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ABSTRACT
Introduction  Oxidized low-density lipoprotein (OxLDL), 
a biomarker of oxidative stress, itself possesses 
proatherogenic and proinflammatory effects. Elevated 
circulating OxLDL levels have been consistently associated 
with insulin resistance and diabetes in adults. We sought 
to assess whether OxLDL may be associated with insulin 
sensitivity and beta-cell function in early life.
Research design and methods  In a birth cohort study, 
we assessed cord plasma OxLDL concentration and OxLDL 
to total LDL ratio in relation to glucose to insulin ratio (an 
indicator of fetal insulin sensitivity), proinsulin to insulin 
ratio (an indicator of fetal beta-cell function), and leptin 
and adiponectin concentrations in 248 singleton newborns.
Results  Cord plasma OxLDL concentration was positively 
correlated with glucose to insulin ratio (r=0.24, p<0.001) 
and proinsulin to insulin ratio (r=0.20, p<0.001) and 
was not correlated with leptin or adiponectin. Adjusting 
for maternal and neonatal characteristics, each log 
unit increase in cord plasma OxLDL concentration was 
associated with a 25.8% (95% CI 12.8% to 40.3%) 
increase in glucose to insulin ratio and a 19.0% (95% 
CI 6.8% to 32.9%) increase in proinsulin to insulin ratio, 
respectively. Similar associations were observed for cord 
plasma OxLDL to LDL ratio in relation to cord plasma 
glucose to insulin ratio and proinsulin to insulin ratio.
Conclusions  Higher OxLDL levels were associated with 
lower fetal beta-cell function (higher proinsulin to insulin 
ratio) but higher insulin sensitivity (higher glucose to 
insulin ratio). The study is the first to demonstrate that 
OxLDL may affect glucose metabolic health in early life in 
humans.

INTRODUCTION
The rising epidemic of metabolic syndrome 
and related disorders such as type 2 diabetes 
has become a major public health burden.1–3 
Increasing evidence points to the role of 
exposures in early life in developmentally 
‘programming’ the vulnerability to cardiomet-
abolic disease risks.4 5 The mechanisms remain 
largely unknown. Evidence from basic science 
research suggests that oxidative stress—the 
loss of balance between the pro-oxidative and 
antioxidative forces—may play an important 
role in metabolic programming.6 7 Oxida-
tive stress tips the balance of pro-oxidative 
versus antioxidative forces toward the abun-
dance of numerous oxidation molecules, 

and some of them may have developmental 
toxicity. Oxidized low-density lipoprotein 
(OxLDL), a product of lipoprotein oxida-
tion and biomarker of oxidative stress,8 is of 
particular interest since it can induce endo-
thelial cell activation and macrophage foam 
cell formation and exert proatherogenic and 
proinflammatory effects.9 Elevated circu-
lating OxLDL levels have been associated 
with poor pregnancy outcomes including 
pre-eclampsia10 and fetal growth restriction.11 
Elevated circulating OxLDL concentrations 
are strongly predictive of an increased risk 
of metabolic syndrome and hyperglycemia in 
adults,12 suggesting that OxLDL may affect 
insulin sensitivity or beta-cell function. The 
developing fetus is likely more vulnerable 

Significance of this study

What is already known about this subject?
►► Oxidized low-density lipoprotein (OxLDL), a biomark-
er of oxidative stress, itself possesses proatherogen-
ic and proinflammatory effects.

►► Elevated circulating OxLDL levels have been consis-
tently associated with insulin resistance and diabe-
tes in adults, but it is unknown whether OxLDL may 
affect metabolic health in early life.

What are the new findings?
►► Higher cord blood OxLDL concentrations were as-
sociated with lower beta-cell function (higher pro-
insulin to insulin ratio) but higher insulin sensitivity 
(higher glucose to insulin ratio) in newborns.

►► Cord blood OxLDL was not correlated with leptin or 
adiponectin.

►► The study is the first to demonstrate that OxLDL 
may affect glucose metabolic health in early life in 
humans.

How might these results change the focus of 
research or clinical practice?

►► OxLDL may affect fetal beta-cell function and more 
studies are warranted to validate this novel finding.

►► If further studies validate the impact of OxLDL on 
glucose metabolic health in fetal life, it may become 
a molecular target for interventions to safeguard 
healthy early life development.

http://drc.bmj.com/
http://orcid.org/0000-0002-1794-1312
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjdrc-2020-001435&domain=pdf&date_stamp=2021-03-09
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to the deleterious effects of OxLDL. It has not been 
explored whether OxLDL may affect insulin sensitivity 
and beta-cell function in early life. The present study 
sought to evaluate whether circulating OxLDL levels are 
associated with insulin sensitivity and beta-cell function 
in newborns.

RESEARCH DESIGN AND METHODS
Subjects and specimens
This study was based on a prospective singleton birth 
cohort.13 The original pregnancy cohort recruited 339 
women bearing a singleton non-malformation fetus 
without pre-existing diabetes, chronic hypertension, 
endocrine disorders or other severe maternal illnesses 
at 24–28 weeks of gestation between August 2006 
and December 2008 in three obstetric care centers in 
Montreal. There were 31 subjects lost to follow-up and 
60 subjects without maternal and cord plasma spec-
imen available for assays of OxLDL and lipids, leaving 
248 subjects (73%) in the final study cohort. Written 
informed consent was obtained from all participants for 
the use of data and specimens in research on pregnancy 
and infant health.

Maternal venous blood specimens were collected at 
24–28 weeks of gestation. Cord venous blood specimens 
were collected immediately after safe delivery of the 
infant and before the delivery of the placenta. A tube of 
EDTA blood sample was specifically collected for assays 
of OxLDL by adding 0.1% butylated hydroxytoluene to 
prevent oxidation after specimen collection. A fluoride-
coated (for protecting glucose) tube of blood sample 
was specifically collected for glucose assays. All speci-
mens were kept on ice and centrifuged within 30 min 
after collection. Plasma samples were stored in multiple 
aliquots at −80°C until biomarker assays. Assays of all 
biomarkers were completed in 12–24 months after the 
specimen collection. There were no significant correla-
tions between specimen storage (at −80°C) duration and 
biomarker measurement values (correlation coefficients: 
0.0–0.2, all p>0.1).

Biochemical assays
Plasma lipids (triglycerides, high-density lipoprotein 
(HDL) cholesterol and LDL cholesterol, mmol/L) were 
measured by an automated multianalyzer (Unicel DXC 
880i; Beckman Coulter, Brea, California, USA). The 
intra-assay and interassay coefficients of variation (CVs) 
were lower than 3.0%.

Plasma OxLDL (U/L) was measured by mAb-4E6-
based competition ELISA (Cat No 10-1143-01; Mercodia, 
Uppsala, Sweden). The mAb-4E6 antibody is directed 
against a conformational epitope in the apolipoprotein 
B-100 moiety of LDL that is generated as a consequence 
of the substitution of 60 lysine residues of apolipoprotein 
B-100 with aldehydes. The intra-assay and interassay CVs 
were 6.3% and 9.1%, respectively.

As reported previously, plasma glucose (mmol/L) was 
measured by an automated glucose oxidase method, 
insulin (pmol/L) (1 µU/mL=6 pmol/L) by an ultra-
sensitive chemiluminescent immunometric assay, and 
proinsulin (pmol/L) by a quantitative ELISA kit.13 The 
intra-assay and interassay CVs were in the 2%–6% range. 
Plasma leptin (ng/mL) was measured by a human leptin 
immunoassay kit and total adiponectin (µg/mL) by a 
human adiponectin immunoassay kit.14 The intra-assay 
and interassay CVs were in the 5.8%–10.4% range.

Outcomes
The primary outcomes were cord plasma glucose to 
insulin ratio (higher values indicate better fetal insulin 
sensitivity) and proinsulin to insulin ratio (higher 
values indicate worse fetal beta-cell function).13 15 We 
also assessed cord plasma concentrations of leptin and 
adiponectin, which are important adipokines in the regu-
lation of insulin sensitivity.16

Statistical analysis
Median and mean±SE were presented for biomarker 
variables. Biomarker data were log-transformed in all 
comparisons. Partial correlation coefficients were calcu-
lated in assessing the associations of maternal and cord 
plasma OxLDL concentrations and OxLDL to LDL ratio 
with glucose metabolic health biomarkers in newborns, 
adjusting for gestational age at blood sampling and 
delivery. Generalized linear models were applied to 
assess the associations, adjusting for maternal and 
neonatal characteristics, including maternal ethnicity 
(white, others), age (<35 years, ≥35 years), prepregnancy 
body mass index (SD score), plasma glucose concentra-
tion in 1-hour 50 g oral glucose tolerance test at 24–28 
weeks of gestation (SD score), parity (primiparous, 
yes/no), maternal smoking (yes/no) and alcohol use 
(yes/no), gestational hypertension (yes/no), bacterial 
vaginosis or treatment for infection during pregnancy 
(yes/no), mode of delivery (cesarean section: yes/no), 
duration of labor, fasting status at delivery, infant sex, 
gestational age and birth weight (z score, according to 
the Canadian sex-specific and gestational age-specific 
birthweight standards17). Data analyses were conducted 
using Statistical Analysis System (SAS) V.9.2. Two-tailed 
p values <0.025 were considered statistically significant, 
accounting for two primary associations of interest: cord 
plasma OxLDL in relation to glucose to insulin ratio 
and proinsulin to insulin ratio (Bonferroni-adjusted p 
cut-off=0.05/2=0.025).

There were 26 newborns of mothers with gestational 
diabetes according to the American Diabetes Associ-
ation’s 2003 diagnostic criteria18 and 3 newborns of 
mothers with pre-eclampsia (de novo gestational hyper-
tension with proteinuria in pregnancy). Sensitivity anal-
yses were conducted to examine whether the findings 
were similar if the analyses were restricted to term infants 
born to mothers without pre-eclampsia and gestational 
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diabetes, or if the analyses were restricted to the newborns 
of fasting mothers at delivery (n=89).

RESULTS
Most maternal and neonatal characteristics (ethnicity, 
age, prepregnancy body mass index, plasma glucose 
concentration in 1-hour 50 g oral glucose tolerance test 
at 24–28 weeks of gestation, parity, smoking and alcohol 
use, infant sex, gestational age, birth weight and mode of 
delivery) in this birth cohort have been described previ-
ously.13 Here, we only described the characteristics not 
reported previously but relevant to the present study. 
There were 38 (15.3%) women with bacterial vaginosis 
or any treatment for infection during pregnancy. There 
were 41 (16.5%) infants delivered by planned cesarean 
section without labor and 29 (11.7%) by cesarean section 
after labor. The mean duration of labor was 8.2±0.4 hours. 
There were 89 women fasted during delivery.

Plasma concentrations of all lipids (triglycerides, 
HDL cholesterol and LDL cholesterol) and OxLDL 
were substantially lower in cord versus maternal plasma 
(table  1). However, OxLDL to LDL ratios were more 
than two times higher in cord versus maternal plasma 
(1278.0±141.2 U/mmol vs 591.4±29.2 U/mmol, p<0.001). 
Descriptive statistics (median, mean±SE) on cord plasma 
glucose and insulin concentration, glucose to insulin 
ratio, and proinsulin to insulin ratio are presented 
in table  1. Descriptive statistics on cord plasma leptin 
and adiponectin concentrations have been described 
previously.14

Comparing cord blood biomarkers in fasting (n=89) 
versus non-fasting (n=159) subjects at delivery, there were 
significant differences in glucose, insulin, proinsulin 
and adiponectin concentrations and glucose to insulin 
ratios, while the concentrations of triglycerides, LDL, 
OxLDL and leptin were similar (table  2). Comparing 

infants born with labor (n=207) with those born without 
labor (n=41), cord plasma concentrations were higher 
for triglycerides (mean±SE: 0.45±0.02 mmol/L vs 
0.31±0.03 mmol/L, p=0.003), lower for HDL cholesterol 
(0.68±0.02 mmol/L vs 0.82±0.07 mmol/L, p=0.003), and 
marginally lower for LDL cholesterol (0.77±0.03 mmol/L 
vs 0.91±0.11 mmol/L, p=0.07), but higher for OxLDL 
concentration (954.3±91.5 U/L vs 570.4±62.9 U/L, 
p=0.08) and OxLDL to LDL ratio (1267.4±105.2 U/
mmol vs 727.5±79.5 U/mmol, p=0.07).

Scatter plots (data in log scale) demonstrated clear 
positive correlations of cord plasma OxLDL concentra-
tion and OxLDL to LDL ratio with glucose to insulin 
ratio (regression test for trends, p<0.001) and proinsulin 
to insulin ratio (p=0.002) in newborns (figure 1).

Maternal and cord plasma OxLDL concentrations were 
strongly positively correlated (r=0.57, p<0.001) (table 3). 
Cord plasma OxLDL concentration and OxLDL to LDL 
ratio were positively correlated with glucose to insulin 
ratio (r=0.24 and r=0.23, all p<0.001) and proinsulin to 
insulin ratio (r=0.20 for both, p=0.002), but not correlated 
with leptin and adiponectin (all p>0.2). Maternal plasma 
OxLDL concentration and OxLDL to total LDL ratio 
were also positively correlated with cord plasma proin-
sulin to insulin ratio (r=0.17 for both, p<0.008), but not 
correlated with glucose to insulin ratio.

Adjusting for maternal and neonatal characteristics, each 
log unit increase in cord plasma OxLDL concentration was 
associated with a 25.8% (95% CI 12.8% to 40.3%) increase 
in cord plasma glucose to insulin ratio (p<0.001) and 
a 19.0% (95% CI 6.8% to 32.9%) increase in proinsulin 
to insulin ratio (p=0.002), respectively (table  4). Similar 
effects were observed for cord plasma OxLDL to LDL ratio: 
each log unit increase in OxLDL to LDL ratio was associ-
ated with a 22.4% (10.1%–36.2%) increase in glucose to 
insulin ratio (p<0.001) and a 17.0% (5.3%–30.0%) increase 

Table 1  Maternal (24–28 weeks of gestation) and cord plasma concentrations of triglycerides, HDL, LDL, OxLDL, and OxLDL 
to LDL ratio and surrogate indices of insulin sensitivity and beta-cell function in newborns in a singleton birth cohort (N=248)

Maternal 
plasma

Cord 
plasma

P 
value*

Biomarker Median Mean±SE Median Mean±SE

Triglycerides, mmol/L 2.15 2.22±0.05 0.35 0.43±0.02 <0.001

HDL, mmol/L 1.94 1.98±0.03 0.64 0.70±0.02 <0.001

LDL, mmol/L 3.08 3.21±0.06 0.73 0.80±0.03 <0.001

OxLDL, U/L 1434.8 1815.5±112.7 556.4 905.5±84.7 <0.001

OxLDL:LDL, U/mmol 468.9 591.4±29.2 790.7 1278.0±141.2 <0.001

Glucose, mmol/L 4.57 4.64±0.06

Insulin, pmol/L 27.2 36.7±2.4

Glucose:insulin ratio (mmol:pmol) 0.16 0.23±0.01

Proinsulin:insulin ratio (pmol:pmol) 0.56 0.74±0.06

Glucose 1 mmol/L=18 mg/dL; insulin 1 mU/L=6 pmol/L.
*P values in t-tests for differences in cord versus maternal plasma concentrations in log-transformed data.
HDL, high-density lipoprotein; LDL, low-density lipoprotein; OxLDL, oxidized low-density lipoprotein.
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in proinsulin to insulin ratio (p=0.004), respectively. Simi-
larly, higher maternal plasma OxLDL concentrations and 
OxLDL to LDL ratios were associated with higher cord 
plasma glucose to insulin ratios and higher proinsulin to 
insulin ratios, although some of these associations were not 

statistically significant after the adjustments (p values in the 
borderline range of 0.05–0.10).

Comparing gestational diabetic (n=26) versus eugly-
cemic pregnancies, maternal plasma triglycerides levels 
were significantly higher (p<0.01), while there were 

Table 2  Cord plasma biomarkers in the newborns of fasting and non-fasting mothers (N=248)

Fasting 
(n=89)

Non-fasting 
(n=159)

P value*Biomarker* Median Mean±SE Median Mean±SE

Triglycerides, mmol/L 0.35 0.43±0.03 0.35 0.43±0.02 0.47

HDL, mmol/L 0.68 0.75±0.04 0.63 0.68±0.02 0.09

LDL, mmol/L 0.73 0.87±0.07 0.73 0.76±0.02 0.69

OxLDL, U/L 533.0 791.9±127.4 562.2 943.5±97.8 0.27

OxLDL:LDL, U/mmol 765.2 1075.7±146.3 796.7 1231.4±113.0 0.30

Glucose, mmol/L 3.95 4.03±0.08 4.70 4.98±0.07 <0.0001

Insulin, pmol/L 24.10 32.13±2.59 32.60 44.78±4.77 0.009

Glucose:insulin ratio 0.12 0.18±0.02 0.20 0.27±0.02 <0.0001

Proinsulin, pmol/L 15.90 18.28±1.19 12.70 17.54±1.19 0.02

Proinsulin:insulin ratio 0.51 0.66±0.05 0.56 0.78±0.08 0.10

Leptin 24.80 42.91±5.19 27.14 38.69±3.09 0.95

Adiponectin 18.14 19.66±0.75 20.28 21.20±0.66 0.04

P values in bold, P<0.05.
*P values in Wilcoxon tests for differences in fasting versus non-fasting subjects.
HDL, high-density lipoprotein; LDL, low-density lipoprotein; OxLDL, oxidized low-density lipoprotein.

Figure 1  Scatter plots (in log scale) illustrating the positive correlations of cord plasma OxLDL concentration and OxLDL to 
LDL ratio with glucose to insulin ratio and proinsulin to insulin ratio in newborns. LDL, low-density lipoprotein; OxLDL, oxidized 
low-density lipoprotein.
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no significant differences in maternal or cord plasma 
concentrations of OxLDL, LDL cholesterol and HDL 
cholesterol and OxLDL to LDL ratios (all p>0.1; data not 
shown). There were no significant differences in cord 
plasma OxLDL concentrations and OxLDL to LDL ratios 
comparing cesarean (n=70) versus vaginal deliveries, small-
for-gestational age (SGA) (<10th percentile in birth weight 
for sex and gestational age according to the Canadian fetal 
growth standards18, n=14) versus non-SGA, or preterm 
(<37 weeks, n=11) versus term newborns (all p>0.1).

If the analyses were restricted to term newborns of 
mothers excluding patients with gestational diabetes or 
pre-eclampsia (n=213), or if the analyses were restricted 
to newborns of fasting mothers at delivery (n=89), the 
findings were similar. For example, similar correlations 
were observed in the associations of cord plasma OxLDL 

and OxLDL to LDL ratio with glucose to insulin ratio and 
proinsulin to insulin ratio in newborns (tables 5 and 6).

DISCUSSION
Main findings
Our study is the first to demonstrate that higher cord 
blood OxLDL concentrations were associated with 
worse beta-cell function but better insulin sensitivity in 
newborns. The findings were consistent regardless of 
whether plasma OxLDL was analyzed in absolute concen-
tration or as a ratio to total LDL, and persistent after 
accounting for potential confounding factors.

Data interpretation and comparisons with previous findings
Oxidative stress has been associated with beta-cell 
dysfunction and type 2 diabetes in adulthood.19 

Table 3  Partial correlation coefficients of maternal and cord plasma OxLDL concentration and OxLDL to LDL ratio with 
metabolic health biomarkers in newborns in a singleton birth cohort (N=248)

Maternal plasma Cord plasma

Cord plasma OxLDL OxLDL:LDL OxLDL OxLDL:LDL

OxLDL 0.57† 0.53† –

OxLDL:LDL ratio 0.57† 0.47† 0.89†

Glucose:insulin ratio 0.12 0.04 0.24† 0.23†

Proinsulin:insulin ratio 0.17‡ 0.17‡ 0.20‡ 0.20‡

Leptin −0.06 −0.02 −0.11 −0.10

Adiponectin −0.14 −0.13 0.01 0.02

Correlation coefficients in bold, p<0.05.
*P<0.025.
†P<0.001.
‡P<0.01.
§Pearson partial correlation coefficients of log-transformed biomarker data adjusting for gestational age at maternal and cord blood 
sampling.
LDL, low-density lipoprotein; OxLDL, oxidized low-density lipoprotein.

Table 4  Adjusted changes (%) in plasma indices of insulin sensitivity and beta-cell function in newborns in relation to 
changes in maternal (24–28 weeks of gestation) or cord plasma OxLDL cholesterol concentration and OxLDL to total LDL ratio 
in singleton pregnancies

Adjusted change (%)§ in newborns

Per log unit increase in: Glucose:insulin ratio Proinsulin:insulin ratio

Maternal plasma OxLDL 19.2 (2.6, 38.5)* 15.3 (−0.4, 33.5)

 � OxLDL:LDL ratio 15.3 (−0.1, 32.9) 18.5 (3.3, 35.9)*

Cord plasma OxLDL 25.8 (12.8, 40.3)‡ 19.0 (6.8, 32.9)†

 � OxLDL:LDL ratio 22.4 (10.1, 36.2)‡ 17.0 (5.3, 30.0)†

Regression coefficients in bold, P<0.05.
*P<0.025.
†P<0.01.
‡P<0.001.
§Adjusted for maternal glucose tolerance (plasma glucose concentration in 1-hour 50 g oral glucose tolerance test at 24–28 weeks of 
gestation, SD score), gestational hypertension, bacterial vaginosis or any treatment for infection during pregnancy, prepregnancy body mass 
index (SD score), ethnicity, parity, age, smoking, alcohol use, mode of delivery and duration of labor, fasting status at delivery, infant sex, 
gestational age and birth weight (z score). The adjusted % change was calculated from the regression coefficient of the dependent variable 
(y) in log scale per log unit increase in the independent variable (x), because the regression coefficient (β) represents the proportion of change 
in y in the original scale: log y1−log y0=β, then log (y1/y0)=β, thus y1/y0=eβ, and the percentage change is (eβ−1)×100%.
LDL, low-density lipoprotein; OxLDL, oxidized low-density lipoprotein.
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OxLDL—a robust biomarker of oxidative stress20—
itself possesses a number of adverse biological effects 
including endothelial cell activation and induction of 
proinflammatory cytokine production.9 Higher circu-
lating OxLDL concentrations have been associated 
with increased incidence of metabolic syndrome in a 
prospective cohort.12 The association with insulin resis-
tance and metabolic syndrome appears to be indepen-
dent of adiposity,21 22 suggesting an independent effect 
of OxLDL. Studies in animal models support the role of 
oxidative stress in insulin resistance.23 We observed that 
higher cord blood OxLDL concentrations and OxLDL 
to LDL ratios were correlated with higher glucose to 
insulin ratios (better insulin sensitivity) and higher 
proinsulin to insulin ratios (worse beta-cell function) 
in newborns, suggesting that OxLDL may affect glucose 
metabolic health in early life in humans. The association 
with insulin sensitivity was opposite the observed asso-
ciation in adults. This may not be a surprise, however; 
such opposite associations in newborns versus adults 
have been well documented in some metabolic health 
biomarkers. For example, in contrast to the negative 

correlation between circulating adiponectin concen-
tration and adiposity in adults, cord blood adiponectin 
concentration was positively correlated with adiposity in 
newborns.24 We speculated that the observed positive 
association between OxLDL and fetal insulin sensitivity 
might be due to the developmental survival mechanism 
to compensate for lower beta-cell function to maintain 
glucose homeostasis.

Compared with adults, fetuses/newborns may be more 
prone to oxidative stress due to the relatively immature 
and vulnerable antioxidation defense system, such as 
lower activities of antioxidant enzymes.25 Consistent with 
this theory, we observed a twofold higher oxidation ratio 
of LDL in the newborns than in the mothers, although 
caution is warranted in data interpretation since maternal 
plasma LDL and OxLDL were measured at 24–28 weeks 
of gestation. It is unclear whether circulating OxLDL 
to LDL ratio might change substantially between 24–28 
weeks of gestation and delivery. It is generally assumed 
that de novo synthesis accounts for most of the fetal 
cholesterol, although there may be some maternal–fetal 
transfers of LDL and HDL cholesterol.26 The extent 

Table 5  Partial correlation coefficients§ of maternal and cord plasma OxLDL concentration and OxLDL to total LDL ratio 
with cord plasma metabolic health biomarkers in singleton term newborns of mothers without gestational diabetes and pre-
eclampsia (n=213)

Maternal plasma Cord plasma

Cord plasma OxLDL OxLDL:LDL OxLDL OxLDL:LDL

Glucose:insulin ratio 0.08 0.06 0.27‡ 0.27‡

Proinsulin:insulin ratio 0.11 0.12 0.20† 0.22†

Leptin −0.04 −0.03 −0.10 −0.11

Adiponectin −0.15 −0.14 −0.02 0.02

Correlation coefficients in bold, P<0.05.
*P<0.05.
†P<0.01.
‡P<0.001.
§Pearson partial correlation coefficients adjusting for gestational age at maternal and cord blood sampling; data were log-transformed for all 
biomarkers with skewed crude data distribution in the analyses.
LDL, low-density lipoprotein; OxLDL, oxidized low-density lipoprotein.

Table 6  Partial correlation coefficients§ of maternal and cord plasma OxLDL concentration and OxLDL to total LDL ratio with 
cord plasma metabolic health biomarkers in newborns of fasting mothers at delivery (n=89)

Maternal plasma Cord plasma

Cord plasma OxLDL OxLDL:LDL OxLDL OxLDL:LDL

Glucose:insulin ratio −0.19 0.06 0.21* 0.25†

Proinsulin:insulin ratio 0.19* 0.19* 0.19* 0.18*

Leptin 0.03 0.07 −0.02 −0.04

Adiponectin 0.02 0.03 0.09 0.08

Correlation coefficients in bold, P<0.05.
*P<0.05.
†P<0.01.
‡P<0.001.
§Pearson partial correlation coefficients adjusting for gestational age at maternal and cord blood sampling; data were log-transformed for all 
biomarkers with skewed crude data distribution in the analyses.
LDL, low-density lipoprotein; OxLDL, oxidized low-density lipoprotein.
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of maternal contribution to fetal circulating LDL and 
OxLDL levels is unclear.

We found a negative association between OxLDL and 
fetal/neonatal beta-cell function. This is consistent with 
emerging evidence from basic science research. Okajima 
et al27 observed that OxLDL might impair beta-cell func-
tion by decreasing insulin secretion and pre-proinsulin 
mRNA expression in the pancreatic islet cells. Plaisance 
et al28 investigated the contribution of microRNAs to the 
adverse effects of OxLDL and observed that the expres-
sion of miR-9 was decreased whereas that of miR-21 was 
increased in insulin-secreting cells cultured with OxLDL 
particles. Upregulation of miR-21 may hamper glucose-
induced insulin secretion by modifying the expression 
of the components of the secretory machinery, and 
appropriate levels of miR-9 are required to achieve 
optimal insulin expression.29 OxLDL may be dangerous 
to beta-cells because pancreatic islets have low levels of 
antioxidant enzyme expression and beta-cells have high 
oxidative energy requirements.19

An inverse association has been observed between 
circulating OxLDL and adiponectin levels in adults.30 
In contrast, we did not observe any significant associa-
tion of cord plasma OxLDL concentration or OxLDL to 
total LDL ratio with cord plasma leptin and adiponectin 
concentrations in newborns. The associations in certain 
metabolic health biomarkers may be different in 
newborns than in adults. For example, in contrast to 
the positive correlation between circulating adiponectin 
levels and insulin sensitivity in adults, cord blood 
adiponectin was not associated with insulin sensitivity in 
newborns.14 24

We could not detect any significant difference in cord 
plasma OxLDL concentration or OxLDL to LDL ratio 
between gestational diabetic versus euglycemic preg-
nancies, SGA versus non-SGA, and preterm versus term 
births. Caution is warranted in data interpretation since 
the numbers of gestational diabetic pregnancies (n=26), 
SGA (n=14) and preterm births (n=11) are small in our 
study cohort.

Strengths and limitations
The main strengths are the timely collection and 
processing of cord blood specimens and high-quality 
biomarker assays (low intra-assay and interassay CVs). The 
main limitation is that the majority of mothers/fetuses/
newborns were not fasting at delivery and thus not in a 
uniform metabolic state. However, this might tend to 
have increased the noise variations in insulin sensitivity 
and beta-cell function measurements and would tend to 
bias the associations toward the null. Moreover, similar 
associations were observed in the sensitivity analysis 
restricted to fasting subjects. The study is observational 
in nature and causality could not be claimed. Lastly, the 
study was based on a Canadian birth cohort. Studies in 
other countries are required to validate the findings in 
other populations.

CONCLUSIONS
Higher cord blood OxLDL levels were associated with 
worse fetal beta-cell function, suggesting that OxLDL may 
affect glucose metabolic health in early life in humans. 
Whether this may be related to future risk of diabetes 
remains to be understood.
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