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Abstract
Context: Glucose-dependent insulinotropic peptide (GIP) and meal ingestion increase subcutaneous adipose tissue (SAT) perfusion in healthy
individuals. The effects of GIP and a meal on visceral adipose tissue (VAT) perfusion are unclear.
Objective: Our aim was to investigate the effects of meal and GIP on VAT and SAT perfusion in obese individuals with type 2 diabetes mellitus
(T2DM) before and after bariatric surgery.
Methods: We recruited 10 obese individuals with T2DM scheduled for bariatric surgery and 10 control individuals. Participants were studied
under 2 stimulations: meal ingestion and GIP infusion. SAT and VAT perfusion was measured using 15O-H2O positron emission tomography–magnetic resonance imaging at 3 time points: baseline, 20 minutes, and 50 minutes after the start of stimulation. Obese individuals were studied
before and after bariatric surgery.
Results: Before bariatric surgery the responses of SAT perfusion to meal (P = .04) and GIP-infusion (P = .002) were blunted in the obese participants compared to controls. VAT perfusion response did not differ between obese and control individuals after a meal or GIP infusion. After
bariatric surgery SAT perfusion response to a meal was similar to that of controls. SAT perfusion response to GIP administration remained lower
in the operated-on than control participants. There was no change in VAT perfusion response after bariatric surgery.
Conclusion: The vasodilating effects of GIP and meal are blunted in SAT but not in VAT in obese individuals with T2DM. Bariatric surgery improves the effects of a meal on SAT perfusion, but not the effects of GIP. Postprandial increase in SAT perfusion after bariatric surgery seems to
be regulated in a GIP-independent manner.
Key Words: adipose tissue, bariatric surgery, blood flow, positron emission tomography, type 2 diabetes, glucose-dependent insulinotropic polypeptide
Abbreviations: AT, adipose tissue; AUC, area under the curve; BMI, body mass index; GIP, glucose-dependent insulinotropic peptide; GLP-1, glucagon-like
peptide-1; HOMA-IR, homeostatic model assessment of insulin resistance; MRI, magnetic resonance imaging; PET, positron emission tomography; SAT, subcutaneous adipose tissue; T2DM, type 2 diabetes mellitus; TGs, triglycerides; VAT, visceral adipose tissue.

The responses of adipose tissue (AT) to natural cues or challenges, such as eating, and related gastrointestinal hormones
are not thoroughly understood in obesity. The normal physiological response of AT to meal ingestion is the uptake of nutrients and storing of triglycerides (TGs) in intracellular lipid
droplet(s). In obesity, insulin resistance of AT is one major
factor contributing to unbalanced insulin response, and furthermore in type 2 diabetes mellitus (T2DM), AT becomes a
sink of glucose: Increasing fat mass can compensate for reduced glucose uptake per mass of AT (1).
Bariatric surgery is an effective way to achieve rapid
and sustained weight loss (2). In addition, weight loss after
bariatric surgery is related to improved glucose homeostasis,
insulin sensitivity, and a healthier circulatory lipid profile.
Bariatric surgery has been shown to cause remission from

T2DM, prevent development of future T2DM, and reduce
cardiovascular complications (3, 4).
Glucose-dependent insulinotropic peptide (GIP) is an
incretin hormone produced by K cells in the proximal small
intestine, and it is released in response to the ingestion of a
meal containing either glucose or fat (5). Furthermore, GIP
causes a glucose-dependent increase in insulin secretion (6).
GIP increases subcutaneous adipose tissue (SAT) blood
flow in the presence of insulin (7). This response is blunted in
obesity and partially normalized after weight loss (8, 9). GIP
has been shown in animal studies to have an important role
in regulating lipoprotein lipase and increasing systematic TG
clearance (10). Different AT depots have distinct responses to
hormonal stimulation, and they have been shown to react differently to weight loss (11, 12). Visceral adipose tissue (VAT) is
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Materials and Methods
This is part of the GIP-PET study (ClinicalTrials.gov number
NCT01880827) described previously (25-27). Briefly, 10
morbidly obese individuals scheduled for bariatric surgery
(Roux-en-Y gastric bypass or vertical sleeve gastrectomy,
n = 5 in each group) and 10 healthy control individuals were
recruited. All study participants were nonsmokers, while all
morbidly obese patients had T2DM. A washout period was
designated for drugs to eliminate any effects on the study
(24 hours for antihypertensives, 72 hours for antidiabetic
drugs, except for long-acting glucagon-like peptide-1 [GLP1] receptor agonists: 10 weeks). All participants underwent
2 different imaging experiments in randomized order on
different days. Participants underwent imaging in the supine position with a combined positron emission tomography–magnetic resonance imaging (PET/MRI) scanner
to investigate the changes in AT blood flow after a mixed
meal or during GIP infusion (Fig. 1). In the mixed-meal
procedure, participants ingested a 250-kcal (40 g carbohydrates, 6 g fat, 9 g protein) liquid meal (Nutridrink,
Nutricia Advanced Medical Nutrition) in 10 minutes. The
dose was selected to enable the ingestion of the meal in a
10-minute time frame during the scanning episodes (25).
During the GIP-infusion procedure, participants received a
constant infusion of GIP1-42 (Bachem Holding AG), initially at a rate of 4.0 pmol/kg/min. After 15 minutes, the
rate was reduced to 2.0 pmol/kg/min with the intention to
reproduce the GIP excursion seen after ingesting a mixed
meal (28). Blood flow of the AT depots was measured using
a 15O-H2O PET radiotracer. After a baseline 15O-H2O PET
scan of the abdominal region, the scan was repeated 20 and
50 minutes after meal ingestion and in another scanning
session during GIP infusion. During the scanning sessions
plasma levels of glucose, insulin, GIP, and GLP-1 were measured at time points 0, 15, 30, 45, 60, and 90 minutes. The

morbidly obese participants were scanned before bariatric
surgery and the same protocol was repeated approximately
2 months (75 ± 25 days, mean ± SD) after surgery.

Imaging
PET scans were performed using a Philips Ingenuity combined PET/MRI scanner (Philips Healthcare).
Tissue-specific perfusion was quantified with an intravenous injection of 15O-H2O (radiowater), and a dynamic
emission scan of the abdominal region was performed.
Radiowater was produced using the Hidex Radiowater
Generator (Hidex Oy). Tissue-specific perfusion was calculated using the 1-tissue compartment model, a method based
on the principle of exchange of inert gas between blood and
tissues. Input functions were derived from the images by
drawing a volume of interest in the abdominal aorta. Analysis
of PET images was conducted using Carimas software (Turku
PET Centre) (29, 30).
The study protocol was reviewed by the local ethical
committee of the Hospital District of Southwest Finland,
and the study was carried out according to the principles
of the Declaration of Helsinki and Good Clinical Practice
guidelines. Written informed consent was signed by all
study participants before any study procedures and inclusion in the study.

Biochemical Analyses
Plasma GLP-1 was measured by an enzyme-linked immunosorbent assay (Millipore catalog No. EZGLPHS35K, RRID:AB 2884907) as was plasma GIP (Millipore
catalog
No.
EZHGIP-54K,
RRID:AB_2801401).
Electrochemiluminescence immunoassays were used to
measure plasma insulin (Roche catalog No. 12017547,
RRID:AB_2756877) and C-peptide concentrations (Roche
catalog No. 03184897, RRID:AB_2909476).

Statistics
Comparison of means was performed with 2-way t test, analysis of variance, or Wilcoxon rank sum test. Associations
between variables were calculated using the Pearson or
Spearman rank sum test. Changes over time and between
groups were tested with repeated-measures analyses using
linear mixed models, and the Tukey-Kramer method was used
to adjust the P values of pairwise comparisons. P less than .05
was considered statistically significant. Data are presented as
mean ± SD. Normality of distribution was checked visually
together with the Shapiro-Wilk test of normality and Q-Q
plot. For changes in AT blood flow, mean difference of basal
SAT blood flow 0.8 (0.4 SD) were reported by Asmar et al
(8) after conventional weight loss, and using these results a
sample size of 5 pairs would be needed for 80% power and
5% level of significance (2-sided). Statistical analyses were
performed using IBM SPSS Statistics (version 25) or SAS JMP
Pro 25.

Calculations
Insulin sensitivity is expressed as homeostatic model assessment of insulin resistance (HOMA-IR) and 2-hour oral glucose sensitivity index (31).
AT volumes were calculated by measuring SAT and VAT
from a single MRI slice at the level of L3, and calculating total
SAT and VAT mass using predictive equations by Schweitzer
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a more metabolically active adipose depot and has been more
strongly associated with obesity-related complications, such
as T2DM, than SAT (13-18). Subsequent to bariatric surgery
the volume of SAT is reduced more in comparison with VAT
(19-22). However, there is still a gap in our understanding of
how the tissue-specific metabolism of SAT and VAT is affected
by bariatric surgery–induced weight loss, particularly under
stimulatory conditions. Increased understanding of these processes is warranted and may provide physiological insights
into the mechanism of AT shrinkage after bariatric surgery.
The blood flow of AT depots represents the functional metabolic capacity of the AT as well as an ability of the tissue to
mobilize free fatty acids in the lipolytic state (11, 23). Since
adequate blood flow influences TG delivery to the adipocytes,
the regulation of whole-body lipid metabolism is also dependent on AT hemodynamics (24). This study was designed
to elucidate the physiological hemodynamic responses of SAT
and VAT depots after meal ingestion and after the administration of exogenous GIP in obese individuals with T2DM,
as well as the effects of rapid weight loss caused by bariatric
surgery. Healthy control individuals were studied for comparison with the responses of obese participants. We hypothesized that weight loss after bariatric surgery would restore the
metabolic capacity, in terms of blood flow, of SAT and VAT in
response to meal ingestion and/or GIP infusion.
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et al (32). AT volumes were measured with a semiautomated
method using Carimas software (Turku PET Centre).

between obese individuals and controls in VAT blood flow
over time in response to GIP infusion (P = .051, interaction
time × group) (Fig. 2D).

Results

Changes in Tissue Blood Flow After
Bariatric Surgery

General characteristics of the study individuals are provided
in Table 1. The characteristics and metabolic health status of
the participants have been previously reported (25, 26).
Baseline blood flow measurements, without stimulation,
of SAT (6.25 ± 5.07 vs 5.3 ± 2.08 mL/100 g/min; P = .62)
and VAT (12.12 ± 6.24 vs 10.45 ± 5.78 mL/100 g/min) were
similar between control and obese participants (P = .55;
Fig. 2).
A mixed meal did not increase SAT blood flow significantly
in 20 minutes in obese participants (P = .46), but in control
individuals there was a significant increase from baseline
(P < .05) (Fig. 2A). After 50 minutes there was a significant
change in SAT blood flow from baseline in obese individuals
(P < .01) as well as controls (P < .05), suggesting a delayed
response in obesity (Fig. 2A).
Change of SAT blood flow over time after a mixed meal
was blunted in obese participants compared to controls
(P < .05, interaction time × group). Interestingly, blood flow
over time of VAT after the mixed meal was similar between
obese and control participants (P = .23, interaction time ×
group; Fig. 2B).
GIP infusion had increased SAT blood flow from baseline
after 20 minutes in control (P < .01) and obese (P < .01) participants before surgery (Fig. 2C). VAT blood flow was also
increased 20 minutes after GIP infusion in controls (P < .001)
and obese individuals (P < .001; Fig. 2D). The effects of
GIP infusion remained until 50 minutes, and SAT and VAT
blood flow were both still increased from baseline in controls
(P < .001 and P < .001 for SAT and VAT, respectively) and
in obese participants (P < .05 and P < .05 for SAT and VAT,
respectively).
Even though SAT blood flow was increased by GIP infusion in all groups, change of SAT blood flow over time was
blunted in obese individuals compared to controls (P < .01,
interaction time × group; see Fig. 2C). However, there was
only a trend but not a statistically significant difference

After bariatric surgery, obese patients had lost weight (Δ
body mass index [BMI] –5.64 ± 1.7, P < .01) and insulin sensitivity and glucose homeostasis had improved (HOMA-IR
from 5.8 ± 3.4 to 3.1 ± 1.9 fraction; P < .01, fasting plasma
glucose: 6.53 ± 1.09 to 5.64 ± 0.72 mmol/L; P < .05, fasting
insulin: 19.4 ± 9.35 to 12.2 ± 7.13 mIU/L; P < .05). Bariatric
surgery reduced SAT mass by 7.62 ± 3.02 kg, and VAT mass
was reduced by 1.56 ± 0.86 kg. SAT and VAT mass both remained higher in obese individuals after bariatric surgery
compared to controls (see Table 1).
After bariatric surgery baseline (0 minutes) SAT blood
flow was not significantly different between control and
obese individuals (6.25 ± 5.07 vs 3.67 ± 1.63 mL/100 g/
min; P = .17) as was VAT blood flow (12.12 ± 6.24 vs
8.52 ± 3.58 mL/100 g/min; P = .16). Likewise, there was
no statistically significant change in unstimulated SAT
(5.3 ± 2.08 vs 3.67 ± 1.63 mL/100 g/min; P = .08) or VAT
(10.45 ± 5.78 vs 8.52 ± 3.58 mL/100 g/min; P = .16) blood
flow after bariatric surgery compared with measurements before surgery.
In obese patients after bariatric surgery, SAT blood flow response to a meal resembled the response of controls (P = .46,
interaction time × group, after surgery vs controls) (see Fig.
2A). VAT response to a mixed meal over time did not further improve in response to bariatric surgery. SAT blood flow
at 20 minutes after a meal increased from baseline in obese
participants after surgery (P < .01), along with an increase in
VAT blood flow (P < .01) (Fig. 2B). Similarly, at 50 minutes
after a meal SAT (P < .05) and VAT (P < .01) blood flow were
elevated compared to baseline.
After bariatric surgery, GIP infusion increased SAT blood
flow from baseline at 20 minutes (P < .01) and at 50 minutes (P < .05) (see Fig. 2C). After surgery GIP infusion also
increased VAT blood flow at 20 minutes (P < .01) and at 50
minutes (P < .01) (see Fig. 2D) in obese individuals.
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Figure 1. Timeline of the study protocol. All participants were scanned after an overnight fast. All participants were first scanned with magnetic
resonance imaging (MRI), followed by 3 positron emission tomography (PET) scans using 15O-H2O at 3 time points: baseline, 20 minutes, and 50
minutes after stimulation by meal ingestion or glucose-dependent insulinotropic peptide (GIP) infusion. GIP infusion was started at 4 pmol/kg/min and
halved after 15 minutes to mimic physiological concentrations of GIP after meal.

The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 7

1933

Table 1. Anthropometric measurements of study participants before and after bariatric surgery and control individuals

Age, y

Controls

Before
surgery

After
surgery

Controls vs
before surgery

Controls vs
after surgery

Before vs
after surgery

Mean (SD)

Mean (SD)

Mean (SD)

P

P

P

No., male/female

46 (9.41)

51.7 (7.01)

52.3 (6.73)

Height, cm

10 (2/8)

10 (2/8)

10 (2/8)

Weight, kg

.03

.02

.005

167.7 (12.9)

167.5 (13.0)

.50

.47

.09

63.7 (13.7)

114.6 (18.9)

98.0 (16.3)

< .001

< .001

< .001

Waist, cm

23.1 (2.4)

40.8 (5.9)

35.2 (6.3)

< .001

< .001

< .001

Hip, cm

80.7 (10.1)

121.1 (7.6)

109.6 (9.7)

< .001

< .001

.001

Fat, %

95.5 (5.3)

127.3 (8.7)

115.2 (8.2)

< .001

< .001

< .001

SAT mass, kg

25.6 (5.9)

46.0 (9.7)

40.9 (13.5)

< .001

.001

.007

VAT mass, kg

14.7 (3.7)

39.7 (6.6)

32.0 (8.4)

< .001

< .001

<.001

Plasma glucose, mmol/L

1.6 (0.6)

6.4 (1.4)

4.9 (1.3)

< .001

< .001

<.001

Plasma insulin, mIU/L

5.1 (0.4)

6.5 (1.1)

5.7 (0.7)

< .001

.02

.008

Plasma C-peptide, nmol/L

4.5 (2.1)

19.4 (9.4)

12.2 (7.1)

< .001

.001

.03

0.52 (0.15)

1.22 (0.30)

1.00 (0.37)

< .001

< .001

.03

Cholesterol, mmol/L

1.0 (0.5)

5.9 (3.4)

3.1 (1.9)

< .001

.001

.02

Triglycerides, mmol/L

4.8 (1.1)

4.5 (1.4)

3.7 (0.9)

.51

.01

.01

HDL, mmol/L

0.8 (0.4)

1.9 (0.7)

1.1 (0.5)

< .001

.08

.005

LDL, mmol/L

1.9 (0.5)

1.2 (0.3)

1.3 (0.4)

.002

.005

.59

HbA1c, mmol/mol

2.6 (0.8)

2.4 (1.1)

1.9 (0.7)

.67

.05

.06

Age, y

32 (3.6)

30 (4.0)

36 (2.8)

< .001

.009

.01

HOMA-IR

Data are presented as mean (SD). Unpaired Student’s t test for Control vs Before Surgery and Control vs After Surgery comparisons. Paired Student’s t test
used for Before Surgery vs After Surgery comparisons.
Abbreviations: BMI, body mass index; HbA1c, glycated hemoglobin A1c; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of
insulin resistance; LDL, low-density lipoprotein; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

SAT blood flow over time after GIP infusion was higher in
controls compared with obese patients after surgery (P < .05,
interaction time × group) (see Fig. 2C). Change of VAT blood
flow over time did not differ between controls and obese
participants after a mixed meal (P = .49, interaction time ×
group) (see Fig. 2B) or GIP infusion (P = .57, interaction time
× group) (see Fig. 2D).
There was no difference is SAT or VAT blood between the
bariatric surgery groups (Roux-en-Y gastric bypass vs vertical
sleeve gastrectomy) after a mixed meal or GIP infusion for
time × group interaction.

Changes in Glucose, Insulin, and Incretin Levels in
Response to a Mixed Meal and Glucose-dependent
Insulinotropic Peptide Infusion
We measured changes in plasma glucose, insulin, and incretin
(GIP and GLP-1) levels during scanning. These results of glucose, insulin, GIP, and GLP-1 concentrations have been previously reported (25, 26) and are presented in Fig. 3.
After meal stimulation, control and presurgery participants showed an increase of plasma glucose at the 45-minute sample time, whereas postsurgery patients’ more robust
plasma glucose response was seen already 15 minutes after
the meal (Fig. 3A). Similarly, insulin response after surgery
was increased and seen already 15 minutes after the meal (Fig.
3B). Plasma GIP concentrations increased in all individuals
after a meal, with a more pronounced increase from baseline in obese patients after surgery (Fig. 3C). Interestingly, we
found a significant increase of GLP-1 after a meal in obese

individuals after surgery, but not in controls or obese participants before surgery (Fig. 3D).
During GIP infusion plasma glucose levels of obese individuals before surgery decreased from baseline, whereas
no change was seen in controls or obese participants after
surgery (Fig. 3E). Plasma insulin increased in all groups 15
minutes after the start of GIP infusion (Fig. 3F). As expected,
plasma GIP levels increased in all groups (Fig. 3G); however,
we did not see significant changes in plasma GLP-1 levels
during GIP infusion in any group (Fig. 3H).
Before surgery we found a strong negative correlation
during GIP infusion with SAT blood flow area under the
curve (AUC) and plasma insulin AUC (rho = –0.83, P < .01)
and a positive association between SAT blood flow AUC and
plasma glucose AUC (rho = 0.73, P < .05) during GIP stimulation, as shown in Supplementary Fig. 1 (33). We found no correlations between SAT or VAT blood flow AUC with any of
these parameters during mixed-meal testing before bariatric
surgery.
After bariatric surgery, the association between plasma
insulin AUC and SAT blood flow AUC during GIP infusion were reversed and we found a positive association
(rho = 0.905, P < .001; see Supplementary Fig. 1) (33).
There was also a positive association between SAT blood
flow AUC and plasma C-peptide AUC (rho = 0.91, P < .01)
during GIP infusion. During mixed-meal stimulation a
strong association between SAT blood flow AUC and
plasma GIP AUC (rho = 0.954, P < .001; see Supplementary
Fig. 1) was found (33).
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In control individuals VAT blood flow AUC correlated with
plasma GLP-1 AUC (rho = 0.833, P < .01) during mixed-meal
testing.

Discussion
Here we show that meal- and GIP-stimulated SAT blood flow
is blunted in obese individuals. Furthermore, the meal-induced
SAT blood flow was improved 2 months after bariatric surgery. On the other hand, the response to GIP infusion remained unchanged. The responses to meal and GIP infusion
in VAT were similar between lean controls and obese participants before surgery, and no change was seen after bariatric
surgery in VAT blood flow under stimulation.
GIP has been shown to increase AT blood flow in the presence of insulin (7), the response being blunted in obesity, possibly due to insulin resistance. We did not find a normalization
of AT blood flow after surgery in SAT or VAT during GIP infusion, although insulin sensitivity was indeed enhanced. Weight
loss induced by caloric restriction may partially normalize
SAT blood flow (8), although variable results exist (34). The
study by Viljanen et al (34) used a 6-week very low-calorie
diet, and SAT and VAT blood flow both were decreased. The

study by Asmar and colleagues (8) used a 12-week weight
loss program followed by a 4-week weight-maintenance diet.
Participants were leaner than in the present study, and weight
loss was not as prominent. However, one may speculate that
we would also see a similar result in GIP-induced increase
of AT blood flow with a longer follow-up time. At the time
of our follow-up measurements, the average weight loss was
17 kg. All participants were still obese and still losing weight
at the 2-month follow-up time point. However, we found
improved glycemia and 7 out of 10 individuals with T2DM
were in remission. Interestingly, we found a strong negative
correlation between plasma insulin AUC and SAT blood flow
AUC measured during the GIP infusion in obese individuals
before surgery, which would indicate a blunted sensitivity to
vasostimulatory effects of GIP. Other studies have used the
hyperinsulinemic euglycemic clamp technique at the same
time as infusion of GIP (8, 12); however, in this study our participants were in a fasting state. Since insulin plays a role in
the function of GIP, this might have an effect on the response
seen in the fasting state (7). After surgery plasma insulin AUC
and SAT blood flow AUC measured during GIP infusion were
positively associated, as would be expected. While we saw
this change in associations, the increase of SAT blood flow
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Figure 2. Subcutaneous adipose tissue and visceral adipose tissue blood flow at baseline, 20 minutes, and 50 minutes after a mixed meal or start of
glucose-dependent insulinotropic peptide (GIP) infusion. Statistical comparison was performed using linear mixed models, and Tukey-Kramer method
was used to adjust the P values of pairwise comparisons. Asterisk indicates a statistically significant difference from baseline (P < .05). Control n = 10,
before surgery mixed meal n = 10, after surgery mixed meal n = 9, before surgery GIP infusion n = 9, after surgery GIP-infusion n = 9.
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Figure 3. Changes caused by mixed meal stimulation and glucose-dependent insulinotropic peptide (GIP) infusion on plasma glucose, insulin, GIP, and
glucagon-like peptide-1 (GLP-1) concentrations in controls and obese individuals before and after bariatric surgery. Data are presented as mean (SD).
Asterisk indicates change from baseline (P < .05).

after GIP infusion seen in control participants did not occur
in obese participants even after bariatric surgery. It seems that
the blunted effects of GIP on SAT blood flow remain after

bariatric surgery. In VAT we found an increase in blood flow
similar to that in control individuals after GIP infusion, and
no further improvement with bariatric surgery.
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the results seen here could reflect the effects of rerouting of
the gastrointestinal tract more than weight loss. Rerouting the
gastrointestinal tract causes nutrients to enter the gut faster,
and increased blood flow of the pancreas and intestine improve to adjust for increased nutrient absorption and glucose
delivery to and insulin delivery from the pancreatic islets (25,
26, 42). Meal ingestion increases liver, pancreatic, and jejunal
blood flow after bariatric surgery, but bariatric surgery does
not alter splanchnic or liver blood flow responses to GIP infusion (25, 26). This is in line with our present results, and it
seems that GIP by itself does not play a major role in changes
seen after bariatric surgery.
A strength of this study is the ability to measure blood flow
in SAT and VAT under nonstimulated and stimulated conditions both in lean and obese individuals—as well as before
and after bariatric surgery–induced weight loss. However,
this study has some limitations. The follow-up time of this
study was relatively short: The mixed-meal test was repeated
on average 69 days and the GIP infusion test 80 days after
bariatric surgery. Since the obese participants were still in
the process of rapid weight loss, it is possible that more pronounced changes in AT blood flow could be found later after
surgery. We also observed no difference in VAT blood flow
between controls and obese individuals, as well as no difference between SAT or VAT blood flow at baseline between
controls and obese participants, which could be due to high
interindividual variation. Whether the changes are more dependent on changes in insulin sensitivity and glucose homeostasis or weight loss is not obvious. It should be noted that
while AT blood flow is linked to glucose uptake and influx
and outflux of fatty acids in AT, blood flow does not directly
measure the substrate metabolism of AT.
In conclusion, obese individuals with T2DM have a blunted
response to mixed-meal ingestion and GIP infusion in SAT.
After bariatric surgery SAT blood flow response to a meal improves and resembles the response of healthy controls; however, no improvement was seen in response to GIP infusion.
Interestingly these same changes are not seen in VAT: There
was no difference between controls and obese participants
either after meal ingestion or GIP infusion. After bariatric
surgery VAT blood flow increased more rapidly after mixedmeal ingestion, but overall remained the same as before surgery. This emphasizes the higher metabolic activity of VAT, as
blood flow remains more sensitive to stimulation by a meal
or GIP even in obesity compared with SAT. It seems that the
vasodilative effects of GIP are blunted in SAT but not VAT,
and that the improved meal response seen in SAT could be
mediated via regulators other than GIP.
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While the response to GIP infusion remained blunted in
SAT, there was a positive relationship between SAT blood
flow AUC and plasma GIP AUC during mixed-meal testing
after bariatric surgery, suggesting that GIP does have a role
in SAT blood flow regulation in the postprandial state. Since
GIP infusion did not elicit an increase of SAT blood flow in
obese patients after surgery, as it did in control participants,
the meal-induced increase of SAT blood flow may be more
strongly regulated by some other vasodilators in obese individuals after bariatric surgery, possibly GLP-1. GLP-1 does
have vasodilative effects in AT in healthy humans (35). Here
we saw an increased GLP-1 release in response to a mixed
meal after bariatric surgery, a response much more robust
than in control individuals. Besides vasodilative effects, increased secretion of GLP-1 after bariatric surgery has been
previously reported and it is possible that it plays a role in
reduced food intake after bariatric surgery by affecting appetitive drive and food reward (36, 37). Then again, GLP-1 AUC
was associated with VAT blood flow AUC measured after a
mixed meal in control participants, but there was no association in the obese group before or after surgery, or associations with SAT blood flow.
VAT is a more metabolically active adipose depot, and it
has been more strongly associated with obesity-related complications than SAT (13, 17, 18). Here we found improvement
of SAT blood flow in response to a meal, and no change in
VAT blood flow over time in response to a meal or a GIP infusion after bariatric surgery. However, the VAT blood flow
response to a mixed meal was more rapid after bariatric surgery. It seems that VAT blood flow response to a meal and
GIP remains more sensitive in T2DM individuals compared
to SAT. The difference between obese and control participants before surgery in VAT blood flow during GIP infusion
was not significant, but there was a tendency (P = .051). It
has been shown that SAT is reduced more by volume after
bariatric surgery, but a larger portion of VAT is reduced, and
the reductions are mutually associated (19-22). It has been
shown that obese individuals’ SAT blood flow is reduced, and
SAT blood flow increases after conventional weight loss (34,
38, 39). In a study by Dadson et al (40), VAT was more metabolically active compared to SAT in obese individuals in a
fasting state, and VAT adipocyte cell volume was lower compared to SAT. They also reported lower SAT and VAT perfusion values in T2DM and obese participants compared to
healthy controls. Here we did not find a significant difference
at baseline between controls and T2DM individuals, possibly
because of interindividual variation, especially in the control
group. However, when perfusion was not expressed as per
mass (mL/min/100 g tissue), but rather as per cell number,
they did not find a difference between lean and T2DM or
obese individuals’ SAT or VAT blood flow. It is possible that
the metabolic function of VAT is retained in obesity and
T2DM because adipocyte hypertrophy is not as prominent
in VAT compared to SAT (40, 41). The improvement in SAT
blood flow after bariatric surgery in our present study may
not be entirely explained by weight loss; we found no associations between AT depot mass and perfusion, nor did we see
any associations between changes in AT mass and perfusion
after bariatric surgery. Our follow-up time point at 2 months
may be too short to find the ultimate changes both in SAT and
VAT depots, and further follow-up time points should be included in future studies. While the follow-up time was short,

The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 7

Georg C. Ehrnrooth Foundation, and the Diabetes Research
Foundation. Work at Lund University was supported by
the Swedish Research Council (project grant Nos. 5212010-3490 and 521-2012-2119 and a Linnaeus Centre of
Excellence grant No. 2006-237), the Academy of Finland
(grant Nos. 263401 [FiDiPro] and 267882 to L.G.), the
Påhlsson Foundation, the Crafoord Foundation, the Swedish
Diabetes Foundation, the Diabetes Wellness Network Sweden
Foundation, and a European Research Council Advanced
Researcher grant GENETARGET-T2D (No. GA-269045 to
L.G.).

The authors have nothing to disclose.

Clinical Trial Information
ClinicalTrials.gov registration number: NCT01880827 (registered June 13, 2013).

Data Availability
Some or all data sets generated during and/or analyzed during
the present study are not publicly available but are available
from the corresponding author on reasonable request.

References
1. Virtanen KA, Iozzo P, Hällsten K, et al. Increased fat mass compensates for insulin resistance in abdominal obesity and type
2 diabetes: a positron-emitting tomography study. Diabetes.
2005;54(9):2720-2726.
2. Buchwald H, Estok R, Fahrbach K, et al. Weight and type 2 diabetes after bariatric surgery: systematic review and meta-analysis.
Am J Med. 2009;122(3):248-256.e5.
3. Adams TD, Davidson LE, Litwin SE, et al. Health benefits of gastric
bypass surgery after 6 years. JAMA. 2012;308(11):1122-1131.
4. Adams TD, Davidson LE, Litwin SE, et al. Weight and metabolic outcomes 12 years after gastric bypass. N Engl J Med.
2017;377(12):1143-1155.
5. Drucker DJ. The biology of incretin hormones. Cell Metab.
2006;3(3):153-165.
6. Kim W, Egan JM. The role of incretins in glucose homeostasis and
diabetes treatment. Pharmacol Rev. 2008;60(4):470-512.
7. Asmar M, Simonsen L, Asmar A, Holst JJ, Dela F, Bülow J. Insulin
plays a permissive role for the vasoactive effect of GIP regulating
adipose tissue metabolism in humans. J Clin Endocrinol Metab.
2016;101(8):3155-3162.
8. Asmar M, Arngrim N, Simonsen L, et al. The blunted effect of
glucose-dependent insulinotropic polypeptide in subcutaneous
abdominal adipose tissue in obese subjects is partly reversed by
weight loss. Nutr Diabetes. 2016;6(5):e208.
9. Nauck MA, Meier JJ. Incretin hormones: their role in health and
disease. Diabetes Obes Metab. 2018;20(Suppl 1):5-21.
10. Thondam SK, Cuthbertson DJ, Wilding JPH. The influence of
glucose-dependent insulinotropic polypeptide (GIP) on human adipose tissue and fat metabolism: implications for obesity, type 2
diabetes and non-alcoholic fatty liver disease (NAFLD). Peptides.
2020;125:170208.
11. Frayn KN, Karpe F. Regulation of human subcutaneous adipose
tissue blood flow. Int J Obes (Lond). 2014;38(8):1019-1026.
12. Asmar M, Simonsen L, Arngrim N, Holst JJ, Dela F, Bülow J.
Glucose-dependent insulinotropic polypeptide has impaired effect
on abdominal, subcutaneous adipose tissue metabolism in obese
subjects. Int J Obes (Lond). 2014;38(2):259-265.

13. Gallagher D, Kelley DE, Yim JE, et al; MRI Ancillary Study Group
of the Look AHEAD Research Group. Adipose tissue distribution
is different in type 2 diabetes. Am J Clin Nutr. 2009;89(3):807-814.
14. Ibrahim MM. Subcutaneous and visceral adipose tissue: structural
and functional differences. Obes Rev. 2010;11(1):11-18.
15. Fox CS, Massaro JM, Hoffmann U, et al. Abdominal visceral and
subcutaneous adipose tissue compartments: association with metabolic risk factors in the Framingham Heart Study. Circulation.
2007;116(1):39-48.
16. Després JP, Lemieux I. Abdominal obesity and metabolic syndrome.
Nature. 2006;444(7121):881-887.
17. Cinti S. The adipose organ. Prostaglandins Leukot Essent Fatty
Acids. 2005;73(1):9-15.
18. Virtanen KA, Lönnroth P, Parkkola R, et al. Glucose uptake and
perfusion in subcutaneous and visceral adipose tissue during insulin stimulation in nonobese and obese humans. J Clin Endocrinol
Metab. 2002;87(8):3902-3910.
19. Toro-Ramos T, Goodpaster BH, Janumala I, et al. Continued
loss in visceral and intermuscular adipose tissue in weight-stable
women following bariatric surgery. Obesity (Silver Spring).
2015;23(1):62-69.
20. Bazzocchi A, Ponti F, Cariani S, et al. Visceral fat and body composition changes in a female population after RYGBP: a two-year
follow-up by DXA. Obes Surg. 2015;25(3):443-451.
21. Guiducci L, Grönroos T, Järvisalo MJ, et al. Biodistribution of the
fatty acid analogue 18F-FTHA: plasma and tissue partitioning between lipid pools during fasting and hyperinsulinemia. J Nucl Med.
2007;48(3):455-462.
22. Merlotti C, Ceriani V, Morabito A, Pontiroli AE. Subcutaneous fat
loss is greater than visceral fat loss with diet and exercise, weightloss promoting drugs and bariatric surgery: a critical review and
meta-analysis. Int J Obes (Lond). 2017;41(5):672-682.
23. Samra JS, Simpson EJ, Clark ML, et al. Effects of epinephrine infusion on adipose tissue: interactions between blood flow and lipid
metabolism. Am J Physiol. 1996;271(5 Pt 1):34-35.
24. Frayn KN. Adipose tissue as a buffer for daily lipid flux.
Diabetologia. 2002;45(9):1201-1210.
25. Honka H, Koffert J, Kauhanen S, et al. Bariatric surgery enhances
splanchnic vascular responses in patients with type 2 diabetes.
Diabetes. 2017;66(4):880-885.
26. Honka H, Koffert J, Kauhanen S, et al. Liver blood dynamics
after bariatric surgery: the effects of mixed-meal test and incretin
infusions. Endocr Connect. 2018;7(7):888-896.
27. Koffert J, Honka H, Teuho J, et al. Effects of meal and incretins
in the regulation of splanchnic blood flow. Endocr Connect.
2017;6(3):179-187.
28. Christensen M, Vedtofte L, Holst JJ, Vilsbøll T, Knop FK. Glucosedependent insulinotropic polypeptide: a bifunctional glucosedependent regulator of glucagon and insulin secretion in humans.
Diabetes. 2011;60(12):3103-3109.
29. Nesterov SV, Deshayes E, Sciagrà R, et al. Quantification of
myocardial blood flow in absolute terms using (82)Rb PET
imaging: the RUBY-10 Study. JACC Cardiovasc Imaging.
2014;7(11):1119–1127.
30. Nesterov SV, Turta O, Han C, et al. C-11 Acetate has excellent reproducibility for quantification of myocardial
oxidative metabolism. Eur Heart J Cardiovasc Imaging.
2015;16(5):500-506.
31. Mari A, Pacini G, Murphy E, Ludvik B, Nolan JJ. A model-based
method for assessing insulin sensitivity from the oral glucose tolerance test. Diabetes Care. 2001;24(3):539-548.
32. Schweitzer L, Geisler C, Pourhassan M, et al. What is the best reference site for a single MRI slice to assess whole-body skeletal
muscle and adipose tissue volumes in healthy adults? Am J Clin
Nutr. 2015;102(1):58-65.
33. Saari T, Koffert J, Honka H, et al. Supplementary Fig. 1
for “Obesity-associated blunted subcutaneous adipose
tissue blood flow after meal is improved after bariatric

Downloaded from https://academic.oup.com/jcem/article/107/7/1930/6562287 by Turun Yliopisto user on 30 June 2022

Disclosures

1937

1938

34.

35.

36.
37.

The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 7
38. Ye J. Emerging role of adipose tissue hypoxia in obesity and insulin
resistance. Int J Obes (Lond). 2009;33(1):54-66.
39. Summers LKM, Samra JS, Humphreys SM, Morris RJ, Frayn KN.
Subcutaneous abdominal adipose tissue blood now: variation
within and between subjects and relationship to obesity. Clin Sci
(Lond). 1996;91(6):679-683.
40. Dadson P, Ferrannini E, Landini L, et al. Fatty acid uptake and
blood flow in adipose tissue compartments of morbidly obese
subjects with or without type 2 diabetes: effects of bariatric surgery. Am J Physiol Endocrinol Metab. 2017;313(2):E175-E182.
41. Camastra S, Ferrannini E. Role of anatomical location, cellular phenotype and perfusion of adipose tissue in intermediary metabolism:
a narrative review. Rev Endocr Metab Disord. 2022;23(1):43-50.
42. Nannipieri M, Baldi S, Mari A, et al. Roux-en-Y gastric bypass and
sleeve gastrectomy: mechanisms of diabetes remission and role of
gut hormones. J Clin Endocrinol Metab. 2013;98(11):4391-4399.

Downloaded from https://academic.oup.com/jcem/article/107/7/1930/6562287 by Turun Yliopisto user on 30 June 2022

surgery.” Deposited February 2, 2022. https://doi.org/10.6084/
m9.figshare.19107725.v1
Viljanen APM, Lautamäki R, Järvisalo M, et al. Effects of weight
loss on visceral and abdominal subcutaneous adipose tissue bloodflow and insulin-mediated glucose uptake in healthy obese subjects.
Ann Med. 2009;41(2):152-160.
Asmar A, Asmar M, Simonsen L, et al. Glucagon-like peptide-1
elicits vasodilation in adipose tissue and skeletal muscle in healthy
men. Physiol Rep. 2017;5(3):e13073.
Grill HJ. A role for GLP-1 in treating hyperphagia and obesity.
Endocrinology. 2020;161(8):bqaa093.
Vigneshwaran B, Wahal A, Aggarwal S, et al. Impact of sleeve
gastrectomy on type 2 diabetes mellitus, gastric emptying time,
glucagon-like peptide 1 (GLP-1), ghrelin and leptin in non-morbidly
obese subjects with BMI 30-35.0 kg/m2: a prospective study. Obes
Surg. 2016;26(12):2817-2823.

