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Low systemic plasma adiponectin concentrations are associatedwith abnormalities in hepatic
glucose and lipoprotein metabolism in obese people. However, the relationship between the
delivery of adiponectin to the liver via the portal vein and hepatic glucose and lipoprotein
metabolism is not known. We examined the relationship between hepatic substrate
metabolism (glucose rate of appearance into plasma and hepatic very low-density
lipoprotein [VLDL]–triglyceride [TG] and VLDL–apolipoprotein B-100 [apoB-100] secretion
rates, determined by using stable isotope-labeled tracer techniques) and portal vein
adiponectin concentration, in 8 insulin-resistant, extremely obese subjects (body mass
index, 65 ± 7 kg/m2). Portal vein adiponectin concentrationwas inversely associatedwith basal
glucose rate of appearance (r = −0.820, P = .013) and VLDL-TG (r = −0.823, P = .012) and VLDL–
apoB-100 (r = −0.787, P = .020) secretion rates. Very similar correlationswere obtained for radial
artery adiponectin as a result of a mirroring relationship between portal and arterial
adiponectin concentrations (r = 0.899, P = .002) and the absence of significant arteriovenous
concentration differences (P = .570). Insulin resistance, assessed with the homeostasis model
assessment score, was also strongly associated with hepatic glucose and lipid metabolic
parameters, as well as with adiponectin concentrations in the portal vein and radial artery.
These results suggest that adiponectin delivery to the liver, whether via the portal or the
systemic circulation, may be an important regulator of basal hepatic glucose, VLDL-TG, and
VLDL–apoB-100 production rates in obese people, possibly through direct effects on the liver or
changes in hepatic insulin sensitivity. However, portal vein adiponectin does not appear to be
superior to arterial adiponectin as a marker of hepatic metabolic dysregulation. Additional
studies are needed to elucidate the mechanism(s) responsible for the strong association we
observed between adiponectin and hepatic substrate metabolism.
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1. Introduction

Adiponectin is the most abundant secretory protein produced
by adipose tissue [1]. Although plasma concentrations of most
adipocyte hormones increase with increasing adiposity,
adipose tissue adiponectin gene expression and plasma
concentration decrease with increased body fat and increase
after weight loss [2-8]. Adiponectin gene expression is similar
in subcutaneous upper and lower body fat depots [3] but is
lower in visceral than in subcutaneous adipose tissue [9,10];
adiponectin secretion from subcutaneous and especially
visceral fat is reduced with increasing adiposity [11].

Low plasma adiponectin concentrations are associated
with several obesity-related metabolic abnormalities, includ-
ing increased fasting plasma glucose, total plasma triglyceride
(TG), very low-density lipoprotein (VLDL)–TG, and VLDL–
apolipoprotein B-100 (apoB-100) concentrations [7,12-15].
These data suggest that adiponectin influences liver metab-
olism because basal hepatic glucose and VLDL production are
important determinants of plasma glucose and TG concen-
trations. Moreover, data from studies conducted in animal
models and in isolated human hepatocytes demonstrate that
adiponectin is directly involved in the regulation of hepatic
glucose and lipid metabolism. Adiponectin decreases post-
absorptive hepatic glucose output, stimulates hepatic fatty
acid oxidation, suppresses the expression of enzymes in-
volved in hepatic gluconeogenesis and lipogenesis, lowers
hepatocyte apoB-100 messenger RNA, inhibits apoB-100
release, and reduces intrahepatic TG content [16-22].

As themajority (∼80%) of blood flow to the liver is delivered
via the portal vein [23] and adiponectin secretion is lower
from visceral than subcutaneous fat [9,10], it is likely that
systemic plasma adiponectin concentrations do not accu-
rately reflect the delivery of adiponectin to the liver. The
purpose of the present study was therefore to evaluate the
relationship between the delivery of adiponectin to the liver
and hepatic glucose and lipoprotein metabolism. Portal vein
and radial artery plasma adiponectin concentrations, hepatic
glucose production rate, and hepatic VLDL-TG and VLDL–
apoB-100 secretion rates were determined in subjects with
extreme obesity, who had large amounts of visceral fat. We
hypothesized that portal vein adiponectin concentration
would be inversely correlated with hepatic glucose and
lipoprotein production.
2. Methods

2.1. Subjects

Eight extremely obese subjects (6 premenopausal women
and 2 men; body mass index [BMI], 65 ± 7 kg/m2; weight, 181 ±
22 kg; age, 40 ± 10 years), who were scheduled to undergo
gastric bypass surgery at Barnes-Jewish Hospital, St Louis, MO,
participated in this study. Subjects completed a comprehen-
sive medical evaluation that included a detailed history and
physical examination, routine blood tests, and a 12-lead
electrocardiogram. All subjects had evidence of insulin
resistance, based on either a history of type 2 diabetesmellitus
or a high homeostasis model assessment of insulin resistance
(HOMA-IR) score; however, none were taking diabetes medi-
cations at the time of the study. Subjects were excluded if they
had any history or evidence of liver disease other than
nonalcoholic fatty liver disease, had fasting hypertriglycer-
idemia (≥200 mg/dL), or were taking medications known to
cause hepatic steatosis or liver damage or to affect carbohy-
drate or lipid metabolism. All subjects gave their written,
informed consent before participating in this study, which
was approved by the Human Research Protection Office of
Washington University School of Medicine in St Louis, MO.

2.2. Experimental protocol

Each subject completed a 12-hour isotope tracer infusion
study to assess glucose, VLDL-TG, and VLDL–apoB-100 kinet-
ics 2 days before gastric bypass surgery. Subjects were
admitted to the Clinical Research Unit at Washington
University School of Medicine in the evening before the
study and consumed a standard meal between 7:00 PM and
8:00 PM. The following morning, after subjects fasted over-
night, a catheter was inserted into a forearm vein to
administer stable isotopically labeled tracers. A second
catheter was inserted into a contralateral hand vein, which
was heated to 55°C with a thermostatically controlled box, to
obtain arterialized blood samples. At 6:00 AM, a bolus of
[1,1,2,3,3-2H5]glycerol was injected; and primed, constant
infusions of [5,5,5-2H3]leucine, [2,2-2H2]palmitate, and
[6,6-2H2]glucose were initiated to determine hepatic VLDL-
TG, VLDL–apoB-100, and glucose production rates as described
previously [24-26].

Two days after the isotope tracer infusion study was
completed, subjects underwent Roux-en-Y gastric bypass
surgery. Surgery was performed in themorning, after subjects
fasted overnight. During the operation, blood samples were
obtained simultaneously from the radial artery and the portal
vein before gastric stapling was initiated. No subject was
prescribed a weight loss diet before surgery.

2.3. Sample analyses

Plasma glucose concentration was measured by using an
automated glucose analyzer (Yellow Spring Instruments,
Yellow Springs, OH). Plasma VLDL-TG and VLDL–apoB-100
concentrations were measured by using commercially avail-
able enzymatic (Sigma Chemical, St Louis, MO) and immuno-
turbidimetric (Wako Chemicals, Richmond, VA) kits,
respectively, as previously described [27]. The immunoturbi-
dimetric assay, which is typically used for measuring total
plasma apoB-100 concentration, was modified to provide a
reliable measure of VLDL–apoB-100 concentration (limit of
detection = 0.6 mg/dL; analytical coefficient of variation [CV] =
3.5%). For validation purposes, we compared VLDL–apoB-100
concentration assessed by using the modified immunoturbi-
dimetric assay after ultracentrifugation with the VLDL particle
concentration in whole plasma without ultracentrifugation
assessed by proton nuclear magnetic resonance spectroscopy
(LipoScience, Raleigh, NC) in 55 subjects (36 women and
19 men; BMI, 18.5-44.5 kg/m2), and found excellent agreement
between the 2 procedures (means ± SD, 49.5 ± 18.3 nmol VLDL–



Table 1 – Metabolic variables in the study subjects

Radial artery Portal vein P value

Glucose (mg/dL)a 103 (82-130) – –
HOMA-IR score 11.2 (4.4-18) – –
VLDL-TG (mmol/L) 0.44 (0.19-0.70) – –
VLDL–apoB-100 (mg/L) 27.4 (14.1-40.8) – –
Insulin (μU/mL)a 21.8 (10.9-43.5) 48.4 (28.9-81.2) .020
Adiponectin (μg/mL)a 9.6 (5.5-16.6) 9.0 (5.0-16.1) .570
IL-6 (pg/mL)b 15.7 (10.7-48.3) 33.8 (13.5-56.3) .050
TNF-α (pg/mL) 1.63 (1.09-2.17) 1.70 (1.20-2.20) .777

Data are means and 95% confidence intervals, except for IL-6 for
which medians and quartiles are shown.
a Logarithmically transformed for analysis with Student paired
t test.
b Data could not be normalized after logarithmic transformation,
and hence analysis was done with Wilcoxon signed ranks test.
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apoB-100 per liter plasma from immunoturbidimetry vs 50.9 ±
15.6 nmol VLDL particles per liter plasma from nuclear
magnetic resonance spectroscopy, respectively; Pearson r =
0.784). Plasma insulin (intraassay CV = 2.2%-2.4%) and
adiponectin (intraassay CV = 1.8%-6.2%) concentrations were
measured by using radioimmunoassay kits (Linco Research,
St Louis, MO). The adiponectin assay uses 125I-labeled murine
adiponectin and a multispecies adiponectin rabbit antiserum
to determine the level of adiponectin in plasma by the double
antibody/polyethylene glycol technique in conjunction with
adiponectin standards prepared by using recombinant human
adiponectin. The concentrations of tumor necrosis factor–α
(TNF-α; intraassay CV = 3.1%-8.5%) and interleukin 6 (IL-6;
intraassay CV = 6.9%-7.8%) in plasma were measured with
high-sensitivity immunoassays (R&D Systems, Minneapolis,
MN). The tracer-to-tracee ratios (TTRs) of plasma glucose,
glycerol, palmitate, leucine, glycerol, and palmitate in VLDL-
TG and leucine in VLDL–apoB-100 were determined by using
gas chromatography–mass spectrometry (Agilent Technolo-
gies/HP 6890 Series GC System& 5973 Mass Selective Detector;
Hewlett-Packard, Palo Alto, CA) as previously described
[24-26]. Paired samples from the portal vein and radial artery
from all subjects were analyzed in a single run to eliminate
interassay variability.

2.4. Calculations

Glucose rate of appearance (Ra) in plasma was calculated
by dividing the glucose tracer infusion rate by the average
plasma glucose TTR during physiological and isotopic
steady-state conditions; basal glucose Ra provides an index
of glucose production by the liver [28].

Hepatic VLDL-TG and VLDL–apoB-100 secretion rates were
calculated by multiplying VLDL-TG and VLDL–apoB-100 frac-
tional turnover rates by plasma VLDL-TG and VLDL–apoB-100
concentrations. The fractional turnover rates of VLDL-TG and
VLDL–apoB-100 and the proportion of fatty acids in VLDL-TG
that were derived from systemic plasma free fatty acids (FFA)
and nonsystemic fatty acids (originating from nonsystemic
sources that are not labeled with tracer during the infusion
period, including lipolysis of visceral and intrahepatic TG and
hepatic de novo lipogenesis) were determined independently
by fitting the glycerol (for VLDL-TG), leucine (for VLDL–apoB-
100), and palmitate (for systemic/nonsystemic fatty acids)
TTRs in plasma and in VLDL to multicompartmental models
that describe the time courses of plasma tracers and their
incorporation into VLDL-TG and VLDL–apoB-100 [26,27,29].
The model for bolused glycerol tracer features 2 tracer
incorporation pathways: a fast direct pathway and a slower
indirect pathway that accounts for tracer incorporation into
and recycling from hepatic lipid stores that turn over and
contribute labeled glycerol to VLDL-TG production after the
glycerol tracer has disappeared from plasma. The models for
constantly infused palmitate and leucine tracers feature a
single direct incorporation pathway into VLDL-TG and VLDL–
apoB-100, respectively, because 2 tracer incorporation path-
ways cannot be adequately resolved.

The HOMA-IR score was calculated from fasting plasma
glucose and insulin concentrations [30] to provide an estimate
of insulin resistance.
2.5. Statistical analyses

All data sets were tested for normality according to the
Shapiro-Wilk procedure; variables that were not normally
distributed were log-transformed for analysis. A 2-tailed
Student t test for paired samples was used to evaluate
differences between portal vein and radial artery plasma
adiponectin, insulin, and TNF-α concentrations. Data for IL-6
could not be normalized even after logarithmic transforma-
tion and were therefore analyzed by using Wilcoxon signed
ranks test. Pearson correlation analysis (Spearman correlation
analysis for IL-6) and stepwise multiple regression analyses
were used to examine associations between variables of
interest. Descriptive characteristics are presented as means
and 95% confidence intervals (medians and quartiles for IL-6).
A P value < .05 was considered statistically significant.
3. Results

Plasma substrate concentrations during the isotope tracer
infusion study and arterial and portal vein plasma adiponec-
tin, cytokine, and insulin concentrations obtained during
surgery are shown in Table 1. Plasma insulin and IL-6
concentrations were more than 2-fold greater in the portal
vein than in the radial artery, whereas plasma adiponectin
and TNF-α concentrations were not different. Adiponectin
concentration in the portal vein correlated directly with its
concentration in the radial artery (Fig. 1).

Portal vein adiponectin concentrationwas inversely correlat-
edwith basal glucose Ra (Fig. 2) and hepatic VLDL-TG and VLDL–
apoB-100 secretion rates, and tended to correlate negativelywith
the proportion of VLDL-TG derived fromnonsystemic fatty acids
(and, accordingly, positively with the proportion of VLDL-TG
derived from systemic plasma FFA) (Fig. 3). Radial artery
adiponectin concentration did not correlate significantly with
hepatic VLDL–apoB-100 secretion rate, but was inversely associ-
ated with basal glucose Ra, hepatic VLDL-TG secretion rate, and
the proportion of VLDL-TG derived fromnonsystemic fatty acids
(Figs. 2 and 3). Neither portal nor arterial concentrations of IL-6
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Fig. 1 – Relationship between adiponectin concentration in
the radial artery and portal vein. Data are log-transformed.
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(all P values ≥ .16) and TNF-α (all P values ≥ .40) were significantly
associated with hepatic glucose and lipoprotein kinetics.

Portal and arterial adiponectin concentrations correlated
negatively with the HOMA-IR score (r = −0.833, P = .010 for
portal adiponectin; r = −0.966, P < 0.001 for arterial adiponec-
tin). In addition, HOMA-IR correlated directly with basal
glucose Ra (r = 0.775, P = .024), total VLDL-TG secretion rate
(r = 0.817, P = .013), and the proportion of VLDL-TG derived
from nonsystemic fatty acids (r = 0.848, P = .008), but not with
VLDL–apoB-100 secretion rate (r = 0.446, P = .268).

Multivariate stepwise regression analyses were performed
separately with portal and arterial plasma adiponectin
concentrations as predictors, which also included sex, age,
BMI, HOMA-IR score, and portal and arterial plasma insulin
concentrations among the independent variables. In the
model with portal vein adiponectin, adiponectin concentra-
tion was the only significant independent determinant of
basal glucose Ra, hepatic VLDL-TG secretion rate, and hepatic
VLDL–apoB-100 secretion rate, whereas in the model with
arterial plasma adiponectin, adiponectin concentration was
not an independent determinant of hepatic glucose and
lipoprotein kinetics (Table 2).
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Fig. 2 – Relationship between adiponectin concentration in the
plasma. Data for adiponectin concentrations are log-transformed
4. Discussion

Adiponectin concentration is reduced in obesity and is
inversely associated with insulin resistance, glucose intoler-
ance, ectopic fat deposition, and dyslipidemia [13]. These
abnormalities are reversible by adiponectin treatment in
animals, implying that this adipokine is causally linked to
the metabolic complications of obesity [16-22]. We hypothe-
sized that adiponectin concentration in the portal vein
influences hepatic glucose and lipoprotein metabolism be-
cause the portal vein is responsible for the majority of blood
flow to the liver [23] and adiponectin expression in visceral fat,
which drains into the portal vein, is lower than adiponectin
expression in abdominal subcutaneous fat [9,10]. The results
from the present study demonstrate that portal vein adipo-
nectin concentration is inversely associated with hepatic
glucose production and VLDL-TG and VLDL–apoB-100 secre-
tion rates in extremely obese subjects, who presumably have
large amounts of visceral fat. However, we also found that
arterial adiponectin concentration was inversely associated
with hepatic glucose production, VLDL-TG secretion, and the
contribution of nonsystemic fatty acids to total VLDL-TG
production. These findings suggest that adiponectin delivery
to the liver, derived from both visceral and subcutaneous
adipose tissue, is involved in the regulation of hepatic glucose
and lipoprotein metabolism in obese people.

Adiponectin acts on the liver by binding to 2 cell surface
receptors, AdipoR1 and AdipoR2 [31]; each isoform likely
mediates different metabolic actions of the adipokine on
hepatic glucose and lipid metabolism. Binding to AdipoR1
activates AMP-activated protein kinase and leads to suppres-
sion of gluconeogenesis and hepatic glucose production,
whereas binding to AdipoR2 activates peroxisome prolifera-
tor-activated receptor–α signaling pathways and leads to
stimulation of hepatic fatty acid oxidation and reduction of
intrahepatic TG content [32]. Both receptors have been
identified in human liver [33], although information regarding
receptor density and distribution is lacking. Therefore, these
pathways represent potentialmechanisms for direct effects of
adiponectin on the liver, which could explain the strong
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.
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Fig. 3 – Relationships between adiponectin concentration in the radial artery (left) and portal vein (right) and hepatic VLDL-TG
secretion rate (top), the proportion of VLDL-TG derived from nonsystemic plasma fatty acids (middle), and VLDL–apoB-100
secretion rate (bottom). Data for adiponectin concentrations and VLDL-TG secretion rate are log-transformed.
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correlations we found between portal vein and radial artery
adiponectin and metabolic function.

We found that portal vein and radial arterial adiponectin
concentrations correlated negativelywith basal glucose Ra, an
index of glucose production by the liver, consistent with the
observations that adiponectin suppresses the expression of
gluconeogenic genes, reduces postabsorptive hepatic glucose
output, and lowers fasting blood glucose concentrations in
animals [16-18]. These effects are likely mediated by activa-
tion of AMP kinase in the liver [32] resulting in sensitization to
the effects of insulin in the basal state, that is, at submaximal
plasma insulin concentrations [16]. Previous studies in human
subjects with nonalcoholic fatty liver disease [34] and type 2
diabetes mellitus [35] have demonstrated a similar inverse
relationship between systemic adiponectin concentration and
hepatic glucose production assessed by using the euglycemic-
hyperinsulinemic clamp procedure.

Adiponectin concentration in the portal vein was nega-
tively associated with the secretion of VLDL-TG and VLDL–
apoB-100 (which is an index of the number of VLDL particles
secreted) by the liver, whereas adiponectin concentration in
the radial artery correlated inversely with the secretion of



Table 2 – Predictors of hepatic glucose and lipid kinetics in multiple linear regression analyses

Dependent variable Model with arterial
adiponectin

Model with portal adiponectin

Predictors Estimates Predictors Estimates

Basal glucose Ra HOMA-IR score R2 = 60.1%
F = 9.0
P = .024

Portal adiponectina R2 = 67.3%
F = 12.3
P = .013

VLDL-TG secretion ratea HOMA-IR score R2 = 66.8%,
F = 12.1
P = .013

Portal adiponectina R2 = 67.7%
F = 12.6
P = .012

Proportion of VLDL-TG from nonsystemic fatty acids HOMA-IR score R2 = 72.0%
F = 15.4
P = .008

HOMA-IR score R2 = 72.0%
F = 15.4
P = .008

VLDL–apoB-100 secretion rate None – Portal adiponectina R2 = 61.9%
F = 9.8
P = .020

Beside portal or arterial adiponectin concentration, the regression models also included sex, age, BMI, HOMA score, and portal and arterial
plasma insulin concentrations among the independent variables.
a Logarithmically transformed for analysis.
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VLDL-TG and with the relative contribution of nonsystemic
fatty acids (ie, fatty acids derived from lipolysis of visceral and
intrahepatic TG stores and de novo lipogenesis) to total VLDL-
TG production. Portal venous adiponectin concentration
tended to correlate with the relative contribution of non-
systemic fatty acids to total VLDL-TG production, whereas
arterial adiponectin concentration did not significantly corre-
late with VLDL–apoB-100 secretion, possibly because of
outlying data in one subject. Adiponectin lowers hepatic
apoB-100 messenger RNA levels in transgenic animals [21],
inhibits the release of apoB-100 from human hepatocytes [20],
stimulates hepatic fatty acid oxidation, suppresses the
expression of lipogenic genes, and reduces intrahepatic TG
content [19,22,32]. These data, in conjunction with the results
from our study, suggest that adiponectin decreases the
secretion of VLDL particles and reduces intrahepatic fatty
acid availability for VLDL-TG synthesis, particularly from
nonsystemic sources of fatty acids. Our findings provide a
metabolic explanation for the presence of low adiponectin
and increased VLDL-TG and VLDL–apoB-100 concentrations in
obese people [12-14]. However, our data are not consistent
with the results from 2 earlier studies, which reported no
significant associations between systemic adiponectin con-
centration and VLDL-TG and VLDL–apoB-100 secretion rates,
and found positive correlations between adiponectin concen-
tration and both VLDL-TG and VLDL–apoB-100 fractional
catabolic rates [36,37]. The reasons for the differences between
our study and previous reports are not clear, but could be due
to differences in participant BMI and sex, which influence
adiponectin concentrations [2,38,39] and VLDL-TG and VLDL–
apoB-100 kinetics [40,41].

Portal and arterial adiponectin concentrations were not
different in our study subjects, and we previously found no
portal venous-radial arterial differences in the relative
amounts of circulating adiponectin complexes (ie, low and
high molecular weight), which have different biological
activity [42]. Furthermore, we found a strong correlation
between the concentrations of adiponectin in the portal vein
and radial artery, with a slope of 0.85. Therefore, it is possible
that the stronger numerical correlation we observed between
portal than arterial adiponectin concentration and metabolic
kinetics could be due to random variability in our small group
of subjects. Nonetheless, our data suggest that the contribu-
tion of visceral fat to portal vein adiponectin is small
compared with adiponectin derived from subcutaneous fat,
which is released into the systemic circulation and delivered
to the portal vein through the splanchnic system, analogous
to the relative contributions of FFA derived from visceral and
subcutaneous adipose tissue lipolysis to portal vein FFA
[23,43]. Consistent with this notion, data from a study
conducted in 783 subjects found that subcutaneous rather
than visceral adipose tissue determined plasma adiponectin
concentration [44].

Our study has several important limitations. First, adipo-
nectin concentrations and endogenous substrate kinetics
were measured almost 2 days apart. However, short-term
intraindividual variability in fasting plasma adiponectin
concentration [45] and basal lipid kinetics [24,46] is moder-
ately low, ranging from about 10% to about 15%. Second,
arterial and portal venous blood samples were obtained while
subjects were under general anesthesia, which could have
affected plasma adiponectin concentrations. However, even if
there were such a surgery-induced effect, this would likely
manifest as a leftward or rightward shift rather than a change
in slope of the observed relationships. Third, our subjectswere
extremely obese (BMI >50 kg/m2) with large amounts of
visceral fat; so our results might not apply to lean people or
those with class I and II obesity. Fourth, although our study
demonstrated a strong correlation between both portal vein
and radial artery adiponectin concentrations and hepatic
substrate metabolism, we cannot determine whether this is
simply an association or a causal relationship. Finally, our
data cannot reliably distinguish the effects of adiponectin
from HOMA-IR, which is primarily a marker of hepatic insulin
sensitivity [47], on our metabolic outcome measures. We
found strong correlations between HOMA-IR and both hepatic
glucose and lipoprotein kinetics, and an intercorrelation
among HOMA-IR and adiponectin concentrations in the portal
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vein and radial artery. The independent importance of each
factor by using standard statistical techniques (ie, multiple
regression analyses) cannot be determined in our small group
of subjects. Accordingly, we cannot ascertain whether the
observed relationships between adiponectin and hepatic
metabolic variables resulted from direct effects of adiponectin
on the liver or were due to adiponectin-induced changes in
hepatic insulin sensitivity.

In summary, the results from the present study support
the notion that hepatic delivery of adiponectin, derived from
both visceral and subcutaneous fat depots, is involved in the
regulation of basal hepatic glucose, VLDL-TG, and VLDL–apoB-
100 production rates in obese people, possibly through direct
effects on the liver or changes in hepatic insulin sensitivity.
Additional studies are needed to determine whether this
association represents a true cause-and-effect relationship.
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