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Advanced glycation of high-density lipoprotein and the
functionality of aldosterone release in type 2 diabetes

Takashi Kuwano1, Shin-ichiro Miura1,2, Kenji Norimatsu1, Tadaaki Arimura1, Yuhei Shiga1, Sayo Tomita1,
Asuka Nakayama1, Yoshino Matsuo1, Satoshi Imaizumi1 and Keijiro Saku1,2

Patients with type 2 diabetes mellitus (DM) exhibit modification of high-density lipoprotein (HDL), which is likely to have an

important role in the development of atherosclerotic cardiovascular disease (ASCVD). Excess production of aldosterone (Ald)

results in hypertension as well as ASCVD. However, the biological activity of modified HDL in steroidogenesis is not clear.

We measured the accumulation of thiobarbituric acid-reactive substances (TBARSs) and Nε-(carboxymethyl)lysine (CML) levels

(markers of oxidation and glycoxidation, respectively) in isolated HDL from 41 patients with type 2 diabetes mellitus (DM group)

and 41 age- and gender-matched patients in a non-DM group. We quantified angiotensin II-sensitized and -nonsensitized Ald

release using a validated living adrenocortical cell assay. TBARS levels in isolated HDL were similar between patients in the DM

and non-DM groups, whereas the CML content of HDL in the DM group was lower than that in the non-DM group, irrespective of

higher blood glucose and hemoglobin A1c levels. There was no difference in the HDL-induced ex vivo Ald release between the

groups. Although sustained hyperglycemia was not a determinant of HDL-induced Ald release, the degree of HDL glycoxidation

was inversely associated with HDL-induced Ald release (r=−0.40, Po0.001). In conclusion, in vivo advanced glycoxidation of

HDL had an inverse effect on HDL-induced Ald release, independent of the prevalence of type 2 DM.
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INTRODUCTION

Atherosclerotic cardiovascular disease is a major cause of morbidity
and mortality for patients with type 2 diabetes mellitus (DM). An
epidemiological study revealed that the development of atherosclerotic
cardiovascular disease in diabetes is due in part to its association with
atherogenic dyslipidemia, which is characterized by high low-density
lipoprotein (LDL) cholesterol and triglyceride (TG) levels and
low high-density lipoprotein (HDL) cholesterol.1 Therefore, HDL
cholesterol levels are among the most widely measured biomarkers
in clinical practice.2 However, some pharmacological clinical
interventions to raise HDL cholesterol, including the cholesteryl ester
transfer protein inhibitor torcetrapib, have failed to demonstrate
clinical benefits.3 In addition, a Mendelian randomization study
revealed that common variants that increase HDL cholesterol levels
are not associated with protection against cardiovascular disease.4

These recent findings have raised the question of whether raising
HDL cholesterol is a valid therapeutic target and have reinforced
efforts to focus on ‘HDL quality.’
One of the most well-established anti-atherogenic mechanisms of

HDL is based on its ability to promote cholesterol efflux from
peripheral tissues and transport cholesterol to the liver for excretion
into bile, a process known as reverse cholesterol transport.5 It is well

known that HDL also has antioxidant, anti-inflammatory and
vasodilatory properties.6,7 Furthermore, it has been suggested that
HDL is the preferred lipoprotein for cholesterol delivery to steroid-
producing tissues.8 A recent clinical genetic study found that a
variation in the SCARB1 gene, which encodes the HDL receptor
scavenger type B class I (SR-BI), is associated with adrenal
steroidogenesis.9 Aldosterone (Ald) is a mineralocorticoid hormone
synthesized in the adrenal cortex, and increased Ald production
and augmented signaling through the mineralocorticoid receptor
are keys to the pathogenesis of hypertension (HTN)10 and chronic
kidney disease.11,12 Interestingly, mice lacking SR-BI exhibit adrenal
insufficiency under stress and show severe atherosclerosis despite
having high plasma HDL cholesterol levels.13,14 These findings indicate
a possible pathophysiological link between lipoproteins and the
development of HTN, another risk factor for atherosclerotic
cardiovascular disease in diabetic patients.
Modification of HDL also influences the functionality of HDL.

The most common abnormal HDL composition in type 2 DM is
characterized by enrichment of TG with cholesteryl ester depletion,
which may reflect increased cholesteryl ester transfer protein activity
and reduced hepatic lipase activity.15 Indeed, TG-enriched HDL from
DM patients has been shown to have impaired antioxidative
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properties.16 Other qualitative abnormalities of HDL include oxidation
and glycation. Persistent hyperglycemia and oxidative stress in DM
are believed to be important. Several studies have investigated
the biological activities of these HDL modifications, and glycated/
glycoxidized HDL was generally considered dysfunctional because it
was associated with decreased cholesterol efflux capacity17 and
impaired anti-inflammatory and anti-apoptotic activity.18,19 Although
little is known about the functional attributes of modified HDL in
steroidogenesis, Saha et al.20 recently demonstrated that native HDL
increased Ald release from angiotensin II (Ang II)-sensitized human
adrenocortical cells. Moreover, both oxidized HDL and glycoxidized
HDL induced Ald release at levels several-fold higher than for native
HDL. These findings were based on in vitro HDL modifications, and it
is unclear whether HDL modified in vivo has similar functionality.
Furthermore, the contribution of DM to HDL modification in patients
is poorly understood.
Therefore, the purpose of this study was to investigate whether

patients with type 2 DM have in vivo HDL modifications. In addition,
we assessed the effects of in vivo HDL oxidation and glycoxidation on
Ald release to explore the pathophysiological link between HDL
modification and adrenocortical hormone release.

METHODS

Study population
We enrolled 41 consecutive outpatients at Fukuoka University Hospital who

had type 2 DM (DM group). In addition, 41 age- and gender-matched patients

without type 2 DM were selected as a non-DM group. Type 2 DM patients

either had a known history of type 2 DM with or without anti-DM therapy or

met the criteria for a diagnosis of type 2 DM. The protocol in this study was

approved by the ethics committee of Fukuoka University Hospital, and all

patients gave their written informed consent to participate.

Evaluation of clinical parameters
In all patients, body mass index and office systolic and diastolic blood pressure

were measured at the time of enrollment. The characteristics of patients with

regard to history of smoking, DM, HTN, dyslipidemia and medication use were

obtained from medical records.

Blood samples
Venous blood samples were drawn from all study participants at least 5 h after a

meal. Concentrations of random blood glucose, hemoglobin A1c (HbA1c),

total cholesterol, LDL cholesterol, HDL cholesterol, TG, creatinine, plasma

aldosterone concentration and high-sensitivity C-reactive protein were

measured by enzymatic methods on an autoanalyzer. The concentrations

of plasma adiponectin were determined in duplicate by specific enzyme

immunoassays (R&D Systems, Minneapolis, MN, USA) according to the

manufacturer’s instructions.

HDL isolation by ultracentrifugation
Whole blood from each patient was collected into tubes at 4 °C containing

0.1% EDTA at pH 7.4. Plasma was separated by centrifugation and collected

immediately at 4 °C. HDL (1.063odo1.21 g ml− 1) was purified by standard

sequential density gradient ultracentrifugation.21 In brief, plasma was

centrifuged at 150 000 g for 48 h at 4 °C using sequential densities of 1.063

and 1.21 g ml− 1 to isolate HDL. The sample density was adjusted with the

addition of KBr. The HDL fraction was collected by tube slicing and dialyzed

against phosphate-buffered saline. The protein concentration was quantified

with a bicinchoninic acid assay utilizing a commercial reagent (Pierce

Chemical, Rockland, IL, USA). Next, purified HDL was filter-sterilized and

stored at 4 °C before use in the experiments.

HDL biochemical characterization
Measurement of the glycoxidation of isolated HDL was performed by
determining the Nε-(carboxymethyl)lysine (CML) levels with a specific ELISA
kit (Cell Biolabs, San Diego, CA, USA). The immunoassay was used according
to the manufacturer’s instructions. Briefly, isolated HDL (50 μl of 100 mg
protein per l) was added to the wells with CML-bovine serum albumin (BSA)
and anti-CML monoclonal antibodies for 1 h at 37 °C. After washing the wells
with wash buffer, horseradish peroxidase-conjugated secondary antibody was
incubated in the wells for 1 h. Finally, the optical density was read at 450 nm
after adding substrate solution. The oxidative change in HDL was measured
with a commercial kit to quantify the lipid peroxidation (thiobarbituric acid-
reactive substance (TBARS) assay kit, Cayman Chemical, Ann Arbor, MI, USA)
according to the manufacturer’s instructions. Isolated HDL (100 μl of 100 mg
protein per l) was added on malondialdehyde and thiobarbituric acid; then,
samples were boiled for 1 h. The supernatant absorbance was colorimetrically
read at 530 nm.

Cell culture
Human adrenocortical cells (NCI-H295R, American Type Culture Collection
CRL-10296) (American Type Culture Collection, Manassas, VA, USA)
were cultured in DMEM-F12 medium (Wako Chemicals, Osaka, Japan)
supplemented with 10% fetal bovine serum (Nu-Serum; BD Biosciences,
Baltimore, MD, USA) and 1% penicillin and streptomycin in a humidified
incubator with 5% CO2 at 37 °C. For the experiment, cells were counted and
dispensed into 12-well culture plates at a density of 1× 105 cells per well. Cells
grown to semi-confluence were used for the following experiment.

Measurement of Ald release
The level of Ald release was determined with an enzyme immune assay and
culture medium as described previously.22 Ang II-sensitized and non-sensitized
H295R cells were cultured for 24 h with or without Ang II (10− 7 M) (Peptide
Institute Inc., Osaka, Japan), respectively. After washout of the cells,
the remaining cells in DMEM-F12 were incubated with isolated HDL
(100 μg protein per ml) under DMEM-F12 serum-free conditions for 24 h.
Conditioned medium was collected, and Ald concentrations were measured in
duplicate using an Ald ELISA assay kit (Cayman Chemical).

Statistical analysis
Statistical analysis was performed using SAS software, version 9.4 (SAS Institute,
Cary, NC, USA) at Fukuoka University. Values are presented as percentages,
means and s.d. Categorical and continuous variables were compared between
two groups by a χ2 analysis and unpaired t-test, respectively. The correlation
with Ald release was assessed using Pearson correlation coefficients. In addition,
multivariate regression analysis was performed with three different models
(Model 1: adjustment for age, gender and body mass index; Model 2:
adjustment for Model 1 factors and HbA1c; Model 3: adjustment for Model
2 factors and total cholesterol, LDL cholesterol, HDL cholesterol, TG and
TBARS of isolated HDL) to verify the independent correlation between Ald
release and the CML levels in isolated HDL from patients. A P-valueo0.05 was
considered significant.

RESULTS

Patient characteristics
The characteristics of the 82 patients are shown in Table 1. The mean
age of all patients was 66± 10 years. The mean values for the random
blood glucose and HbA1c in the DM group were 134 mg dl− 1 and
6.6%, respectively, and these were significantly higher than those in
the non-DM group. Although both groups showed a high prevalence
of HTN and dyslipidemia, most patients were well controlled, and the
mean systolic blood pressure and LDL cholesterol levels were
131 mmHg and 111 mg dl− 1, respectively. There were no statistically
significant differences between the groups with respect to plasma
aldosterone concentration or high-sensitivity C-reactive protein.
Adiponectin is the most abundant adipokine, and circulating
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adiponectin is known to be inversely related to body weight and
insulin resistance.23 The DM patients tended to have higher body mass
index and lower adiponectin levels than non-DM patients, albeit these
differences were not significant (P= 0.059 and 0.096, respectively).
Insulin and oral hypoglycemic agents were prescribed to 17 and 60%
of the diabetic patients, respectively. Approximately half of all patients
were taking an angiotensin-converting enzyme inhibitor (ACE-I) or an
Ang-II receptor blocker (ARB), and one-third of the patients were
taking statin drugs.

Less glycoxidation occurred in HDL isolated from DM patients
To assess in vivo oxidation and glycoxidation, we measured the TBARS
and CML levels in isolated HDL in the DM and non-DM groups.
No statistically significant differences were observed in the TBARS
levels of isolated HDL between the groups (Figure 1a). Therefore,
we further compared the TBARS-HDL levels between patients with
poor (HbA1c⩾ 7.0%) and good glycemic control (HbA1co7.0%)
(Supplementary Table 2). There was no difference in the
average TBARS-HDL level between the groups (57.2± 21.6 vs.

50.3± 22.3 μmol per g protein; P= 0.34; Supplementary Figure 2).
On the other hand, although the plasma CML levels in the two groups
were similar, the CML level in HDL from DM patients was
significantly lower than that in non-DM patients (1.2 vs. 1.8 ng per
mg protein; P= 0.014; Figure 1b). It is thought that ACE-I/ARB and
statin therapy can affect in vivo glycoxidation. Thus, we compared the
effects of ACE-I/ARB and statin on the CML levels in isolated HDL
from all subjects. Neither ACE-I/ARB use nor statin use affected the
CML levels in isolated HDL (Supplementary Figure 1). To exclude the
possibility that these medications work differently in the presence or
absence of diabetes, we further divided the patients into two groups
according to the presence of diabetes (Supplementary Table 1). Except
for those who had received either an ACE-I/ARB or statin, diabetic
patients tended to have low CML levels in isolated HDL, regardless of
their medications.

DM did not affect the rate of aldosterone release by isolated HDL in
Ang II-sensitized cells
We compared Ald release with isolated HDL in Ang II (10− 7 M)-
sensitized NCI-H295R cells with or without DM (Figure 2). The
Ang II-sensitized condition was associated with a significant increase
in Ald release in both groups. The effects of isolated HDL from DM
patients on Ald release in H295R cells were similar to those of HDL
from the non-DM group, regardless of Ang II induction.

Correlation analysis for Ang II-induced Ald release by isolated HDL
in all patients
We analyzed factors that influenced Ang II (10− 7 M)-sensitized Ald
release with isolated HDL in H295R cells for all patients. While Ald is
a sodium-retaining pro-hypertensive hormone and elevated levels
would typically be associated with HTN, the systolic blood pressure
and plasma aldosterone concentration levels were not correlated with
the aldosterone release in this study (Table 2). Remarkably,
glycoxidized-HDL levels, as indicated by CML concentrations in
isolated HDL, were significantly and negatively correlated with Ald
release (r=− 0.40, Po0.001; Figure 3). Oxidized-HDL levels,
as determined by the TBARS assay for isolated HDL, did not
show a significant correlation (r= 0.14, P= 0.234). In addition,
multivariate regression analysis with three different models revealed
that glycoxidized-HDL levels were independently associated with
Ang II-sensitized Ald release by isolated HDL in H295R cells (Table 3).

DISCUSSION

In the present study, we investigated whether the diabetic condition
influenced HDL-induced steroidogenesis in adrenocortical cells. We
found that isolated HDL from DM patients had a capacity for Ald
release in a living human adrenocortical cell assay that was similar to
that of HDL from non-diabetics. Although neither glucose nor HbA1c
levels were correlated with the rate of ex vivo Ald release, the
concentration of advanced glycation end products (AGEs) with
isolated HDL was the only determinant of HDL-induced Ald release.
To the best of our knowledge, this is the first report to reveal a
functional relationship between in vivo HDL modification and Ald
release.
AGEs are formed on proteins and lipids by non-enzymatic glycation

and oxidation, and CML is one of the major antigenic structures of
AGEs.24 AGEs are found in both long-lived and short-lived molecules,
including apolipoproteins and lipids of lipoproteins.25 We measured
the CML levels of isolated HDL from patients, and our regression
analysis demonstrated that CML-HDL is negatively associated with
Ang II-sensitized Ald release. A multivariate analysis revealed that,

Table 1 Patient characteristics

All patients

Diabetic

patients

Non-diabetic

patients P-value

No. of patients 82 41 41

Age, years 66±10 66±10 66±11 NS

Female, n (%) 28 (34) 12 (29) 16 (39) NS

BMI, (kg m−2) 24.5±3.3 25.2±3.5 23.8±2.9 0.059

Smoking, n (%) 20 (24) 10 (24) 10 (24) NS

DM, n (%) 41 (50) 41 (100) 0 (0) o0.001

BG, mg dl−1 118±31 134±33 101±16 o0.001

HbA1c, % 6.1±0.8 6.6±0.8 5.5±0.3 o0.001

HTN, n (%) 69 (84) 37 (90) 32 (78) NS

SBP, mm Hg 131±15 136±22 131±15 NS

DBP, mm Hg 76±13 76±14 75±13 NS

DL, n (%) 65 (79) 32 (78) 33 (80) NS

Total-C, mg dl−1 195±32 190±38 201±25 NS

LDL-C, mg dl−1 111±28 106±28 117±27 0.091

HDL-C, mg dl−1 52±15 51±16 53±14 NS

TG, mg dl−1 154±101 152±92 156±110 NS

eGFR, ml min−1 per 1.73 m2 67±16 67±17 68±15 NS

PAC, pg ml−1 98±37 104±39 92±35 NS

hs-CRP, mg dl−1 0.19±0.38 0.21±0.30 0.17±0.43 NS

Adiponectin, mg ml−1 6.4±4.0 5.7±3.8 7.1±4.1 0.096

CML, μg ml−1 1.1±0.6 1.0±0.6 1.0±0.6 NS

Concomitant drugs, n (%)
Insulin 7 (9) 7 (17) 0 (0) 0.005

Oral antidiabetic drug 25 (30) 25 (61) 0 (0) o0.001

ACE-I/ARB 43 (52) 21 (51) 22 (54) NS

Statin 29 (35) 13 (32) 16 (39) NS

Aldosterone blocker 2 (2) 2 (5) 0 (0) 0.129

Abbreviations: ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor
blocker; BG, random blood glucose; BMI, body mass index; CML, carboxymethyl lysine;
DBP, diastolic blood pressure; DL, dyslipidemia; DM, diabetes mellitus; eGFR, estimated
glomerular filtration rate; HbA1c, hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol;
hs-CRP, high-sensitivity C-reactive protein; HTN, hypertension; LDL-C, low-density lipoprotein
cholesterol; NS, not significant; PAC, plasma aldosterone concentration; SBP, systolic blood
pressure; TG, triglyceride; Total-C, total cholesterol.
Plus–minus values are means± s.d.
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although this correlation was modest, it was stronger than those for
any other variables, including other lipid parameters and markers for
atherosclerotic cardiovascular disease (for example, high-sensitivity
C-reactive protein and adiponectin).

SR-BI was originally identified as an HDL receptor in the liver,
adrenals and ovaries.26,27 Ohgami et al.28 demonstrated that SR-BI also
serves as a receptor for AGEs. In addition, they showed that
AGE-albumin inhibits both the SR-BI-mediated selective uptake of
HDL cholesteryl esters and cellular cholesterol efflux to HDL,
indicating that AGE proteins could modulate SR-BI-mediated
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Figure 1 (a) The levels of thiobarbituric acid-reactive substances (TBARSs) in isolated high-density lipoprotein (HDL) from patients with or without type 2
diabetes mellitus (DM). (b) Nε-(carboxymethyl)lysine (CML) levels of isolated HDL from patients with or without type 2 DM.

Figure 2 Aldosterone release by isolated high-density lipoprotein (HDL) from
diabetic or non-diabetic patients with or without angiotensin II (Ang II) in
human adrenocortical H295R cells.

Table 2 Univariate regression with Ang II-dependent aldosterone

synthesis

Variable r P-value

Age −0.14 NS

BMI 0.08 NS

BG −0.01 NS

HbA1c 0.2 0.090

SBP 0.05 NS

eGFR 0.1 NS

PAC 0.06 NS

hs-CRP 0.04 NS

Adiponectin 0.95 NS

Total-C −0.16 NS

LDL-C −0.11 NS

HDL-C −0.01 NS

TG −0.18 NS

Glycoxidized HDL (CML) −0.40 o0.001

Oxidized-HDL (TBARS) 0.14 NS

Abbreviations: Ang II, angiotensin II; BMI, body mass index; BG, random blood glucose;
CML, carboxymethyl lysine; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin A1c;
HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein;
LDL-C, low-density lipoprotein cholesterol; PAC, plasma aldosterone concentration; SBP, systolic
blood pressure; TBARS, thiobarbituric acid-reactive substance; TG, triglyceride; Total-C, total
cholesterol.
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Figure 3 Correlation between angiotensin II (Ang II)-sensitized aldosterone
(Ald) release and Nε-(carboxymethyl)lysine (CML) concentrations in high-
density lipoprotein (HDL) isolated from patients.

Table 3 Multivariate regression with Ang II-dependent aldosterone

synthesis

Aldosterone synthesis

(with Ang II)

Variable P-value

Glycoxidized-HDL (CML) level
Model 1 (age, male sex, BMI) 0.0007

Model 2 (Model 1+HbA1c) 0.0029

Model 3 (Model 2+total-C, LDL-C,HDL-C,

TG and oxidized HDL)

0.0052

Abbreviations: Ang II, angiotensin II; BMI, body mass index; CML, carboxymethyl lysine; HbA1c,
hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; TG, triglyceride; Total-C, total cholesterol.
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cholesterol metabolism. Their observations are in line with our finding
of an inverse relationship between the levels of CML-HDL and
Ald release, and it is possible that AGE-HDL causes less aldosterone
release as a result of inhibiting cholesterol uptake in the adrenals via
the SR-BI pathway. Further studies will be needed to confirm this
hypothesis.
Meanwhile, a recent report demonstrated that artificially oxidized

or glycoxidized HDL augmented aldosterone release more than
native HDL in a similar assay,20 which conflicts with the results of
the present study. In vitro glycoxidized HDL was generally prepared by
incubating isolated HDL with excessively high glucose concentrations
(25–200 mM) for several days, and glycoxidized HDL is not a single
defined entity but, rather, represents a spectrum of varying contents
that could affect its biological activities. Thus, glycoxidized HDL might
unexpectedly have nonphysiological properties.
We also compared oxidative and glycoxidative markers of HDL

from patients with and without diabetes. Despite the higher random
blood glucose levels and HbA1c values, the prevalence of DM did not
alter TBARS levels of isolated HDL, representing HDL oxidation.
Moreover, in vivo HDL glycoxidation, as indicated by CML-HDL, was
decreased in the DM group of this study, and the group also had
similar plasma CML levels. In fact, although it has generally been
considered that sustained hyperglycemia and oxidative stress in
diabetic patients facilitate AGE formation, recent large-scale
prospective cohort studies did not reveal an association between
plasma CML levels and the diabetic condition.29,30 Other independent
reports have shown that plasma CML levels are not related to the
CML-HDL levels in diabetic patients.19,31 Rabbani et al.25 also
reported that isolated LDL from DM patients had significantly higher
concentrations of arginine-derived AGEs, such as carboxymethyl-
arginine, but the levels of lysine-derived AGEs, including CML, were
similar to those in LDL from non-diabetics. Pentosidine, another
well-characterized AGE, forms crosslinks between arginine and
lysine residues during glycoxidation. Interestingly, unlike decreased
CML-HDL in the DM group, pentosidine levels in isolated HDL were
similar between the groups in our study (data not shown). Therefore,
our observation that hyperglycemia decreased CML in HDL, but not
pentosidine, indicates that lysine-derived AGEs are less susceptible to
glycoxidation by hyperglycemia on HDL, in the same manner as LDL
glycoxidation.
There are several limitations of this study. First, we isolated HDL

from human plasma by ultracentrifugation to obtain purified HDL.
However, there is some concern about utilizing ultracentrifugation for
HDL isolation in high-salt media containing KBr because the salt
might cause dissociation of some associated proteins from the HDL
surface. Second, although our regression analysis demonstrated a
significant correlation between CML-HDL and ex vivo Ald release, it is
difficult to determine the clinical impact of glycoxidative modification
of HDL on aldosterone release in vivo. Because we measured only the
CML in isolated HDL, the other glycation products, including
methylglyoxal and 3-dexoyglucosonemethyl, might have different roles
in aldosterone release. Further study is needed to address this issue.
In conclusion, the current study showed that isolated HDL from

diabetic patients had HDL biological activity on aldosterone release in
human adrenocortical cells that was similar to that in non-DM
patients. However, based on in vivo HDL glycoxidation, the CML
levels of HDL were, to a lesser extent, inversely related to Ald release.
Thus, pathological glycoxidation of circulating HDL might contribute
to the development of atherosclerotic disease.
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