 [0.5–1.2] mmol/L) 
vs. those who did not (0.6 [0.4–0.9] mmol/L, p = 0.001). 
To explore a longitudinal association between NODAT 
and plasma RLP cholesterol first Kaplan–Meier curves 
were plotted. A highly significant association between 
high RLP cholesterol and incident NODAT was seen (log 
rank test p = 0.01, Fig.  1). Next, Cox proportional haz-
ard analyses were carried out (Table 2). In crude analysis 
(model 1), RLP cholesterol was prospectively associated 
with NODAT (HR, 2.27 [1.64–3.14] per 1 SD increase, 
p < 0.001), an association which remained materially 
unchanged when adjusting for age and sex (model 2, 
HR, 2.24 [1.62–3.11], p < 0.001). Adding BMI and blood 
pressure to model 2 (model 3) did also not substantially 
alter this association (HR, 1.81 [1.29–2.53], p < 0.001). 
Subsequently, also after adjustment for renal function, 
time since transplantation, acute rejection and HLA 
class I and II antibodies in model 4 (HR, 2.34 [1.63–3.36], 
p < 0.01), for urinary albumin-creatinine ratio (UACR) 
in model 5 (HR, 2.14 [1.52, 3.02], p < 0.001), for plasma 
glucose and HbA1c in model 6 (HR, 1.80 [1.23–2.64], 
p = 0.002) and for HDL and LDL cholesterol in model 7 

(HR, 1.68 [1.15–2.47], p = 0.008) the prospective asso-
ciation between RLP cholesterol and incident NODAT 
remained significant. In addition, after adjusting for 
statin use in model 8 (HR, 2.23 [1.59–3.12], p < 0.001), 
smoking and alcohol consumption in model 9 (HR, 2.33 
[1.61, 3.38], p < 0.001) and immunosuppressive medi-
cation use in model 10 (HR, 2.14 [1.51–3.05], p < 0.001) 
the conclusion reached from previous models did not 
change. Sensitivity analysis using the same models in 
RTR without IFG at baseline showed a comparable 
strong association between baseline RLP cholesterol 
and incident NODAT (Table  2). When dichotomizing 
RTR by several participant level characteristics the pro-
spective association of RLP cholesterol with incident 
NODAT was not different for males vs. females (p value 
for interaction = 0.639), participants older or younger 
than 53.4  years (p = 0.498), smokers vs. non-smokers 
(p = 0.709), an alcohol consumption below or ≥ 10 mg/d 
(p = 0.434), a BMI < or ≥ 24.4  kg/m2 (p = 0.373), an 
eGFR < or ≥ 40.2  mL/min/1.73m2 (p = 0.725), a pred-
nisolone dose < or ≥ 10  mg/d (p = 0.659) and for those 
using vs. not using cyclosporine (p = 0.118) or tacroli-
mus (p = 0.862). Restricted cubic spline analysis (Fig.  2) 
showed a continuous increase in relative NODAT risk 
with increasing RLP cholesterol levels both in crude as 
well as adjusted analyses.  

No validated generally accepted model for NODAT 
prediction has been established in RTR. The Framing-
ham Diabetes Risk Score is frequently used [19]. The 
risk score was able to also predict incident NODAT in 
our cohort (OR [95% CI], 1.09 [1.04–1.14], p < 0.001, 
Table 3). Adding RLP cholesterol to the model (OR, 2.04 
[1.18–3.53]. p = 0.011) resulted in a significant improve-
ment in NODAT prediction (p = 0.009, Table  3). Deter-
mining the concordance scores for models including 
the Framingham Diabetes Risk Score with and without 
RLP cholesterol showed that the addition of RLP choles-
terol significantly improved the fit of the model (p < 0.01, 
Table 3).

Discussion
The results of this longitudinal study demonstrate that 
baseline RLP cholesterol levels are significantly asso-
ciated with incident NODAT in RTR, independent of 
several recognized risk factors. NODAT has substan-
tial clinical relevance predisposing affected RTR to an 
increased risk of cardiovascular events, graft failure and 
overall mortality [2, 4]. As a considerable percentage 
of RTR develop NODAT, it is essential to characterize 
biomarkers which can identify patients at risk and ide-
ally also serve as target for prevention or therapeutic 



Page 5 of 10Szili‑Torok et al. Cardiovascular Diabetology           (2022) 21:41 	

Table 1  Baseline characteristics according to sex-stratified tertiles of RLP cholesterol

Variable (n = 480) T1 (low tertile), n = 151 T2 (middle tertile), n = 180 T3 (high tertile), n = 149 P value for trend

RLP cholesterol (mmol/L) 0.3 [0.2–0.4] 0.6 [0.5–0.7] 1.1 [0.9–1.4]  < 0.001

General characteristics

 Age (years) 53.6 [40.7–62.3] 53.8 [41.3–62.7] 53.1 [44.7–61.3] 0.902

 Male sex (%) 49.0 63.3 59.1 0.029

Smoking status

 Never smoker (%) 47.9 40.8 37.0 0.159

 Former smoker (%) 41.7 49.4 41.8 0.271

 Current smoker (%) 10.4 9.8 21.2 0.005

Alcohol consumption

 None (%) 12.7 8.4 9.5 0.430

 0–10 g/day (%) 63.3 59.6 59.9 0.750

 10–30 g/day (%) 18.0 26.4 25.2 0.166

 > 30 g/day (%) 6.0 5.6 5.4 0.978

Body composition

 BMI (kg/m2) 24.8 [22.1–28.1] 25.6 [23.2–27.7] 26.4 [23.3–29.9] 0.017

 Waist circumference (cm) 95.0 ± 15.7 96.3 ± 13.5 98.6 ± 13.1 0.096

Transplant history

 Time since renal transplantation (years) 7.0 [4.0–12.0] 6.0 [2.3–12.0] 4.0 [1.0–12.0] 0.019

 Deceased donor (%) 65.5 64.4 63.1 0.904

 Donor age (years) 44.0 [29.0–53.0] 46.0 [31.0–55.8] 48.0 [34.0–56.0] 0.263

 Dialysis duration (months) 42.5 [13.0–62.8] 48.0 [23.0–64.5] 32.0 [16.0–54.0] 0.234

 Acute rejection (%) 19.2 25.0 27.5 0.221

 HLA class I positive (%) 10.6 11.1 10.1 0.700

 HLA class II positive (%) 14.6 11.7 10.7 0.819

Renal allograft function

 Serum creatinine (µmol/L) 112.0 [92.0–140.3] 122.0 [101.0–152.0] 139.0 [109.0–178.5]  < 0.001

 eGFR (mL/min/1.73 m2) 55.9 [42.4–70.2] 52.9 [42.3–64.1] 43.9 [30.3–61.0]  < 0.001

 Urinary albumin-to-creatinine ratio (UACR) 28.4 [6.6–100.5] 25.3 [7.8–115.2] 32.3 [7.8–158.6] 0.683

 Proteinuria (≥ 0.5 g/24 h) (%) 17.2 22.2 21.5 0.493

Inflammation markers

 hsC-reactive protein (mg/L) 1.2 [0.5–3.3] 1.4 [0.6–4.5] 1.6 [0.8–4.0] 0.254

Blood pressure

 Diastolic blood pressure (mmHg) 82.9 ± 11.3 82.3 ± 10.9 83.9 ± 10.5 0.447

 Systolic blood pressure (mmHg) 133.0 [122.0–142.0] 135.0 [125.0–146.0] 135.0 [125.0–145.5] 0.297

Glucose homeostasis

 Plasma glucose (mmol/L) 5.1 [4.7–5.4] 5.0 [4.7–5.5] 5.2 [4.7–5.6] 0.605

 HbA1c (mmol/mol) 38.0 [36.0–41.0] 39.0 [36.0–41.0] 39 [36.0–42.0] 0.479

 HbA1c (%) 5.6 [5.4–5.9] 5.7 [5.4–5.9] 5.7 [5.4–6.0] 0.479

Lipids and lipoproteins

 Total cholesterol (mmol/L) 4.7 [4.1–5.5] 4.8 [4.3–5.5] 5.6 [5.0–6.3]  < 0.001

 LDL cholesterol (mmol/L) 2.8 [2.2–3.4] 2.8 [2.3–3.3] 3.0 [2.6–3.6] 0.004

 HDL cholesterol (mmol/L) 1.5 [1.2–1.9] 1.3 [1.1–1.6] 1.2 [1.0–1.4]  < 0.001

 Triglycerides (mmol/L) 1.2 [1.0–1.4] 1.6 [1.3–1.9] 2.4 [1.9–3.0]  < 0.001

Medication use

 Antihypertensives (%) 85.4 87.2 87.2 0.864

 Statins (%) 43.7 51.1 54.4 0.165

 Proliferation inhibitor (%) 84.1 86.7 83.9 0.730

 Calcineurin inhibitor (%) 46.4 59.4 59.1 0.030

 Tacrolimus (%) 13.2 15.6 16.8 0.686

 Cyclosporine (%) 33.1 39.4 36.2 0.490

 Prednisolone (mg/24 h) 10.0 [7.5–10.0] 10.0 [7.5–10.0] 10.0 [7.5–10.0] 0.183
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intervention. Based on our results we believe that RLP 
cholesterol could be such a biomarker.

RLP cholesterol is an umbrella term for incompletely 
lipolyzed intestine-derived chylomicrons and liver-
derived very low-density lipoproteins. Inadequate lipo-
protein lipase activity determined by the expression of 

the enzyme itself as well as its co-factors is thought to 
be critical for remnant formation. It was suggested that 
RLP cholesterol is more damaging than LDL cholesterol 
due to uncontrolled cellular uptake and therefore it is an 
increasingly important biomarker in the cardiovascu-
lar field [11–13]. However, statins, currently frequently 
used to treat dyslipidemia, mostly work to decrease LDL 
cholesterol and have not been unequivocally shown to 
decrease RLP cholesterol levels [20, 21]. Therefore, as a 
first step, patients can be advised to implement lifestyle 
changes such as weight loss, reduction of refined carbo-
hydrate intake and aerobic exercise, and to avoid fruc-
tose- and sucrose-sweetened beverages as well as alcohol 
[22]. In addition, other therapeutic modalities are being 
developed. In the general population, omega-3 fatty 
acids are an effective way to lower high RLP cholesterol 
levels. It was shown that the use of icosapent ethyl sig-
nificantly reduces the risk of cardiovascular events by 
effectively decreasing plasma triglyceride concentra-
tions [23]. Although it was not studied whether specifi-
cally RLP cholesterol was also reduced, the correlation 

between triglyceride concentrations and RLP cholesterol 
makes such an assumption highly plausible [24]. Another 
potentially useful drug is ezetimibe, which decreases 
intestinal cholesterol absorption by blocking the Nie-
mann-Pick C1-like-1 cholesterol uptake transporter on 

Table 1  (continued)
Continuous data with normal distribution are shown as mean ± standard deviation, differences were tested using one-way ANOVA. Continuous data with skewed 
distribution are shown as median [IQR] and the differences were tested using Kruskal–Wallis test. Categorical data are shown as n (%) and differences were analyzed 
using the chi-square test

Fig. 1  Kaplan–Meier analysis (log rank test: p = 0.01)

Table 2  Association of 1 mmol/l increase in RLP cholesterol levels with incident NODAT as determined by Cox regression analysis

IFG impaired fasting glucose, BMI body mass index, eGFR estimated glomerular filtration rate, HLA human leukocyte antigen, UACR​ urinary albumin-to-creatinine ratio, 
HDL high density lipoprotein, LDL low density lipoprotein

All RTR (n = 480) RTR with IFG excluded 
(n = 432)

HR [95% CI] P value HR [95% CI] P value

Model 1 Crude analysis 2.27 [1.64–3.14]  < 0.001 2.21 [1.55, 3.17]  < 0.001

Model 2 Adjusted for age and sex 2.24 [1.62–3.11]  < 0.001 2.18 [1.52, 3.11]  < 0.001

Model 3 Model 2 + BMI, systolic and diastolic blood pressure 1.81 [1.29–2.53]  < 0.001 1.72 [1.18, 2.49] 0.004

Model 4 Model 2 + eGFR and time since transplantation, acute rejection, HLA class I and II 
antibodies

2.34 [1.63–3.36]  < 0.001 2.0 [1.36, 2.94]  < 0.001

Model 5 Model 2 + UACR​ 2.23 [1.61, 3.09]  < 0.001 2.17 [1.52, 3.1]  < 0.001

Model 6 Model 2 + plasma glucose, HbA1c 1.80 [1.23–2.64] 0.002 1.72 [1.14, 2.58] 0.009

Model 7 Model 2 + HDL cholesterol, LDL cholesterol 1.68 [1.15–2.47] 0.008 1.65 [1.09, 2.51] 0.019

Model 8 Model 2 + statin use 2.23 [1.59–3.12]  < 0.001 2.09 [1.45, 3.02]  < 0.001

Model 9 Model 2 + smoking and alcohol use 2.33 [1.61, 3.38]  < 0.001 2.2 [1.46, 3.3]  < 0.001

Model 10 Model 2 + use of proliferation inhibitors, calcineurin inhibitors, tacrolimus, cyclo‑
sporine and prednisolone dose

2.14 [1.51–3.05]  < 0.001 2.09 [1.42, 3.06]  < 0.001
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Fig. 2  Probability of incident NODAT according to remnant lipoprotein cholesterol (RLP-C) levels. Probabilities were determined by Cox regression 
analysis using cubic splines with four knots. Please note the logarithmic scale of the y-axis. A crude analysis, B adjusted for age and sex, C adjusted 
for age, sex and HbA1c, D adjusted for age, sex, HbA1c and body mass index (BMI). The knots are located at 0.1, 0.5, 0.8 and 1.5 mmol/l

Table 3  Logistic regression analysis of the Framingham Diabetes Risk Score without and with the addition of RLP cholesterol

Stepwise logistic regression

Model OR [95% CI] P value P value from 
previous 
step

Step 0 Framingham Diabetes Risk Score 1.09 [1.04–1.14]  < 0.001

Step 1 Addition of RLP cholesterol 2.04 [1.18–3.53] 0.011 0.009

C-statistics

Concordance ∆Concordance P value

Framingham Diabetes Risk Score 0.671

Framingham Diabetes Risk score and RLP cholesterol 0.686  + 0.015 0.01
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enterocytes thereby reducing LDL cholesterol and RLP 
cholesterol concentrations [25]. Since reducing intestinal 
cholesterol absorption results in a compensatory increase 
in cholesterol synthesis, ideally ezetimibe is combined 
with statins [26], which, however, can increase the risk of 
NODAT in RTR [8]. Another potential option to reduce 
circulating RLP cholesterol levels are fibrates. However, 
their use in RTR has been controversial due to proposed 
nephrotoxicity and therefore they should be avoided until 
large randomized controlled trials confirm their safety in 
the post-transplant population [27]. Novel therapies for 
treating increased RLP cholesterol concentrations are 
also emerging. In the general population positive results 
have been obtained with the use of antisense oligonucle-
otides targeting hepatic apolipoprotein C-III expression, 
an endogenous inhibitor of lipoprotein lipase. Studies 
reported good treatment efficacy as well as increased 
peripheral insulin sensitivity in patients with type 2 dia-
betes [28, 29]. Other strategies to increase lipoprotein 
lipase activity and thereby prevent remnant formation are 
to lower the expression levels of the inhibitory proteins 
angiopoietin like 3 and 4 [30]. Although safety has not 
yet been tested in RTR, no nephrotoxicity was reported 
in the original studies [31]. Due to the increasing impor-
tance of RLP cholesterol, we suggest prospective ran-
domized controlled trials to investigate the efficacy and 
safety of RLP cholesterol reduction using different thera-
pies in RTR.

TransplantLines is one of the largest longitudinal 
cohorts of RTR. However, the study is still not suffi-
ciently powered to allow inclusion of a fully adjusted 
model in Cox regression analyses. Further, Transplant-
Lines is from a single center and the study is observa-
tional with the potential for residual confounding. In 
addition, the study participants largely reflect a White 
population from the North of the Netherlands. Thus, 
it would be valuable to validate our results in other 
populations with different ethnic and socioeconomical 
backgrounds. Furthermore, RTR were included at least 
one year after transplantation. Although this might be 
seen as a limitation of insight into the first year after 
the transplant procedure, it could also be regarded as 
a strength since variable transient episodes of hyper-
glycemia post-transplantation e,g, as a common result 
of treating phases of acute transplant rejection are not 
included [32]. In agreement with such reasoning, it has 
been proposed that NODAT should be diagnosed in 
stable RTR [32]. Furthermore, please note that in our 
center prednisolone dosages are on the higher end of 
the clinical spectrum when compared to other kidney 
transplant centers. Corticosteroids have a lipid modu-
lating effect and their use can result in higher circulat-
ing triglyceride levels potentially indicating elevated 

RLP cholesterol [22]. However, in our study predniso-
lone dosages were not different among patients in the 
different tertiles of RLP cholesterol and the impact of 
RLP cholesterol on NODAT risk was independent of 
steroid use. Strengths of our study are the direct meas-
urement of LDL cholesterol, which allows for a pre-
cise RLP cholesterol calculation as opposed to the use 
of e.g. the Friedewald formula [16] as well as the long, 
thorough and complete follow-up.

Conclusions
This study demonstrates that baseline plasma RLP cho-
lesterol levels are prospectively associated with incident 
NODAT in RTR independent of several recognized risk 
factors such as immunosuppressive medication use. 
These results position RLP cholesterol as a relatively 
easy to determine emerging biomarker with an appar-
ent strong clinical impact in RTR. Therefore, we would 
encourage clinicians to take RLP cholesterol levels into 
account during routine clinical assessments and to con-
sider lifestyle and pharmacological interventions if lev-
els are increased. More work, however, is required to 
define a normal range for RLP cholesterol to be handled 
in clinical settings. Furthermore, close follow-up of RTR 
with increased RLP cholesterol levels is recommended in 
order to early identify NODAT with the aim to limit suf-
fering and NODAT-related complications such as graft 
failure and cardiovascular events.

Acknowledgements
Not applicable.

Authors’ contributions
TST contributed to data curation, formal analysis, investigation, methodology, 
writing original draft. SS contributed to data curation, writing-review and 
editing. MCJO contributed to data curation, writing-review and editing. AWGN 
contributed to data curation, writing-review and editing. RPFD contributed 
to data curation, methodology, writing-review and editing. SJLB contributed 
to funding acquisition, investigation, methodology, project administration, 
resources, writing-review and editing. UJFT contributed to conceptualization, 
investigation, methodology, supervision, writing original draft. All authors 
approved the final version to be published. UJFT is the guarantor of this work 
and, as such, had full access to all the data in the study and takes responsibility 
for the integrity of the data and the accuracy of the data analysis. All authors 
read and approved the final manuscript

Funding
Open access funding provided by Karolinska Institute. This study was sup‑
ported by the Dutch Kidney Foundation (grant number: C08-2254) and the 
European Union’s Horizon 2020 research and innovation programme under 
the Marie Sklodowska-Curie grant agreement 754425. UJFT is supported by 
the Center for Innovative Medicine (CIMED, FoUI-963234).

Availability of data and materials
The datasets generated and/or analysed during the current study are available 
from the corresponding author on reasonable request.



Page 9 of 10Szili‑Torok et al. Cardiovascular Diabetology           (2022) 21:41 	

Declarations

Ethics approval and consent to participate
This study was approved by the local Institutional Review Board of the Univer‑
sity Medical Center Groningen (METc 2008/186), all patients provided written 
informed consent.

Consent for publication
Not applicable.

Competing interests
UJFT reports personal fees from AstraZeneca outside the submitted work. 
The other authors of this manuscript have no actual or perceived conflicts of 
interest.

Author details
1 Department of Internal Medicine, University Medical Center Groningen, 
University of Groningen, Groningen, The Netherlands. 2 Division of Clinical 
Chemistry, Department of Laboratory Medicine (LABMED), H5, Alfred Nobels 
Alle 8, Karolinska Institutet, 141 83 Stockholm, Sweden. 3 Clinical Chemistry, 
Karolinska University Laboratory, Karolinska University Hospital, Stockholm, 
Sweden. 

Received: 8 December 2021   Accepted: 2 March 2022

References
	1.	 Montori VM, Basu A, Erwin PJ, Velosa JA, Gabriel SE, Kudva YC. Posttrans‑

plantation diabetes: a systematic review of the literature. Diabetes Care. 
2002;25(3):583–92. https://​doi.​org/​10.​2337/​diaca​re.​25.3.​583.

	2.	 Jenssen T, Hartmann A. Emerging treatments for post-transplantation dia‑
betes mellitus. Nat Rev Nephrol. 2015;11(8):465–77. https://​doi.​org/​10.​1038/​
nrneph.​2015.​59.

	3.	 Voora S, Adey DB. Management of kidney transplant recipients by general 
nephrologists: core curriculum 2019. Am J Kidney Dis. 2019;73(6):866–79. 
https://​doi.​org/​10.​1053/j.​ajkd.​2019.​01.​031.

	4.	 Tufton N, Ahmad S, Rolfe C, Rajkariar R, Byrne C, Chowdhury TA. New-onset 
diabetes after renal transplantation. Diabet Med. 2014;31(11):1284–92. 
https://​doi.​org/​10.​1111/​dme.​12534.

	5.	 Woodward RS, Schnitzler MA, Baty J, et al. Incidence and cost of new onset 
diabetes mellitus among U.S. wait-listed and transplanted renal allograft 
recipients. Am J Transplant. 2003;3(5):590–8. https://​doi.​org/​10.​1034/j.​1600-​
6143.​2003.​00082.x.

	6.	 von Eckardstein A, Sibler RA. Possible contributions of lipoproteins and cho‑
lesterol to the pathogenesis of diabetes mellitus type 2. Curr Opin Lipidol. 
2011. https://​doi.​org/​10.​1097/​MOL.​0b013​e3283​412279.

	7.	 Sattar N, Preiss D, Murray HM, et al. Statins and risk of incident diabe‑
tes: a collaborative meta-analysis of randomised statin trials. Lancet. 
2010;375(9716):735–42. https://​doi.​org/​10.​1016/​S0140-​6736(09)​61965-6.

	8.	 Szili-Torok T, Bakker SJL, Tietge UJF. Statin use is prospectively associated 
with new-onset diabetes after transplantation in renal transplant recipients. 
Diabetes Care. 2020;43(8):1945–7. https://​doi.​org/​10.​2337/​dc19-​1212.

	9.	 Kruit JK, Brunham LR, Verchere CB, Hayden MR. HDL and LDL cholesterol 
significantly influence β-cell function in type 2 diabetes mellitus. Curr 
Opin Lipidol. 2010;21(3):178–85. https://​doi.​org/​10.​1097/​MOL.​0b013​e3283​
39387b.

	10.	 Szili-Torok T, Annema W, Anderson JLC, Bakker SJL, Tietge UJF. HDL cho‑
lesterol efflux predicts incident new-onset diabetes after transplantation 
(NODAT) in renal transplant recipients independent of HDL cholesterol 
levels. Diabetes. 2019;68(10):1915–23. https://​doi.​org/​10.​2337/​db18-​1267.

	11.	 Varbo A, Nordestgaard BG. Remnant lipoproteins. Curr Opin Lipidol. 
2017;28(4):300–7. https://​doi.​org/​10.​1097/​MOL.​00000​00000​000429.

	12.	 Varbo A, Benn M, Tybjærg-Hansen A, Nordestgaard BG. Elevated remnant 
cholesterol causes both low-grade inflammation and ischemic heart dis‑
ease, whereas elevated low-density lipoprotein cholesterol causes ischemic 
heart disease without inflammation. Circulation. 2013;128(12):1298–309. 
https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​113.​003008.

	13.	 Nakajima K, Nakano T, Tanaka A. The oxidative modification hypothesis of 
atherosclerosis: the comparison of atherogenic effects on oxidized LDL 
and remnant lipoproteins in plasma. Clin Chim Acta. 2006;367(1–2):36–47. 
https://​doi.​org/​10.​1016/j.​cca.​2005.​12.​013.

	14.	 van den Berg E, Pasch A, Westendorp WH, et al. Urinary sulfur metabolites 
associate with a favorable cardiovascular risk profile and survival benefit in 
renal transplant recipients. J Am Soc Nephrol. 2014;25(6):1303–12. https://​
doi.​org/​10.​1681/​ASN.​20130​50497.

	15.	 American Diabetes Association. Classification and diagnosis of diabetes: 
standards of medical care in diabetes-2020. Diabetes Care. 2020;43(Supple‑
ment 1):S14–31. https://​doi.​org/​10.​2337/​dc20-​S002.

	16.	 Szili-Torok T, Tietge UJF. Remnant cholesterol is just another word for tri‑
glycerides when calculating LDL-C using the friedewald formula. J Am Coll 
Cardiol. 2021;77(14):1841. https://​doi.​org/​10.​1016/j.​jacc.​2021.​01.​053.

	17.	 Bouliotis G, Billingham L. Crossing survival curves: alternatives to 
the log-rank test. Trials. 2011;12(S1):A137. https://​doi.​org/​10.​1186/​
1745-​6215-​12-​s1-​a137.

	18.	 Wilkinson L, Yi N, Mehta T, Judd S, Timothy Garvey W. Development and 
validation of a model for predicting incident type 2 diabetes using quantita‑
tive clinical data and a Bayesian logistic model: a nationwide cohort and 
modeling study. PLoS Med. 2020;17(8): e1003232. https://​doi.​org/​10.​1371/​
JOURN​AL.​PMED.​10032​32.

	19.	 Rodrigo E, Santos L, Piñera C, et al. Prediction at first year of incident 
new-onset diabetes after kidney transplantation by risk prediction models. 
Diabetes Care. 2012;35(3):471–3. https://​doi.​org/​10.​2337/​dc11-​2071.

	20.	 Ray KK, Corral P, Morales E, Nicholls SJ. Pharmacological lipid-modification 
therapies for prevention of ischaemic heart disease: current and future 
options. The Lancet. 2019;394(10199):697–708. https://​doi.​org/​10.​1016/​
S0140-​6736(19)​31950-6.

	21.	 Kappelle PJWH, Dallinga-Thie GM, Dullaart RPF. Atorvastatin treatment 
lowers fasting remnant-like particle cholesterol and LDL subfraction cho‑
lesterol without affecting LDL size in type 2 diabetes mellitus: Relevance for 
non-HDL cholesterol and apolipoprotein B guideline targets. Biochimica et 
Biophysica Acta (BBA) Mol Cell Biol Lipids. 2010;1801(1):89–94. https://​doi.​
org/​10.​1016/J.​BBALIP.​2009.​09.​021.

	22.	 Laufs U, Parhofer KG, Ginsberg HN, Hegele RA. Clinical review on triglyc‑
erides. Eur Heart J. 2020;41(1):99–109. https://​doi.​org/​10.​1093/​eurhe​artj/​
ehz785.

	23.	 Bhatt DL, Steg PG, Miller M, et al. Cardiovascular risk reduction with icosap‑
ent ethyl for hypertriglyceridemia. N Engl J Med. 2019;380(1):11–22. https://​
doi.​org/​10.​1056/​nejmo​a1812​792.

	24.	 Kaltoft M, Langsted A, Nordestgaard BG. Triglycerides and remnant 
cholesterol associated with risk of aortic valve stenosis: Mendelian 
randomization in the Copenhagen General Population Study. Eur Heart J. 
2020;41(24):2288–99. https://​doi.​org/​10.​1093/​eurhe​artj/​ehaa1​72.

	25.	 Nozue T, Michishita I, Mizuguchi I. Effects of ezetimibe on remnant-like 
particle cholesterol, lipoprotein (a), and oxidized low-density lipoprotein in 
patients with dyslipidemia. J Atheroscler Thromb. 2010;17(1):37–44. https://​
doi.​org/​10.​5551/​jat.​1651.

	26.	 Ahmed O, Littmann K, Gustafsson U, et al. Ezetimibe in combination with 
simvastatin reduces remnant cholesterol without affecting biliary lipid con‑
centrations in gallstone patients. J Am Heart Assoc. 2018. https://​doi.​org/​10.​
1161/​JAHA.​118.​009876.

	27.	 Attridge RL, Frei CR, Ryan L, Koeller J, Linn WD. Fenofibrate-associated 
nephrotoxicity: a review of current evidence. Am J Health Syst Pharm. 
2013;70(14):1219–25. https://​doi.​org/​10.​2146/​ajhp1​20131.

	28.	 Taskinen M-R, Packard CJ, Borén J. Emerging evidence that ApoC-III inhibi‑
tors provide novel options to reduce the residual CVD. Curr Atheroscler Rep. 
2019;21(8):27. https://​doi.​org/​10.​1007/​s11883-​019-​0791-9.

	29.	 Graham MJ, Lee RG, Bell TA, et al. Antisense oligonucleotide inhibition of 
apolipoprotein c-iii reduces plasma triglycerides in rodents, nonhuman 
primates, and humans. Circ Res. 2013;112(11):1479–90. https://​doi.​org/​10.​
1161/​CIRCR​ESAHA.​111.​300367.

	30.	 Wang Q, Oliver-Williams C, Raitakari OT, et al. Metabolic profiling of 
angiopoietin-like protein 3 and 4 inhibition: a drug-target Mendelian rand‑
omization analysis. Eur Heart J. 2021;42(12):1160–9. https://​doi.​org/​10.​1093/​
eurhe​artj/​ehaa9​72.

	31.	 Gaudet D, Karwatowska-Prokopczuk E, Baum SJ, et al. Vupanorsen, an 
N-acetyl galactosamine-conjugated antisense drug to ANGPTL3 mRNA, 
lowers triglycerides and atherogenic lipoproteins in patients with diabetes, 

https://doi.org/10.2337/diacare.25.3.583
https://doi.org/10.1038/nrneph.2015.59
https://doi.org/10.1038/nrneph.2015.59
https://doi.org/10.1053/j.ajkd.2019.01.031
https://doi.org/10.1111/dme.12534
https://doi.org/10.1034/j.1600-6143.2003.00082.x
https://doi.org/10.1034/j.1600-6143.2003.00082.x
https://doi.org/10.1097/MOL.0b013e3283412279
https://doi.org/10.1016/S0140-6736(09)61965-6
https://doi.org/10.2337/dc19-1212
https://doi.org/10.1097/MOL.0b013e328339387b
https://doi.org/10.1097/MOL.0b013e328339387b
https://doi.org/10.2337/db18-1267
https://doi.org/10.1097/MOL.0000000000000429
https://doi.org/10.1161/CIRCULATIONAHA.113.003008
https://doi.org/10.1016/j.cca.2005.12.013
https://doi.org/10.1681/ASN.2013050497
https://doi.org/10.1681/ASN.2013050497
https://doi.org/10.2337/dc20-S002
https://doi.org/10.1016/j.jacc.2021.01.053
https://doi.org/10.1186/1745-6215-12-s1-a137
https://doi.org/10.1186/1745-6215-12-s1-a137
https://doi.org/10.1371/JOURNAL.PMED.1003232
https://doi.org/10.1371/JOURNAL.PMED.1003232
https://doi.org/10.2337/dc11-2071
https://doi.org/10.1016/S0140-6736(19)31950-6
https://doi.org/10.1016/S0140-6736(19)31950-6
https://doi.org/10.1016/J.BBALIP.2009.09.021
https://doi.org/10.1016/J.BBALIP.2009.09.021
https://doi.org/10.1093/eurheartj/ehz785
https://doi.org/10.1093/eurheartj/ehz785
https://doi.org/10.1056/nejmoa1812792
https://doi.org/10.1056/nejmoa1812792
https://doi.org/10.1093/eurheartj/ehaa172
https://doi.org/10.5551/jat.1651
https://doi.org/10.5551/jat.1651
https://doi.org/10.1161/JAHA.118.009876
https://doi.org/10.1161/JAHA.118.009876
https://doi.org/10.2146/ajhp120131
https://doi.org/10.1007/s11883-019-0791-9
https://doi.org/10.1161/CIRCRESAHA.111.300367
https://doi.org/10.1161/CIRCRESAHA.111.300367
https://doi.org/10.1093/eurheartj/ehaa972
https://doi.org/10.1093/eurheartj/ehaa972


Page 10 of 10Szili‑Torok et al. Cardiovascular Diabetology           (2022) 21:41 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

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

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

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

hepatic steatosis, and hypertriglyceridaemia. Eur Heart J. 2020;41(40):3936–
45. https://​doi.​org/​10.​1093/​eurhe​artj/​ehaa6​89.

	32.	 Sharif A, Hecking M, de Vries APJ, et al. Proceedings from an international 
consensus meeting on posttransplantation diabetes mellitus: recom‑
mendations and future directions. Am J Transplant. 2014;14(9):1992–2000. 
https://​doi.​org/​10.​1111/​AJT.​12850.

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

https://doi.org/10.1093/eurheartj/ehaa689
https://doi.org/10.1111/AJT.12850

	Remnant lipoprotein cholesterol is associated with incident new onset diabetes after transplantation (NODAT) in renal transplant recipients: results of the TransplantLines Biobank and cohort Studies
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design and study population
	Outcome measures and end point
	Measurements and definitions
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References




