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Aim: Lipoprotein lipase (LPL) is a major enzyme in lipid metabolism. Dyslipidemia, characterized by
decreased high-density lipoprotein cholesterol (HDL-C), is prevalent in persons with type 2 diabetes mel-
litus (T2DM). The aim of this study was to determine whether pre-heparin LPL mass mediates the asso-
ciation between adiponectin and HDL-C in individuals with T2DM.
Methods: Pre-heparin LPL mass was measured via an enzyme-linked immunosorbent assay, adiponectin
by radioimmunoassay, and HDL-C was determined enzymatically. Participants’ (n = 50) demographics,
HbA1c, adiposity, homeostasis model assessment for insulin resistance (HOMA-IR), serum creatinine,
and lipids were measured. Path analysis was utilized to test whether pre-heparin LPL mass is a mediator
in the relationship between adiponectin and HDL-C.
Results: All four criteria for mediation were satisfied in the path analysis. The indirect effect of adiponec-
tin on HDL-C through pre-heparin LPL mass was significant, p = 0.001, whereas the direct effect of adipo-
nectin on HDL-C was not significant, p = 0.074. These results remained consistent even after adjustments
for age, gender, body mass index, HOMA-IR, and serum creatinine in the model.
Conclusion: The findings in this study suggest that pre-heparin LPL mass may mediate the association
between adiponectin and HDL-C in T2DM. This relationship for measures of HDL-C functionality requires
future investigation.
� 2016 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Lipoprotein lipase (LPL), a key multifunctional enzyme, is pri-
marily synthesized in adipose tissue, skeletal muscle, and the heart
but is also expressed in many other cells and tissues (e.g., macro-
phages, liver) [1]. LPL is involved in lipid metabolism with its main
biological function to catalyze the hydrolysis of triglyceride-rich
lipoproteins, producing remnant particles for subsequent clearance
from the circulation [1]. A reduction in LPL activity can influence
dyslipidemia characterized by decreased high-density lipoprotein
cholesterol (HDL-C) and elevated triglycerides, often seen in type
2 diabetes mellitus (T2DM) and cardiovascular disease (CVD) [2].
Measurement of LPL activity, performed after the intravenous
injection of heparin, is a standard procedure for evaluating the
enzyme in vivo [3]. There is, however, a large amount of LPL found
in pre-heparin serum with an undetectable amount of LPL activity
[4]. Thus, the majority of circulating LPL is catalytically inactive but
remains a ligand for receptors [4], potentially participating in
lipoprotein metabolism via its ligand function rather than its
lipolytic function [5]. Shirakawa et al. have recently shown that
LPL activity and concentration were significantly correlated with
the particle size of remnant lipoproteins in both pre- and post-
heparin samples, although there were some differences depending
upon ethnicity and disease state [5,6]. Thus as suggested by these
investigators, the physiological relevance of pre-heparin LPL mass
in lipid metabolism is important [5,6]. Pre-heparin LPL mass has
been shown to be associated with lipids [7], insulin resistance
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[8], and in a prospective study reduced pre-heparin LPL concentra-
tions were shown to be related to an increased risk of future coro-
nary artery disease [9].

Adiponectin, an adipokine with insulin-sensitizing and anti-
inflammatory activity, correlates inversely with adiposity [10]. Its
circulating levels are reduced in CVD [11] and in T2DM [12]. Adipo-
nectin has a positive association with HDL-C in the general popu-
lation [13] and in persons with T2DM [14]. Anti-atherogenic
HDL-C has been shown to be an independent protective factor of
CVD [15]. Mechanisms linking adiponectin and HDL-C, however,
are not clear and some studies have reported a bidirectional rela-
tionship between adiponectin and HDL-C [16]. Nevertheless, it is
known that lipases are a key factor in the regulation of HDL-C
levels [17]. Previous investigators have also demonstrated an asso-
ciation of decreased post-heparin LPL activity and low plasma adi-
ponectin in T2DM [18]. They speculated that increased LPL activity
stimulated by increased adiponectin might result in increased
HDL-C [18]. In the current study, we hypothesized that the associ-
ation between adiponectin and HDL-C in T2DMwould be mediated
by pre-heparin LPL mass. The relationship between adiponectin,
pre-heparin LPL mass, and HDL-C was examined using a statistical
approach called path analysis. Path analysis is an extension of mul-
tiple regression analysis and can evaluate conditions with more
than one dependent variable. In addition, path analysis examines
direct and indirect effects (e.g., situations with a chain of influence
where one variable influences another variable, which in turn
affects another variable) [19].
Table 1
Descriptive statistics⁄ for clinical and biochemical characteristics of the participants
(n = 50).

Characteristics

Age (years) 63 (10)
Duration of diabetes (years) 13 [5]
Male/female (n) 21/29
Diabetes medicationsy (n)
Metformin 38
Thiazolidinediones 6
Sulfonylureas 14
Meglitinides 3
Incretin agonists 11
DPP-4 inhibitors 13
Insulin 20
Alpha-glucosidase inhibitors 3

Serum creatinine (mg/dL) 0.80 [0.15]
HbA1c (%) 7.0 [0.7]
Body mass index (kg/m2) 32.7 (5.3)
Homeostasis model assessment for insulin resistance 1.8 [1.0]
Leptin (ng/mL) 15.7 [11.9]
Total adiponectin (mg/L) 5.9 [2.1]
Pre-heparin lipoprotein lipase mass (ng/mL) 67.5 [14.5]
Triglycerides (mg/dL) 94.0 [49.5]
Total cholesterol (mg/dL) 163.9 (40.9)
High-density lipoprotein cholesterol (mg/dL) 50.6 (12.7)
Low-density lipoprotein cholesterol (mg/dL) (n = 49) 87.6 (34.4)

*Values presented as mean (SD) for variables that are normally distributed, median
[semi-interquartile range] for variables non-normally distributed, or number of
observations.
yMost participants were using more than one medication to control their diabetes.
DPP-4 inhibitors, Dipeptidyl peptidase-4 inhibitors.
Methods

Subjects The studydesign/protocol and the participant character-
istics of this study have been described in detail previously [20,21].
This study had approval of the Institutional Review Board of Chris-
tiana Care Corporation and written informed consent was obtained
from all participants before taking part in the study. Briefly, there
were 50 individuals who were evaluated at the Diabetes and Meta-
bolic Research Center, Christiana Care Health System, Newark, DE,
USA. Individuals with T2DM and age P18 years old were included
in the study. Exclusion criteria included the following: (a) a known
history of cardiac issues such as having had coronary artery bypass
graft surgery, myocardial infarction, recent/ongoing atrial fibrilla-
tion, acute myocardial ischemia, etc.; (b) medication or dose
changes for lipid loweringagents, antihypertensive andantidiabetes
medications 2 months before taking part in the study; and (c)
chronic kidney disease (i.e., stage 3b, 4, and 5).

Blood analytes Pre-heparin LPL mass was measured via an
enzyme-linked immunosorbent assay (Immuno-Biological Labora-
tories Co., Ltd, Japan). Total cholesterol, triglycerides, and HDL-C
levels were measured on the Vitros 5,1 FS chemistry system
(Ortho-Clinical Diagnostics, Rochester, NY, USA). Low-density
lipoprotein cholesterol was calculated using the Friedewald for-
mula. The methods for determination of other blood analytes
(i.e., insulin, C-peptide, glucose, serum creatinine, HbA1c, leptin,
and total adiponectin) have been reported previously [20]. An
online calculator downloaded from http://www.dtu.ox.ac.uk was
used to estimate the degree of insulin resistance (i.e., homeostasis
model assessment for insulin resistance [HOMA-IR]) [22].

Statistical analyses Descriptive data are presented as mean ± SD
for variables that were normally distributed whereas the med-
ian ± semi-interquartile ranges are reported for variables that were
non-normally distributed. Spearman rank correlation coefficients
were used to evaluate potential bivariate associations between
pre-heparin LPL mass, demographics (e.g., gender, body mass index
(BMI)), and metabolic parameters (e.g., HbA1c, HOMA-IR, serum
creatinine, lipids, leptin, adiponectin). A path analysis was
performed to test if pre-heparin LPL mass was a mediator in the
relationship between adiponectin and HDL-C. In brief, path analy-
sis is a structural equation model where all variables included are
non-latent (directly observed or measured). It is a powerful multi-
variate statistical approach that allows complex conceptual models
to be evaluated. It can be viewed as a set of regression models with
more than one outcome or dependent variable. Whereas multiple
regression would require an individual model for each outcome,
path analysis simultaneously estimates them. Another advantage
of path analysis is that it can involve estimating and hypothesis
testing for both direct and indirect effects. A direct effect can be
thought of as a regression-like relationship between two variables
involving a direct association between them (e.g., A? B). An indi-
rect effect is an association between two variables that operates
through another variable (e.g., A? B? C) or variables (e.g., A?
B? C? D). All four criteria for mediation established by Baron
and Kenny [23] were satisfied. All results are reported using stan-
dardized coefficients that allow for relative comparisons among
the effects. Further, they can be interpreted as the magnitude of
change in the outcome in standard deviations associated with an
increase of one standard deviation in the predictor. Additionally
R2 values are reported.
Results

Table 1 provides participants’ physical characteristics and bio-
logical factors. Physical characteristics and some of the blood ana-
lytes from this study have been reported [21]. However, for clarity
of discussion of the new data that we are reporting in the present
study some of the previously reported data that are pertinent to
the present study have also been included in Table 1.

Significant Spearman rank bivariate correlations of adiponectin
included HOMA-IR (r = �0.53, p < 0.001), HDL-C (r = 0.64,
p < 0.001), triglycerides (r = �0.44, p < 0.01), leptin (r = 0.31,
p < 0.05), and gender (r = 0.46, p < 0.01). Significant Spearman rank
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Fig. 1. Standardized path coefficients of pre-heparin lipoprotein lipase (LPL) mass mediating the relationship between adiponectin and HDL-cholesterol (HDL-C).

Fig. 2. Standardized path coefficients of pre-heparin lipoprotein lipase (LPL) mass mediating the relationship between adiponectin and HDL-cholesterol (HDL-C) adjusted for
gender, age, body mass index (BMI), homeostasis model assessment for insulin resistance (HOMA-IR) and serum creatinine.
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bivariate correlations of pre-heparin LPL mass included adiponec-
tin (r = 0.67, p < 0.001), HOMA-IR (r = �0.45, p < 0.01), HDL-C
(r = 0.52, p < 0.001), triglycerides (r = �0.42, p < 0.01), serum crea-
tinine (r = �0.42, p < 0.01), and gender (r = 0.51, p < 0.001).

Results of the simple mediated path model are shown in Fig. 1.
The four criteria for mediation were satisfied [23]. First, adiponec-
tin was found to be associated with pre-heparin LPL mass
(p < 0.001). Second, adiponectin was also significantly associated
with HDL-C (p < 0.001). Third, pre-heparin LPL mass was signifi-
cantly associated with HDL-C, adjusting for adiponectin
(p < 0.001); in this model adiponectin was not significant
(p = 0.093). Fourth, in the mediation model, both endogenous vari-
ables (i.e., pre-heparin LPL mass and HDL-C) were significant
(R2 = 0.29, p = 0.007, and R2 = 0.43, p < 0.001, respectively). The
indirect effect of adiponectin on HDL-C was significant (b = 0.271,
p = 0.001), while the direct path was not (b = 0.225, p = 0.074).
Thus, the magnitude of the indirect effect of adiponectin on HDL-
C through pre-heparin LPL mass is stronger than the magnitude
of a direct effect of adiponectin on HDL-C and 43% of the variance
of HDL-C was explained by adiponectin and pre-heparin LPL mass.

The same mediation model was analyzed again, after including
age, gender, BMI, HOMA-IR, and serum creatinine as covariates.
The findings remained consistent (Fig. 2) and the only additional
path that was significant when including all the covariates was
from HOMA-IR to adiponectin (b = �0.434, p = 0.001). The specific
indirect path from HOMA-IR to HDL-C through adiponectin and
pre-heparin LPL mass was not significant (b = �0.057, p = 0.081).
Additionally triglycerides were examined as another potential
covariate. Triglycerides had a significant direct effect on pre-
heparin LPL mass but no significant indirect effects on HDL-C (data
not shown). Thus, triglycerides were not reported in the model
presented here.

Discussion

In this study, we investigated whether the association between
adiponectin and HDL-C is mediated by pre-heparin LPL mass in
T2DM. We found a significant correlation between adiponectin
and HDL-C similar to previous studies. More importantly, results
of the path analysis suggest a novel mediatory effect of pre-
heparin LPL mass in the relationship between adiponectin and
HDL-C in our study of participants with T2DM.

T2DM is associated with reduced HDL-C levels [2] and adipo-
nectin is decreased in obesity and T2DM [12]. Zietz et al. reported
a significant association between adiponectin and HDL-C in 523
T2DM individuals after controlling for age, gender, BMI, and fasting
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insulin levels and suggested a potential role for adiponectin in
HDL-C levels [14]. However, they did not examine LPL in this rela-
tionship [14]. Other investigators examining adiponectin and post-
heparin LPL activity showed, via regression analysis, a strong rela-
tionship between adiponectin and LPL in T2DM, accounting for 26%
of the variation [18]. Results of the path analysis in our study for
the simple mediated model indicated that 29% of the variance of
pre-heparin LPL mass was explained by adiponectin. Thus as previ-
ously speculated by von Eynatten et al., LPL stimulated by
increased adiponectin may be involved in the regulation of HDL-
C levels [18]. Results of the simple mediated path model in our
study further support this hypothesis indicating that approxi-
mately 43% of the variance of HDL-C was explained by adiponectin
and pre-heparin LPL mass.

Insulin is known to be a regulator of the LPL system [24]. Com-
paring pre-heparin LPL mass in our study for those on insulin ther-
apy (n = 20) versus those who were not (n = 30) indicated no
significant difference between the groups (76.1 ± 33 (mean ± SD)
vs. 72.5 ± 29 ng/mL, p = 0.77). von Eynatten et al. suggested that
utilizing HOMA-IR, thereby integrating insulin levels with glyce-
mia, would be a more reliable parameter than examining insulin
per se [18]. Indeed our results showed a bivariate inverse associa-
tion of HOMA-IR and pre-heparin LPL mass. It should be noted also
that there was a significant indirect effect between HOMA-IR and
pre-heparin LPL mass in the path analysis model that adjusted
for other covariates. Thus, while it is possible that hyperinsuline-
mia, insulin resistance, or exogenous insulin use could affect LPL,
we have shown that adiponectin is strongly associated with pre-
heparin LPL mass whereas neither HOMA-IR nor use/non-use of
exogenous insulin (data not shown) had a significant direct effect
on pre-heparin LPL mass.

Calderon et al. showed that adiponectin and post-heparin LPL
activity were independently related to HDL-C, using regression
analyses, in a cohort of 127 individuals with type 1 diabetes mel-
litus (T1DM) [25]. It should be noted that these investigators did
not test for mediation and it is possible that partial mediation
occurred. Thus, whether the results of this cohort of individuals
with T1DM differ from our results of persons with T2DM is not
clear. If mediation of adiponectin and HDL-C via LPL is not true
in T1DM, a possible explanation may be with regard to obesity in
T2DM. The average BMI was 33 kg/m2 in our cohort of T2DM indi-
viduals whereas it was 26–27 kg/m2 for the T1DM patients in the
study by Calderon et al. [25]. In T2DM, lower adiponectin levels,
reduced LPL, and lower HDL-C appear to be more of an issue. This
suggests that the clinical management of obese patients with
T2DM and hypoalphalipoproteinemia may benefit from strategies
that help increase adiponectin. Such interventions may include
chronic endurance training and weight loss via calorie restriction
[26]. While the importance of adiponectin and HDL-C levels has
been shown, adiponectin is not routinely measured in T2DM. Evi-
dence is mounting for the measurement of adiponectin not only for
research purposes but for clinical use as well.

Previous studies [18,25], described above, examined adiponec-
tin and LPL activity following the intravenous injection of heparin
whereas the current study evaluated pre-heparin LPL mass and
adiponectin. Recently, Shirakawa et al. examined adiponectin and
pre-heparin LPL concentration in normal healthy controls and in
Japanese individuals with T2DM and reported a positive and signif-
icant correlation between them [5,6], as we did in our cohort with
T2DM. Shirakawa et al. did not, however, find a positive association
of adiponectin and post-heparin LPL activity in healthy controls
[5]. It is likely that differences in patient cohorts may contribute
to conflicting results across studies. It is also possible that post-
heparin LPL activity may be less diagnostically useful than the
determination of pre-heparin LPL mass, as previously suggested
[5].
The landmark report of the Framingham study cohort [15] and
numerous other clinical and epidemiological studies [27] have con-
sistently shown that reduced HDL-C levels are associated with
increased cardiovascular risk. Modulation of the serum levels of
HDL-C had received attention as one of the targets to achieve fur-
ther reduction in cardiovascular risk [28]. Nevertheless, clinical tri-
als to test the hypothesis that raising HDL-C levels will result in
reduction of cardiovascular events have not been successful
[29,30]. As a result of methodological issues with previous clinical
trials, it has been suggested that additional studies are needed to
enhance the understanding of the effect of pharmacologic agents
on raising HDL-C levels and determine if HDL particle size and its
functionality contribute to cardiovascular risk and clinical out-
comes [28]. To the best of our knowledge, the association of pre-
heparin LPL mass and HDL particle size with its functionality in
T2DM has not been examined but provides an important area for
future investigation.

Findings from the current study, utilizing pre-heparin LPL mass,
may be translated to clinically useful information in several ways.
For instance, one area is in the evaluation and treatment of patients
with heterozygous LPL deficiency, given that the diagnosis and
determination of the prevalence of this disorder is difficult.
Heterozygous LPL deficiency is clinically important as it can lead
to an increased risk of ischemic heart disease [31]. The examina-
tion of pre-heparin LPL mass may shed light on the underlying
mechanisms that link adiponectin and HDL-C. It has been specu-
lated that adiponectin activates LPL through the peroxisome
proliferator-activated receptor gamma pathway, increasing the
concentration of LPL [6]. Indeed, lipases play a role in regulating
HDL-C levels [17]. Taken together, these relationships could
explain a potential mechanism connecting adiponectin to HDL-C
levels via the mediation of pre-heparin LPL mass. Further studies
are obviously required as neither path analysis nor the cross-
sectional design of this study allows for the determination of
cause-effect relationships.

An important strength to our study was the use of path analysis
to test for mediation. Conceptually, path analysis can be thought of
as an extension of multiple regression and is especially useful for
the analysis of complicated models, such as in our study [19]. This
study also has some potential limitations that deserve mention.
The sample size was relatively small. Nonetheless, the magnitude
of the standardized path coefficients would not be expected to
change with a larger sample, as the estimates of the coefficients
are not sample size dependent. HOMA-IR was used as a surrogate
index of insulin resistance. Although HOMA-IR is not the gold stan-
dard, it is a clinically useful measure employed in many studies.
Participants were using medications that could have influenced
adiponectin, pre-heparin LPL mass, and/or HDL-C. For example, thi-
azolidinediones could have increased adiponectin levels. It should
be noted, however, that there were no dose changes for antihyper-
tensive and antidiabetes medications or lipid lowering agents
2 months prior to enrollment. Covariates and confounders that
have not been measured in the current study such as physical
activity and abdominal adiposity could have affected the results
and their interpretation. Given that well designed studies may
have flaws, future studies should be designed to account for these
variables. In addition, the association between adiponectin, pre-
heparin LPL mass, and HDL-C should further be examined by using
pharmacological or genetic (knockout) models to provide addi-
tional information. To our knowledge these studies have not yet
been performed.

In summary, we demonstrated via path analysis that pre-
heparin LPL mass potentially mediates the relationship between
adiponectin and HDL-C in persons with T2DM. To our knowledge
the potential mediatory effect of pre-heparin LPL mass in this rela-
tionship found in the current study has not been shown before.
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While it still remains unclear if HDL-C qualifies as a target for ther-
apy in T2DM per se, other measures of HDL functionality and the
potential effect of adiponectin mediated pre-heparin LPL mass
pose important questions for future study.
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