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OBJECTIVEdIt is of vital importance to elucidate the triggering factors of obesity and type 2
diabetes to improve patient care. Bariatric surgery has been shown to prevent and even cure
diabetes, but the mechanism is unknown. Elevated levels of lipopolysaccharide (LPS) predict
incident diabetes, but the sources of LPS are not clariﬁed. The objective of the current study was
to evaluate the potential impact of plasma LPS on abdominal obesity and glycemic control in
subjects undergoing bariatric surgery.
RESEARCH DESIGN AND METHODSdThis was a prospective observational study
involving a consecutive sample of 49 obese subjects undergoing bariatric surgery and 17 controls. Main assessments were plasma LPS, HbA1c, adipose tissue volumes (computed tomography), and quantiﬁed bacterial DNA in adipose tissue compartments.
RESULTSdPlasma levels of LPS were elevated in obese individuals compared with controls
(P , 0.001) and were reduced after bariatric surgery (P = 0.010). LPS levels were closely correlated with HbA1c (r = 0.56; P = 0.001) and intra-abdominal fat volumes (r = 0.61; P , 0.001),
but only moderately correlated with subcutaneous fat volumes (r = 0.33; P = 0.038). Moreover,
there was a decreasing gradient (twofold) in bacterial DNA levels going from mesenteric via
omental to subcutaneous adipose tissue compartments (P = 0.041). Finally, reduced LPS levels
after bariatric surgery were directly correlated with a reduction in HbA1c (r = 0.85; P , 0.001).
CONCLUSIONSdOur ﬁndings support a hypothesis of translocated gut bacteria as a potential trigger of obesity and diabetes, and suggest that the antidiabetic effects of bariatric surgery
might be mechanistically linked to, and even the result of, a reduction in plasma levels of LPS.
Diabetes Care 36:3627–3632, 2013
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besity and type 2 diabetes are rapidly emerging as major public
health problems worldwide. This
growing pandemic is often associated with
other prevalent diseases, such as insulin
resistance, metabolic syndrome, and cardiovascular disease, which are disease
states that are potentially linked to chronic
low-grade inﬂammation (1). Obesity per
se facilitates a proinﬂammatory state,

characterized by increased levels of proinﬂammatory cytokines, and it has been
proposed that adipose tissue, particularly
intra-abdominal adipose tissue, might
be a major source of inﬂammation (2,3).
However, the triggering factors of adipose
tissue inﬂammation, obesity, and type 2
diabetes remain to be determined.
Interestingly, mesenteric fat, which is
localized in close proximity to the gut
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wall, in mice has been shown to express
higher levels of proinﬂammatory chemokines than other types of adipose tissue
(4). The gut ﬂora or microbiota contains
10-fold the number of cells and 150-times
the number of genes compared with the
human body and is currently being characterized in the Human Microbiome Project and in the MetaHIT program (5). An
altered gut microbiota has been linked to
several chronic disease states, including
obesity (6) and type 2 diabetes (7).
Translocation of gut microbiota, particularly endotoxins or lipopolysaccharides
(LPSs) on the surface of gram-negative
bacteria to the systemic circulation, has
been proposed to be an early trigger of
inﬂammation and obesity (8). Endotoxins
normally circulate at low levels in healthy
individuals (9), and 80–97% of circulating
endotoxin is bound to lipoproteins (10).
LPS promotes inﬂammation mainly by signaling through Toll-like receptor (TLR) 4
on macrophages, monocytes, and other
cells of the innate immune system, and
CD14 plays a central role by transferring
LPS to the TLR4 complex (11).
An increase in plasma LPS occurs in
healthy individuals after a high-fat meal
(12), whereas a chronic state of low-grade
endotoxemia as measured by plasma LPS
(8) or LPS-binding protein (13) is evident
in patients with obesity and insulin resistance. Furthermore, low-grade endotoxemia predicts incident diabetes, but the
sources of LPS are unknown because
LPS can translocate both from the oral
cavity and the gut (14). Interestingly,
in a mouse model, commensal gut bacteria translocate to mesenteric adipose tissue, initiating low-grade inﬂammation
before the onset of insulin resistance and
type 2 diabetes (15). To our knowledge,
these mechanisms have not been studied
in humans.
Bariatric surgery has been shown to
prevent and potentially cure diabetes
(16–18), but the mechanism is unknown.
We hypothesized that adipose tissue in
proximity to the gut would have a relatively higher quantity of bacterial DNA
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than other types of adipose tissue, that
circulating plasma LPS would be associated with the amount of intra-abdominal
adipose tissue and HbA1c, and that a reduction of LPS after bariatric surgery
would correlate with improved glycemic
control.

by telephone consultations concerning
eating habits and were encouraged to
perform physical activity according to
the Norwegian guidelines for treatment
of morbidly obese patients. The average
time period from baseline to operation was
12 weeks.

RESEARCH DESIGN AND
METHODS

Surgical methods
Two surgical methods were used for the
patients undergoing bariatric surgery.
Laparoscopic Roux-en-Y gastric bypass
was performed by a standardized procedure and used for patients with BMI
,50 kg/m2. This procedure included a
small ventricular pouch of 30 mL and a
bileopancreatic limb of 50 cm, with an
alimentary limb of 100 cm. For patients
with a BMI .50 kg/m2, duodenal switch
was performed by a standardized procedure that included a gastric sleeve using a
32-French probe to measure the diameter, an alimentary limb of 150 cm, and a
common channel of 100 cm. All operations were performed by two experienced
bariatric surgeons (19).
Adipose tissue biopsies were performed during the surgical procedure
using laparoscopic technique from the
mesenteric, omental, and subcutaneous
adipose tissue compartments. The biopsy
specimens were immediately transferred to
pyrogen-free limulus amebocyte lysate–
tested tubes (Nunc), stored on ice, and
snap-frozen at 2808C until analysis.

Patients and controls
Forty-nine obese individuals were included, and all the patients underwent
conservative and subsequent surgical
treatment at the Regional Centre for
Treatment of Morbid Obesity at Nordland
Hospital in Norway. The patients were
evaluated at three time points: at baseline,
preoperatively (after 3 months of lifestyle
intervention), and 1 year after bariatric
surgery. In addition, 17 individuals with
BMI #28 kg/m2 undergoing elective laparoscopic procedures (cholecystectomy
or fundoplication) were included as controls at baseline. Baseline characteristics
are given in Table 1.
Patients with abdominal diameter
.50 cm were excluded from attending
computed tomography (CT) scan because
of the diameter of the CT scanner. Hence,
24 obese patients and 17 controls were
evaluated with CT scan and were included in the correlation analyses at baseline (Supplementary Fig. 1). The study
was performed in accordance with the
Helsinki Declaration and approved by
the ethics committee (Regional Ethics
Committee of Northern Norway), and
written informed consent was obtained
of all participants.
Preoperative lifestyle intervention
All patients had to undergo lifestyle
changes, resulting in a minimum of 10%
excess weight loss preoperatively. The patients received repeated personal guidance

Quantiﬁcation of adipose tissue
volumes
For both the obese patients (if eligible)
and the control group, preoperative CT
scans were performed on a Siemens Sensation 4 Slice CT scanner (Siemens AG)
using validated methods (20). The scans
were performed at 120 kV and 250 mA,
and the subjects were examined in the
supine position with their arms stretched
above their head.

Table 1dBaseline characteristics of obese subjects and controls

Female:male, n
Age, years
Smoking, n/total
Diabetes, n/total
BMI, kg/m2
Cholesterol, mmol/L
Triglycerides, mmol/L
HbA1c, %:mmol/L

Obese (n = 49)

Controls (n = 17)

34:15
42.9 (9.2)
10/49
16/49
45.1 (7.3)
5.12 (1.09)
2.08 (2.54)
6.49 (1.12):47 (12.2)

12:5
48.1 (14.9)
2/17
1/17
25.3 (2.1)
5.53 (0.93)
1.05 (0.30)
5.55 (0.21):37 (2.3)

Data are presented as mean (SD) or n unless otherwise speciﬁed.
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To minimize the amount of radiation, a
CT volume scan with a slice thickness of
10 mm was performed at only one site in
women at the level 5 cm above the L4/L5
intervertebral space and in men 10 cm
above the L4/L5 level. The attenuation
interval for adipose tissue calculations was
230 to 2190 Hounsﬁeld units.
Subcutaneous and intra-abdominal
fat compartments were calculated using a
Leonardo work station. The subcutaneous
and intra-abdominal (including mesenteric
and omental) adipose tissue compartments were manually traced, and the inner
abdominal muscular wall separated the
compartments. All CT scans were examined by the same radiologist at the end of
the study.
Analysis of circulating LPS and
soluble CD14
Fasting blood samples were collected
with standard venipuncture. Serum levels
of triglycerides and HDL cholesterol were
analyzed in the hospital routine laboratory on the day the serum was obtained.
LPS and soluble CD14 were determined
in EDTA plasma, which was stored at
2708C until analysis in batch.
LPS was analyzed by limulus amebocyte lysate colorimetric assay (Lonza,
Walkersville, MD) according to the manufacturer’s instructions, with the following modiﬁcations: samples were diluted
10-fold to avoid interference with background color and preheated to 688C for
12 min before analysis to dissolve immune complexes as previously described
(21). Soluble CD14 (R&D, Minneapolis,
MN) was analyzed by ELISA according to
the manufacturer’s instructions.
To minimize the interassay and intraassay variability, samples from baseline,
preoperative, and postoperative evaluations as well as from controls were analyzed
in the same run, and all samples were run
in duplicates. Our intra-assay coefﬁcient
of variation was ,5% and the interassay
coefﬁcient of variation was ,10% for LPS
and soluble CD14, respectively.
Quantiﬁcation of bacterial load in
adipose tissue
Approximately 0.5 g adipose tissue was
excised from the biopsy samples after
thawing in a Petri dish and transferred
to MagNA Lyser Green Beads tubes (Roche).
Each tube was homogenized with 600 mL
STAR Buffer (Roche), processed twice at
6,000 rpm for 40 s, and rested on ice for
40 s. The lysates were centrifuged at
3,500 rpm for 5 min.
care.diabetesjournals.org
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From the recovered supernatant in
each tube, 250 mL was further lysed in
250 mL lysis buffer and 20 mL proteinase,
and then incubated for 10 min at 558C.
Finally, 400 mL proteinase lysate from
each well were transferred to a KingFisher
96-deep-well plate. DNA was subsequently puriﬁed on the KingFisher Flex
Robot using the LGC Genomics mag
maxi DNA extraction kit.
The quantiﬁcation of the bacterial
load was achieved using quantitative
PCR targeting generally conserved regions of the gene encoding small subunit
ribosomal RNA, as previously described
(22), using primers and probe modiﬁed
from Nadkarni et al. (23). The ratio between bacterial and human DNA was used
as a measure of the bacterial load. Each
sample was ampliﬁed using 1, 2, and
5 mL templates, respectively. A high DNA
yield and low levels of inhibition were obtained from the fat tissue samples, ensuring
reliable quantiﬁcation of bacterial DNA.
The bacterial load was estimated as
the amount of bacteria relative to fat
tissue, as determined by the amount of
DNA. We used the following formula in
the estimation: bacterial load = 2ct value
bacterial DNA * (log10 of ampliﬁcation
efﬁciency) 2 log10 (nanogram total DNA).

Plasma LPS, but not soluble CD14, was
reduced 1 year after bariatric surgery compared with baseline (P = 0.010) and preoperative evaluations (P = 0.013). However, no
reduction in LPS levels was observed from
baseline to preoperative evaluation after a
period of lifestyle intervention (Fig. 1).
Correlations between LPS levels,
HbA1c, adipose tissue volumes, and
cardiometabolic risk factors
At baseline, plasma levels of LPS were
closely correlated with HbA1c (r = 0.56;
P = 0.001). There was a close correlation
between LPS levels and intra-abdominal
fat volumes (r = 0.61; P , 0.001) (Fig. 2),
whereas the correlation with subcutaneous fat was moderate (r = 0.33; P = 0.038).
Furthermore, plasma LPS was positively
correlated with several cardiometabolic
risk factors, including fasting triglycerides
(r = 0.52; P = 0.001), systolic blood pressure
(r = 0.40; P = 0.009), and BMI (r = 0.37; P =
0.017), and was negatively correlated with
HDL cholesterol (r = 20.43; P = 0.006).
Correlation between reduced LPS
levels and HbA1c after bariatric
surgery
When comparing changes in LPS levels
from baseline to 1-year follow-up after

bariatric surgery, there was a direct correlation between reduced levels (d values)
of LPS and improved glycemic control as
measured by HbA1c (r = 0.85; P , 0.001).
There also was a close correlation between a
reduction in LPS levels and fasting triglycerides (r = 0.76; P , 0.001), but not with the
other cardiometabolic risk factors (BMI,
HDL cholesterol, blood pressure).
Bacterial load in adipose tissue
compartments
Based on the higher correlation between
circulating LPS and intra-abdominal fat
volumes as compared with subcutaneous
adipose tissue volumes, we hypothesized
that adipose tissue in proximity to the gut
would have a relatively higher quantity of
bacterial DNA. There was a statistically
signiﬁcant decreasing trend in bacterial
loads when comparing bacterial DNA in
mesenteric, omental, and subcutaneous adipose tissue biopsy specimens, respectively
(Fig. 3). The relative difference in bacterial
load between mesenteric and subcutaneous
adipose tissue was ;0.3 log, or twofold.
CONCLUSIONSdIn this study, we
investigated the potential impact of translocated commensal gut bacteria on abdominal obesity, glycemic control, and

Statistics
Differences between obese patients and
controls were evaluated with a paired t
test or Mann-Whitney U test, as appropriate. Wilcoxon test for paired observations
was used to evaluate changes from baseline compared with preoperative and
postoperative evaluations. Correlation
analyses were performed using Spearman
r or the Pearson correlation, as appropriate.
ANOVA was used for multiple comparisons of bacterial load in the various strata
of adipose tissue. A two-tailed signiﬁcance
level of 0.05 was used. The statistical analyses were performed with SPSS software
(version 19.0; SPSS, Chicago, IL).
RESULTS
Baseline characteristics
Baseline characteristics of the patients are
provided in Table 1.
Plasma levels of LPS and soluble
CD14 at baseline and effect of bariatric
surgery
At baseline, plasma levels of LPS (Fig. 1)
and soluble CD14 (Supplementary Fig. 2)
were signiﬁcantly elevated in obese subjects compared with controls.
care.diabetesjournals.org

Figure 1dReduced LPS levels after bariatric surgery. Plasma levels of LPS in controls (n = 17),
obese subjects (n = 49) at baseline, obese subjects preoperatively, and obese subjects at 1 year
postoperatively. Data are presented as medians (25–75 percentiles). Outliers (○) were deﬁned by
SPSS software.
DIABETES CARE, VOLUME 36, NOVEMBER 2013
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Figure 2dCorrelation between LPS levels and
intra-abdominal fat. Spearman correlation
between plasma LPS and the volume of intraabdominal fat at baseline. C, obese; ○,
controls.

the antidiabetic effects of bariatric surgery.
The signiﬁcant associations between adipose tissue volumes and low-grade endotoxemia are novel ﬁndings. Although ﬁrm
conclusions about possible causation cannot be drawn, the close correlation between intra-abdominal adipose tissue and
plasma LPS supports a model of translocated gut microbiota to the surrounding
adipose tissue with subsequent trigging of
macrophage inﬁltration, inﬂammation,
and development of obesity (8,24).

Conversely, the association between
endotoxemia and subcutaneous adipose
tissue was only moderate. Hence, we
hypothesized the presence of a “microbial
gradient” from the gut lumen to intraabdominal and subcutaneous fat that
could explain the increased proinﬂammatory activity in the adipose tissue surrounding the gut (4). The decreasing
bacterial loads when comparing mesenteric, omental, and subcutaneous fat are
novel ﬁndings in humans and are well in
line with recent results from a mouse
model in which gut bacteria were found
in mesenteric adipose tissue before the
onset of insulin resistance and type 2 diabetes (15). However, our data give no
direct evidence that these bacteria are
translocated from the gut or contribute
to the obese phenotype of the patients.
Hence, future studies including fecal microbiota analyses or functional intestinal
permeability tests (25) are warranted to
determine whether translocation of commensal gut bacteria contributes to abdominal obesity in humans.
Bariatric surgery promotes remission
of diabetes mellitus and improved glycemic control compared with medical intervention (17), but the mechanisms are
unknown. Based on recent ﬁndings of

Figure 3dBacterial load in adipose tissue compartments. Relative amount of bacterial DNA
(bacterial load 5 2ct value bacterial DNA * (log10 of ampliﬁcation efﬁciency) 2 log10
(nanogram total DNA)) in mesenteric, omental, and subcutaneous adipose tissue in obese patients
at baseline. Data are presented as mean (95% CI).
3630
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LPS as a potential trigger of diabetes
(14), we hypothesized that reduced LPS
levels would be correlated with improved
glycemic control. Our ﬁndings are in line
with a recent report of reduced LPS and
inﬂammatory stress after Roux-en-Y gastric bypass surgery (26). The close correlation between reduced LPS and HbA1c in
our study even suggests that reduced microbial translocation might be mechanistically linked to the antidiabetic effect of
bariatric surgery.
Notably, there was no reduction in
plasma LPS levels after the period of
lifestyle intervention before surgery, suggesting that bariatric surgery is needed to
reduce endotoxemia in this patient group.
The mechanism by which bariatric surgery reduces LPS levels is unknown.
Because the reduction in LPS was not
correlated with a reduction in BMI, factors beyond weight loss per se are likely to
be involved. It recently was shown that
patients who lost weight after Roux-en-Y
gastric bypass experienced changes in gut
microbiota that were negatively correlated
with energy intake and obesity (27). Interestingly, transplantation of healthy microbiota from lean patients improved insulin
sensitivity in subjects with the metabolic
syndrome (28).
Two hypotheses have been proposed
to explain the increased systemic LPS
levels associated with obesity (29). First,
LPS reaches the circulation because the
gut is more permeable in obesity (25). A
recent study showed that increased gut
permeability is associated with mesenteric fat inﬂammation and metabolic dysfunction in obese mice (30). Second, LPS
can be cotransported over the gut wall
together with dietary fat by incorporation
in triglyceride-rich chylomicrons (31).
The latter explanation ﬁts well with
the close correlation between fasting triglycerides and plasma LPS found in our
study. Elevated plasma LPS levels recently
have been reported to be closely associated with components of the metabolic
syndrome, particularly elevated fasting
triglycerides (14). Of note, high-fat meals
increase circulating endotoxins in parallel
with increased postprandial hypertriglyceridemia (12). Moreover, a high-fat,
high-carbohydrate meal increased plasma
levels of not only LPS but also LPS-binding
protein, TLR4 expression, reactive oxygen
species generation, and proinﬂammatory
markers (32), an effect that was prevented
by intake of fresh orange juice (33).
Although association studies do not
prove causation, several mechanistic
care.diabetesjournals.org
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studies from animal models provide evidence that an altered gut microbiota and
translocation of LPS could be early triggers of obesity, insulin resistance, and
diabetes. First, long-term infusion of endotoxin is sufﬁcient to initiate obesity and
insulin resistance in mice, an effect that is
almost abolished in CD14 knockout mice
(8). This metabolic endotoxemia is likely
to be associated with alterations of the gut
microbiota, because antibiotic treatment
reduced cecal and systemic LPS levels in
parallel with reduced glucose intolerance
and fat mass development (34). Furthermore, translocation of LPS might promote obesity by cross talk with the liver
via the portal vein (35), or by interference
with the endocannabinoid system to
promote adipogenesis (36). Moreover,
colonization of germ-free mice with
Escherichia coli is sufﬁcient to augment
adipose tissue inﬂammation (37), and
gut bacteria are present in mesenteric adipose tissue before the onset of insulin
resistance and type 2 diabetes (15). Interestingly, LPS-producing Enterobacter
cloacae isolated from a morbidly obese
patient recently was shown to trigger obesity and insulin resistance in germ-free
mice (38).
Our study has several limitations. The
lack of biopsy specimens and lack of
quantiﬁcation of adipose tissue volumes
during postoperative evaluation limit our
ability to link a reduction in intra-abdominal
fat volume or bacterial load to a reduction
in endotoxemia. Moreover, the imbalance
between female and male participants
could be of signiﬁcance, because the gut
microbiota differs between diabetic mice
of different sexes (39). Finally, it should
be acknowledged that the median BMI of
the control group is overweight per deﬁnition (.25 kg/m2), and that cholecystolitiasis has been proposed to be associated
with altered gut barrier (40). Thus, the
difference in plasma LPS between obese
and controls in our study is likely to be
an underestimate. It also should be noted
that the limited sample size increases the
risk of statistical type II errors, whereas
type I errors are less likely. Hence, the
strong and signiﬁcant correlations between
plasma LPS and intra-abdominal fat volumes as well as HbA1c are likely to be reliable. Our study also has several
strengths, including the prospective longitudinal design, the presence of a control
group, and quantiﬁcation of adipose tissue
volumes, as well as availability of biopsy
samples from relevant adipose tissue
compartments in a human model.
care.diabetesjournals.org

In conclusion, plasma levels of LPS
were closely correlated with HbA1c and
intra-abdominal adipose tissue volume,
there was an increasing bacterial content
in adipose tissue compartments with increasing proximity to the gut, and reduced LPS levels after bariatric surgery
were associated with improved glycemic
control. Our ﬁndings support a hypothesis
of low-grade endotoxemia as a potential
trigger of obesity-related complications
and diabetes. Furthermore, our results suggest that the antidiabetic effects of bariatric
surgery might be mechanistically linked to,
and may even be a result of, a reduction in
systemic LPS levels. Future studies should
investigate strategies to decrease microbial
translocation to prevent obesity-related
complications and type 2 diabetes.
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