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Abstract: Interventions affecting gastrointestinal (GI) physiology suggest that the GI tract plays an
important role in modulating the uptake of ingested glucose by body tissues. We aimed at validating
the use of positron emission tomography (PET) with oral 18FDG administration in mice, and to
examine GI effects on glucose metabolism in adipose tissues, brain, heart, muscle, and liver, and
interfering actions of oral lipid co-administration. We performed sequential whole-body PET studies
in 3 groups of 10 mice, receiving i.p. glucose and 18FDG or oral glucose and 18FDG ± lipids, to
measure tissue glucose uptake (GU) and GI transit, and compute the absorption lumped constant
(LCa) as ratio of oral 18FDG-to-glucose incremental blood levels. GI and liver histology and circulating
hormones were tested to generate explanatory hypothesis. Median LCa was 1.18, constant over time
and not significantly affected by lipid co-ingestion. Compared to the i.p. route, the oral route (GI
effect) resulted in lower GU rates in adipose tissues and brain, and a greater steatohepatitis score
(+17%, p = 0.03). Lipid co-administration accelerated GI transit, in relation to the suppression in GIP,
GLP1, glucagon, PP, and PYY (GI motility regulators), abolishing GI effects on subcutaneous fat GU.
Duodenal crypt size, gastric wall 18FDG uptake, and macro-vesicular steatosis were inversely related
to adipose tissue GU, and positively associated with liver GU. We conclude that 18FDG-PET is a
suitable tool to examine the role of the GI tract on glucose transit, absorption, and bio-distribution.
The GI effect consists in the suppression of glucose metabolism selectively in organs responsible
for energy intake and storage, and is blunted by lipid ingestion. Modulation of gut and liver
inflammation, as reflected by high GU, may be involved in the acute signalling of the energy status.

Keywords: intestinal lumped constant; glucose absorption; positron emission tomography; enteric
hormones; adipose tissue and cerebral metabolism

1. Introduction

Positron emission tomography with 18F-fluorodeoxyglucose (18FDG-PET) has proven
to be an important tool to describe organ-specific glucose metabolism in vivo, allowing
to detect and monitor abnormalities underlying metabolic and cardiovascular diseases in
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insulin-sensitive tissues [1–7]. Tissue metabolism has been most commonly studied under
standardized euglycemic hyperinsulinemic conditions, in which controlled glucose and
insulin infusions are delivered via the intravenous route to maintain equal plasma levels
in all study subjects [2–5,7,8]. Likewise, 18FDG is administered intravenously to quantify
organ-specific glucose metabolism during the procedure [2–8]. Notably, this paradigm does
not account for the physiological entry of glucose in the body, occurring via oral ingestion
and gastrointestinal (GI) absorption. More invasive studies comparing intravenous and oral
glucose delivery have emphasized differential effects on insulin secretion due to incretin
release [9], and a recent human study shows that the oral (vs. intravenous) route of glucose
loading affects lipolysis and systemic glucose clearance [10], though the organs responsible
of such action could not be assessed. In addition, the administration of a single glucose or
standard meal, passing through the GI tract, has been associated with systemic and liver
inflammation [11,12], though it remains to be established whether these effects require
specifically the GI entry route. Accumulating evidence from, e.g., bariatric surgery [13–15]
or drugs affecting GI function (GLP1 agonists [15,16], metformin [17–20]), point to the GI
tract as an important regulator of tissue glucose uptake (GU).

We postulate that PET imaging may allow to investigate—in vivo and non-invasively—the
role of the GI tract in modulating tissue specific GU in metabolically relevant organs under
physiological conditions of oral meal ingestion. PET imaging of orally ingested 18FDG has
been tested in oncology patients to overcome venous inaccessibility following chemother-
apy [21–23], and in healthy rodents [24] to examine drug transit through the GI tract.
Despite its feasibility and potential relevance, this technique has not been used to image the
fate of ingested glucose in body organs in the context of metabolic or dietary regulation.

The aims of this study were to (1) evaluate feasibility of in vivo 18FDG-PET imaging
to study GI transit and absorption, and tissue bio-distribution of orally ingested glucose in
mice; the main validation point was to define whether 18FDG absorption shows a stable and
proportional relationship to glucose absorption over time, allowing the absorption lumped
constant (LCa) to be computed; (2) define whether the GI tract plays a role in modulating
organ-specific GU in subcutaneous, visceral, and brown adipose tissue, myocardium,
muscle, liver, and brain, and the relation with hepatic lipid accumulation and inflammation;
and (3) examine the effect of lipid ingestion on glucose GI transit and uptake in body
tissues. These aims were addressed by comparing sequential PET imaging in mice after
intraperitoneal (i.p.) or oral administration of 18FDG and glucose, the latter with, and
without, lipid co-administration. Circulating enteric and pancreatic hormones, as well as
morphological differences in GI crypts and villi, and in the liver were measured to generate
explanatory hypotheses.

2. Results

Figure 1 summarizes the study concept and design. We stratified n = 30, 4 months old
B6129SF2J into three groups to receive: (a) i.p. 18FDG + glucose (n = 10), via i.p. injection;
(b) oral 18FDG + glucose (n = 10), via gavage; and (c) oral 18FDG + glucose + intralipid
solution (n = 10), via gavage. Mice underwent four whole-body 10-minute PET scans with
monitoring of glycemia, and then were killed for collection of blood (for plasma incretins,
adipokines, fibroblast growth factor, FGF21, appetite regulating, and pancreatic hormones)
and GI walls and lumens (stomach, duodenum, jejunum, caecum, and colon) to be counted
ex vivo, and analyzed histologically, together with liver samples. No adverse reactions
were seen in animals exposed to the procedures. Technical failure in image acquisition
occurred in one mouse per oral group, leading to n = 10, 9, and 9 analyzed cases.

2.1. Gastrointestinal Transit of 18FDG

Ex vivo 18FDG measurements along GI segments (from stomach to duodenum, je-
junum, ileum, caecum, and colon) are given in Figure 2A,B, and in vivo 18FDG time-courses
in the stomach and caecum (30, 60, 120, and 180 min by PET imaging) are shown in
Figure 2C,D. Both curves indicate that the amount of tracer reaching distal GI tracts at
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180 min was enhanced by the co-administration of lipids compared to glucose alone, sug-
gesting faster GI transit. The slopes of the linear function fitted across caecum 18FDG
time-course values showed a several-fold increase in transit after lipid co-ingestion com-
pared to glucose alone (Figure 2E). Compared to the i.p. route, oral glucose resulted in
significantly greater 18FDG extraction in the gastric wall at 180 min (Figure 2A), and this
uptake was reduced by lipid co-ingestion.

Figure 1. Study design: The design (A) involved different types of 18FDG and glucose delivery to
either by-pass the GI wall (i.p.), or transit across the GI wall (oral glucose, with and without the
addition of oral lipids). Panel (B) shows the imaging sequence of 4 PET scans, followed by animal
sacrifice, activity counting of GI walls and/or GI contents and histological examinations of liver,
duodenum, and colon.

2.2. Lumped Constant

Incremental levels of glucose and 18FDG in blood after oral administrations are shown
in Figure 3A,B. Trends for glucose and 18FDG were similar and unaffected by the type of
oral protocol. Their ratio, representing the LCa in Figure 3C documented stable values over
time in both oral protocols (i.e., with or without lipids co-administration), with a median
value of 1.18, and no significant difference between the two orally administered groups
(p = 0.51).

2.3. Tissue-Specific GU

By design, similar blood levels of glucose and 18FDG in the three study groups
were achieved (Figure S1). Significant time-integrated GU results are given in Figure 4A.
Compared to the i.p. route, the oral administration of glucose alone resulted in markedly
lower GU rates in white adipose tissues, and in the brain (Figure 4A), with no difference
observed in muscle, liver, and myocardium (data not shown). The co-administration of
lipids abolished the effects caused by oral glucose alone in subcutaneous adipose tissue,
but not in the other tissues.
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Figure 2. Gastrointestinal activity and transit rate: Top panels show 18FDG activity levels, as
recovered at the end of each study by ex vivo counting, either in the GI walls (A) or in the GI lumens
(B), showing high levels of 18FDG in the gastric wall after ingestion of glucose alone, and high
levels of 18FDG in distal lumens in the oral glucose + lipid protocol. Bottom panels show in vivo
time courses of 18FDG activity in the stomach (C) and caecum (D), as obtained by PET imaging,
demonstrating greater tracer levels in the caecum during oral lipid and glucose co-administration
than during glucose administration alone, as reflected by a several-fold difference in fractional transit
rate constants (E), i.e., caecum inward rate constants estimated as slope (absolute activity values).
Panels (A–D) include groups receiving i.p. glucose (black diamond), oral glucose (white square), and
oral lipids + glucose (black square); panel (E) includes groups receiving oral glucose alone (white bar)
or with lipids (black bar). Differences between consecutive walls (A,B), or changes over time (C,D)
within groups were mostly significant; to limit figure complexity, these comparisons are not shown.
* p < 0.05 vs. oral glucose alone, ˆ p < 0.05 vs. i.p. glucose.

Figure 3. Lumped constant for GI absorption: Time course of dose-normalized increments in blood
glucose and 18FDG activity levels (A,B). Panel (C) shows stability over time and between groups of
the FDG-to-glucose GI absorption ratio, with LCa = 1.18 as median value.



Int. J. Mol. Sci. 2022, 23, 2659 5 of 13

Figure 4. Significant GU rates and entero-pancreatic peptides: Integrated tissue-specific GU rates (A),
after the oral (white bar) vs. the i.p. route (hatched bar) of glucose delivery, resulting in a reduction
in adipose tissues and cerebral GU; the oral co-administration of lipids (black bar) abolished this
GI effect in subcutaneous fat. The assessment of hormones involved in GI function and motility,
and appetite control (B) demonstrated a pronounced suppressive effect of oral lipid administration.
* p < 0.05 vs. oral glucose alone, ˆ p ≤ 0.05 vs. i.p. glucose.

2.4. Enteric, Pancreatic, and Fat Hormones

Figures 4B and S2 summarize results concerning plasma hormone and adipokine
levels, as determined at the end of the imaging sequence. The oral glucose protocol was
characterized by tendencies for greater MCP1, TNFα, PP, PYY, and incretin levels, compared
to the other protocols (ns) at 180 min after glucose loading. The co-administration of lipids
caused a significant and pronounced, i.e., 30–85% suppression in GIP, GLP1, glucagon, PYY,
and PP.

2.5. Histology of Duodenum, Colon, and Liver

Histological examinations were carried out in 7–9 mice per group, achieving the
expected quality. Dimensions of duodenal villi and crypts are shown in Figure 5A,C. The
length and diameter of intestinal villi were not different between study groups. Instead,
duodenum crypt diameters were greater after glucose ingestion, and colon crypts were
larger in oral protocols compared to the i.p. group. Liver histology showed a significantly
higher steatohepatitis score after oral than i.p. glucose administration (Figure 5B). As
explained in Methods, the steatohepatitis score refers to the cumulative diagnosis, as sum
of steatosis grades, lobular inflammation, and ballooning grades, reflecting progressive
disease severity stages. Individual components of the score are given in Table 1.

2.6. Correlations

Duodenal crypt size was significantly related with villi width (r = +0.46, p = 0.047) and
tended to be associated with stomach wall GU (Table 2). Both crypt diameter and gastric
GU (glucose extraction) were negatively related with GU in subcutaneous, visceral, and
brown adipose tissue, and gastric GU was positively associated with liver GU (Table 2). In
the oral protocols, gastric GU was additionally related to lower GIP (r = −0.52, p = 0.02)
and GLP1 (r = −0.42, p = 0.07). Colon crypt diameter was positively correlated with 18FDG
colon content at 180 min (r = +0.45, p = 0.029). Hepatic macro-vesicular steatosis was
significantly correlated with liver GU (positively), and adipose tissues GU (negatively).
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Figure 5. Intestinal villi and crypts, and steatohepatitis score: Histology parameters (A), showing
greater duodenal crypt dimensions after oral glucose (white bar) than glucose + lipid (black bar), and
a progressive enlargement in colon crypts in the oral glucose and glucose + lipid protocols compared
to the i.p. group (hatched bar), and corresponding steatohepatitis scores (B), showing higher values
in the oral glucose protocol compared to the i.p. group. Panel (C) provides representative examples
of histological sections in the three study groups, in which arrows were positioned to indicate crypts.
* p < 0.05 vs. oral glucose + lipid, ˆ p ≤ 0.05 vs. i.p. glucose.

Table 1. Cumulative steatohepatitis score and its components.

i.p. FDG + Glucose Oral FDG + Glucose Oral FDG + Glucose + Lipids

Micro-vesicular fat
(% cells) 89 ± 2 86 ± 4 86 ± 3

Macro-vesicular fat
(% cells) 5 ± 3 9 ± 4 9 ± 3

Lobular inflammation
(yes/no) 0.70 ± 0.15 0.89 ± 0.11 0.78 ± 0.15

Lobular inflammation foci 0.70 ± 0.15 1.11 ± 0.20 ˆ 0.89 ± 0.20

Cell ballooning
(yes/no) 0.10 ± 0.10 0.22 ± 0.17 0.33 ± 0.17

Cumulative
steatohepatitis 3.80 ± 0.20 4.44 ± 0.18 * 4.22 ± 0.22

* p = 0.03, ˆ p = 0.1 vs. i.p. group, n = 10, 9, and 9, respectively.
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Table 2. Associations linking GI parameters and organ metabolism.

Stomach Wall FDG
Fractional Extraction

Duodenal Crypt
Diameter

Liver Fat Accumulation
(Micro)

Liver Fat Accumulation
(Macro)

r p r p r p r p

Gastric FDG
extraction - - +0.49 0.069 - - - -

Sc fat GU −0.46 0.014 −0.52 0.013 +0.42 0.034 −0.43 0.027

Visc fat GU −0.52 0.005 −0.56 0.007 - - −0.42 0.032

Brown fat GU −0.43 <0.024 −0.45 0.037 - - −0.38 0.054

Liver GU +0.37 0.051 - - −0.45 0.023 +0.47 0.016

Abbreviations: Sc = subcutaneous, Visc = visceral.

3. Discussion

Our study demonstrates that the oral administration of 18FDG is a feasible procedure
to investigate organ metabolism after oral glucose administration. Our data document
that 18FDG and glucose GI absorptions are proportional and similar in magnitude. We
expressed the intestinal lumped constant term as the relative amount of 18FDG vs. glucose
appearing in the circulation. The appearance rate in blood was found to be slightly superior
for oral 18FDG than glucose, with a median value of 1.18 that is comparable to LC values
in a variety of other body organs [2,4,8]. Notably, the proportion of orally administered
18FDG entering the circulation—as ratio to the respective proportion of glucose—was stable
over time and across different glucose levels or during lipid co-ingestion, suggesting that
18FDG imaging after oral administration may provide robust information on the fate of
glucose under varying metabolic conditions. Our validation paradigm remains to be tested
in models of obesity and/or diabetes before the current assumptions can be generalized to
metabolic disorders.

This study was designed to detect whether there is a GI effect on GU in metabolically
relevant organs. In order to answer this question, we imaged 18FDG after i.p. or oral
delivery. Both routes are drained into the liver by the portal or mesenteric veins, and
therefore the only difference between protocols is that i.p. drainage bypasses the GI tract,
whereas the oral route does not. Under this design, any difference observed between the
two protocols can be ascribed exclusively to a GI effect. The most important finding of the
study was that the GI effect was selective towards GU in adipose tissues and in the brain.
The GI effect translated in a reduction in GU in adipose and cerebral tissues compared to i.p.
glucose delivery. Interestingly, white fat and brain are the organs regulating energy intake
and storage, and glucose represents the main fuel for both tissues, and the lipogenetic
drive in adipose tissue. Our data suggest that the sensing of abundant glucose in the upper
GI tract (signaling to the liver) may down-regulate energy storage. In fact, we observed
an inverse correlation between adipose tissue GU and stomach-wall 18FDG uptake or
duodenal crypt dimensions and a positive correlation between stomach-wall 18FDG uptake
and liver GU. 18FDG uptake in proximal GI walls may serve as nutritional signal, and
duodenal crypts are intensively involved in food digestion, upper GI absorption, and
enteric hormone production [25]. We observed correlations between crypt sizes, stomach
wall metabolism, and incretins, suggesting that glucose may activate proximal crypts. We
also found that steatohepatitis scores were elevated after glucose ingestion compared to i.p.
administration, consistent with patterns of circulating TNFα and MCP1. These findings
are in line with studies showing that a meal increases liver stiffness and an acute oral
glucose load stimulates systemic inflammation [11,12]. We, and others, have previously
shown that tissue inflammation may influence GU [26–28], which explains the positive
correlation between liver GU and macro-vesicular liver fat accumulation. The decline in
adipose tissue GU may be partly due to an alleviation of inflammation in this organ [28].
Altogether, the present data suggest that the upper GI wall is mechanistically involved in
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the metabolic cross-talk occurring between GI and adipose tissues, and that an acute degree
of inflammation caused by glucose ingestion may mediate this cross-talk, by stimulating
gastric and hepatic GU, in turn signaling to adipose tissues.

The co-ingestion of lipids abolished the suppressive GI effect on subcutaneous fat GU.
The redirection of more glucose into subcutaneous fat may be one mechanism whereby
lipid intake enhances adipose tissue expansion, regardless of calories, since dietary energy
is retained more efficiently in mice fed a high-fat diet than an isocaloric low-fat diet [29].
We tested algorithms to estimate GI transit by using 18FDG-PET imaging of GI lumens
over time, and observed that the co-ingestion of lipids caused a several-fold acceleration
in 18FDG transit towards the caecum and colon compared to oral glucose alone. Our
mathematically modelled data for GI transit were supported by ex vivo results, showing
a 100% group difference in luminal 18FDG in the colon at the end of the imaging session.
This finding is consistent with the remarkable suppression occurring in the secretion of
incretins, glucagon, and appetite regulating hormones, to promote GI motility [30]. As
a result, 18FDG uptake in the gastric wall and proximal crypt sizes were reduced more
by lipid co-administration than by oral glucose alone, whereas colon crypts were en-
larged and significantly related with 18FDG colon contents. The findings suggest that
lipids reduce the release of enteric hormones, accelerating glucose transit (or vice versa),
and that cryptal function may be regulated by glucose exposure, both in the duodenum
and in the colon. Interestingly, the exclusion of GI walls from food transit (e.g., follow-
ing bariatric surgery [13,15]) or the use of drugs reducing motility (e.g., GLP1 receptor
agonists [15,16,31]) result in an elevation in adipose tissue [13,16] or brain [15,31] GU. In
our study, the co-administration of glucose and lipids caused an intermediate situation,
with fast transit and low incretin levels, likely balancing brain effects, while stimulating
adipose tissue GU.

In the i.p. protocol, we found that a minor portion of 18FDG was counter-transported
from blood to GI lumen, which confirms previous observations in rodents and humans [14,17].
It remains to be demonstrated whether the leakage of glucose from the circulation, and
its putative increase in diseased states (e.g., hyperglycemia) might influence the intestinal
milieu and GI function, or whether glucose excretion may become a potential target in
disease states, as suggested by observations in bariatric surgery studies [14].

The main limitation of this study is that, due to the need to preserve non-invasiveness
in the sequential imaging design, we could not sample blood before the end of the ex-
periments to examine the incretin effect, which is typical of the early absorptive phase.
Furthermore, our data apply to normal mice, as studied under acute conditions, and cannot
be directly informative on disease or chronic conditions.

In conclusion, 18FDG-PET can be used to examine glucose transit and absorption in
the GI tract. The LCa was found to be stable over time and in experimental settings. Our
results revealed that the GI tract suppresses GU in adipose tissues and brain, and this
effect was related to gastric glucose exposure, duodenal crypt dimensions, and liver GU
and steatohepatitis scores, which may all signal glucose abundance. A single lipid meal
accelerated glucose transit, reduced gastric glucose exposure and duodenal crypt diameters,
and directed more glucose into subcutaneous fat. Notably, the involvement of the GI tract
in the regulation of GU was specific to the brain and adipose tissue, in which glucose is an
essential regulator of cell survival, energy storage, and appetite control. We are tempted
to speculate that an energy sensing mechanism is operative in the stomach to protect
these fundamental functions, before glucose is absorbed and bio-distributed, and involves
an acute inflammatory reaction, relating to GI and liver GU. The protocol proposed has
translational value as it can be used in both preclinical and clinical research to understand
and modulate (pharmacologically, surgically, or nutritionally) the GI effect and GI transit
influencing energy partition, appetite, fat distribution, and microbiota composition in
humans and animals.
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4. Materials and Methods
4.1. Study Design

Figure 1 summarizes the study concept and design. We studied n = 30, 4-month-old
mice (B6129SF2J, The Jackson Laboratory, Bar Harbor, Maine), after an overnight fast. Mice
were stratified into 3 groups to receive: (a) i.p. 18FDG + glucose (n = 10), via i.p. injection;
(b) oral 18FDG + glucose (n = 10), via gavage; and (c) oral 18FDG + glucose + intralipid solu-
tion (n = 10), via gavage. The boluses contained 18FDG = 131 ± 6 MBq/kg, glucose = 2 g/kg,
intralipid = 0.7 g/kg. Average body weight in the 3 groups was 30.6 ± 1.6 g (ns between
groups). Mice underwent 4 whole-body PET scans (IRIS PET/CT small-animal tomograph,
Inviscan SAS, France), each lasting 10 min, starting at 30, 60, 120, and 180 min from bolus
administration, respectively, under 1–2% (v/v) isofluorane inhalation (IsoFlo®, Abbott
Srl, Roma, Italy). To minimize the interference of anesthesia on GI contractility, sedation
was not used during inter-scan intervals. Small tail blood samples (1.2 µL) were collected
to monitor radioactivity by gamma counter, and glycemia by glucometer. At the end
of the experiments, animals were killed by anesthetic overdose, and their abdomen was
rapidly accessed for collection of blood and GI and liver specimens. Plasma was used to
measure incretins, appetite regulating and pancreatic hormones, adipokines, and FGF21.
Radioactivity in progressive GI walls and lumens (stomach, duodenum, jejunum, caecum,
and colon) was counted ex vivo using a cross-calibrated gamma counter apparatus. GI
and liver tissues were processed for histological examinations. The experimental protocol
was notified to the Ministry of Health (Dept. of Public Veterinary Health) in accordance
with the D.L.116/92 implementation of directive EEC 609/86 regarding the protection of
animals used for experimental and other scientific purposes.

4.2. Image Analyses

PET images were reconstructed by a standard OSEM algorithm and corrected for dead
time and decay. CT images we reconstructed by FBP algorithm (0.16 × 0.16 × 0.16 mm3

cubic voxel size) and standard Ramp Filter. The AMIDE tool (AMIDE-bin 1.0.5) was
employed for image co-registration and processing. In one mouse in each oral glucose
group, there was a technical scanner failure. Volumes of interest (VOIs) were drawn on
images corresponding to the cardiac left ventricular cavity (blood), and tissues, including
brain, liver, skeletal muscle, and subcutaneous, visceral, and brown fat, under CT guidance.
VOIs were also drawn in the gastric and caecum cavities. Activities in blood, GI cavities,
and tissues were normalized to respective administered tracer doses per gram of body
weight (%ID/g) at each time point.

4.3. Quantification of GI Transit

GI transit was examined by fitting a linear function on time-activity curves of the
gastric and caecum cavities obtained in the four PET scans, and evaluating the slope. In
addition, we estimated the rate constant for the influx (Ki) of tracer from the proximal to
the distal GI tract, by using graphical (Gjedde–Patlak) analysis, in which gastric-activity
curves represent the input function and caecum-activity curves the response function. Ex
vivo activity counting along GI cavities (stomach, duodenum, jejunum, caecum, and colon)
at 180 min was also used to reinforce the interpretation of GI transit data.

4.4. Estimation of the LCa

To estimate the lumped constant (LC) for 18FDG appearance from the GI into the blood
compartment, we calculated the ratio between progressive changes (deltas from baseline)
in circulating 18FDG and glucose levels, each normalized to the respective administered
dose per gram of body weight (bw) (Equation (1)):[ 18FDG (kBq/mLt=n − kBq/mLt=0)

18FDG dose (kBq/grambw)

]
÷ [glucose (µmol/mL t=n − µmol/mLt=0)

glucose dose (µmol/grambw)

]
(1)
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Levels appearing in the circulation represent the net outcome of gastrointestinal
absorption and peripheral utilization, in which the first component prevails in the first
30–60 min after oral administration. Therefore, the calculation was repeated along the
initial 15, 30, and 60 min (=tn) time intervals to primarily reflect the absorption LCa. One
mouse with negative glucose absorption values was excluded from this analysis.

4.5. Quantification of Tissue Glucose Uptake

In tissues, the %ID/g is defined as standardized uptake value (SUV), and reflects the
fractional tracer extraction rate constant. SUV values were calculated for all tissues at each
scanning time point (30, 60, 120, 180 min = tx), and multiplied by blood glucose levels
(average t0–tx) to estimate glucose uptake rates (SUVg) in extra-GI tissues.

4.6. Histology

Duodenum and colon biopsies were collected at the time of sacrifice, fixed in 10%
neutral-buffered formalin (20–24 h) and processed for paraffin-embedding. From each
sample, 5 µm thick sections were cut by microtome, mounted on Polysine™ slides (Menzel-
Gläser, Germany, and stained with Hematoxylin–Eosin (HE (Bio-Optica, Milan, Italy),
according to standard protocols. Images were acquired for each section at 10× and 40×
magnification using an Axioskop optical microscope connected with an AxioCam MRc5
color-camera and AxioVision analysis software (Carl Zeiss, Oberkochen, Germany). Mor-
phological measures were obtained by using the image analysis software ImageJ (ver-
sion 1.46r, https://imagej.nih.gov/ij). Cryptal diameter was obtained as the mean of
40 Lieberkühn-Galeazzi crypts per sample in both duodenum and colon; the length and
diameter of duodenal villi were averaged over 18 villi per sample. Cryptal and villi diame-
ters were assessed at the intermediate point of their full length. Liver samples were fixed in
10% formalin for 24 h, dehydrated, and included in paraffin using the Donatello Diapath
automatic tissue processor (Martinengo, Bergamo, Italy), sliced (HistoCore Autocut, Leica
BioSystems microtome) with 2 µm thickness, and stained with hematoxylin and eosin using
the automated Dako CoverStainer (Santa Clara, CA, USA). Each section was documented
at 20× and 40× magnification, by using the Olympus BX51 microscope and connected with
an Olympus DP70 digital camera and AnalySIS 5.0 imaging system software (Olympus,
Tokyo, Japan). Analyses were adapted from the method of Kleiner et al. [32] to evaluate and
score (yes/no, 1/0) vessel dilatation, fibrosis, portal, and lobular inflammation (also graded
by foci number at 20× magnification, 1 = one focus, 2 = two-four foci, 3 = >four foci) or
ballooning degeneration, and micro/macro-vesicular steatosis (also graded as percentage
of affected cells). Cumulative diagnosis (steatohepatitis score) was determined by the sum
of steatosis grades, lobular inflammation, and ballooning grades, reflecting progressive
disease severity stages.

4.7. Biochemical Measurements

Blood was collected at sacrifice in a tube containing EDTA 10%, Foy 5%, Diprotine 10%,
and complete mini protease inhibitor cocktail (Merk Life Science S.r.l. Milan, Italy). It was
centrifuged for 10 min at 3000 rpm, and plasma was stored at −80 ◦C. Levels of 14 analytes
(GIP, GLP1, PYY, ghrelin, amylin, insulin, c-peptide, glucagon, PP, IL6, TNF-alpha, MCP1,
leptin, and resistin) were simultaneously determined by a multi-analyte panel based on
Luminex® xMAP® technology (Milliplex map kit, CAT N# MMHMAG-44K, Merk Life
Science S.r.l. Milan, Italy).

4.8. Statistical Analysis

Data are shown as mean ± sem. Group comparisons were examined by Kruskal–
Wallis tests, followed by Mann–Whitney tests. The strength of correlations is expressed by
the Spearman coefficient. A p value ≤ 0.05 was considered significant.

https://imagej.nih.gov/ij


Int. J. Mol. Sci. 2022, 23, 2659 11 of 13

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23052659/s1.

Author Contributions: Conceptualization, P.I.; methodology, P.I., M.A.G., D.C. and M.N.; formal
analysis, P.I., M.A.G. and F.L.R.; investigation, M.A.G. and F.L.R.; data curation, P.I., M.A.G., F.L.R.,
D.C. and A.C.I.; writing—original draft preparation, P.I.; writing—review and editing, M.A.G.,
F.B., M.R.B., M.N. and F.L.R.; visualization, D.C. and A.C.I.; supervision, P.I. and M.A.G.; project
administration, P.I. and M.A.G.; funding acquisition, P.I. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was conducted within the JPI-HDHL-INTIMIC Knowledge Platform of Food,
Diet, Intestinal Microbiomics, and Human Health (sub-project no. KP-778 MISVILUPPO, Italian
Ministry of Agricultural, Food and Forestry Policies, Ministry Decree 23092/7303/19), the JPI-HDHL-
INTIMIC Joint Transnational Research program (project no. INTIMIC-085 GUTMOM, Italian Ministry
of Education, University, and Research, Ministry Decree no. 946/2019). Projects supported by the
Joint Action “European Joint Programming Initiative: A Healthy Diet for a Healthy Life” (JPI HDHL)”
are funded by the respective national/regional funding organizations: Fund for Scientific Research
(FRS-FNRS, Belgium); Research Foundation-Flanders (FWO, Belgium); INSERM Institut National
de la Santé et de la Recherche Médicale (France); Federal Ministry of Food and Agriculture (BMEL)
represented by Federal Office for Agriculture and Food (BLE, Germany); Ministry of Education,
University and Research (MIUR), Ministry of agricultural, food and forestry policies (MiPAAF),
National Institute of Health (ISS) on behalf of Ministry of Health (Italy); National Institute of Health
Carlos III (Spain); The Netherlands Organization for Health Research and Development (ZonMw,
The Netherlands), Austrian Research Promotion Agency (FFG) on behalf of the Austrian Federal
Ministry for Education, Science and Research (BMBWF), Ministry of Science and Technology (Israel),
Formas (Sweden).

Institutional Review Board Statement: The study was conducted before the Italian Decree 26/2014,
implementing Directive 2010/63/EU, and was therefore in accordance with the D.L.116/92 imple-
mentation of EEC directive 609/86 regarding the protection of animals used for experimental and
other scientific purposes.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author, as they have not yet been uploaded in a public database.

Acknowledgments: We acknowledge continuing technical support by the Animal Care staff.

Conflicts of Interest: The authors declare no conflict of interest in relation to this manuscript. The
funders had no role in study design, data collection and analysis or preparation of this manuscript.

References
1. Iozzo, P. Metabolic imaging in obesity: Underlying mechanisms and consequences in the whole body. Ann. N. Y. Acad. Sci. 2015,

1353, 21–40. [CrossRef]
2. Virtanen, K.A.; Peltoniemi, P.; Marjamäki, P.; Asola, M.; Strindberg, L.; Parkkola, R.; Huupponen, R.; Knuuti, J.; Lönnroth,

P.; Nuutila, P. Human adipose tissue glucose uptake determined using [(18)F]-fluoro-deoxy-glucose ([(18)F]FDG) and PET in
combination with microdialysis. Diabetologia 2001, 44, 2171–2179. [CrossRef] [PubMed]

3. Iozzo, P.; Chareonthaitawee, P.; Dutka, D.; Betteridge, D.J.; Ferrannini, E.; Camici, P.G. Independent association of type 2 diabetes
and coronary artery disease with myocardial insulin resistance. Diabetes 2002, 51, 3020–3024. [CrossRef] [PubMed]

4. Peltoniemi, P.; Lönnroth, P.; Laine, H.; Oikonen, V.; Tolvanen, T.; Grönroos, T.; Strindberg, L.; Knuuti, J.; Nuutila, P. Lumped
constant for [(18)F]fluorodeoxyglucose in skeletal muscles of obese and nonobese humans. Am. J. Physiol. Endocrinol. Metab. 2000,
279, E1122–E1130. [CrossRef] [PubMed]

5. Iozzo, P.; Hallsten, K.; Oikonen, V.; Virtanen, K.A.; Kemppainen, J.; Solin, O.; Ferrannini, E.; Knuuti, J.; Nuutila, P. Insulin-
mediated hepatic glucose uptake is impaired in type 2 diabetes: Evidence for a relationship with glycemic control. J. Clin.
Endocrinol. Metab. 2003, 88, 2055–2060. [CrossRef]

6. Orava, J.; Nuutila, P.; Noponen, T.; Parkkola, R.; Viljanen, T.; Enerbäck, S.; Rissanen, A.; Pietiläinen, K.H.; Virtanen, K.A. Blunted
metabolic responses to cold and insulin stimulation in brown adipose tissue of obese humans. Obesity 2013, 21, 2279–2287.
[CrossRef]

7. Mäkinen, J.; Hannukainen, J.C.; Karmi, A.; Immonen, H.M.; Soinio, M.; Nelimarkka, L.; Savisto, N.; Helmiö, M.; Ovaska, J.;
Salminen, P.; et al. Obesity-associated intestinal insulin resistance is ameliorated after bariatric surgery. Diabetologia 2015, 58,
1055–1062. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23052659/s1
https://www.mdpi.com/article/10.3390/ijms23052659/s1
http://doi.org/10.1111/nyas.12880
http://doi.org/10.1007/s001250100026
http://www.ncbi.nlm.nih.gov/pubmed/11793018
http://doi.org/10.2337/diabetes.51.10.3020
http://www.ncbi.nlm.nih.gov/pubmed/12351442
http://doi.org/10.1152/ajpendo.2000.279.5.E1122
http://www.ncbi.nlm.nih.gov/pubmed/11052968
http://doi.org/10.1210/jc.2002-021446
http://doi.org/10.1002/oby.20456
http://doi.org/10.1007/s00125-015-3501-3


Int. J. Mol. Sci. 2022, 23, 2659 12 of 13

8. Iozzo, P.; Jarvisalo, M.J.; Kiss, J.; Borra, R.; Naum, G.A.; Viljanen, A.; Viljanen, T.; Gastaldelli, A.; Buzzigoli, E.; Guiducci, L.; et al.
Quantification of liver glucose metabolism by positron emission tomography: Validation study in pigs. Gastroenterology 2007, 132,
531–542. [CrossRef]

9. Muscelli, E.; Mari, A.; Casolaro, A.; Camastra, S.; Seghieri, G.; Gastaldelli, A.; Holst, J.J.; Ferrannini, E. Separate impact of obesity
and glucose tolerance on the incretin effect in normal subjects and type 2 diabetic patients. Diabetes 2008, 57, 1340–1348. [CrossRef]
[PubMed]

10. Mingrone, G.; Panunzi, S.; De Gaetano, A.; Ahlin, S.; Spuntarelli, V.; Bondia-Pons, I.; Barbieri, C.; Capristo, E.; Gastaldelli, A.;
Nolan, J.J. Insulin sensitivity depends on the route of glucose administration. Diabetologia 2020, 63, 1382–1395. [CrossRef]

11. Bardini, G.; Dicembrini, I.; Cresci, B.; Rotella, C.M. Inflammation markers and metabolic characteristics of subjects with 1-h
plasma glucose levels. Diabetes Care 2010, 33, 411–413. [CrossRef]

12. Ratchatasettakul, K.; Rattanasiri, S.; Promson, K.; Sringam, P.; Sobhonslidsuk, A. The inverse effect of meal intake on controlled
attenuation parameter and liver stiffness as assessed by transient elastography. BMC Gastroenterol. 2017, 17, 50. [CrossRef]
[PubMed]

13. Dadson, P.; Landini, L.; Helmiö, M.; Hannukainen, J.C.; Immonen, H.; Honka, M.J.; Bucci, M.; Savisto, N.; Soinio, M.;
Salminen, P.; et al. Effect of Bariatric Surgery on Adipose Tissue Glucose Metabolism in Different Depots in Patients with
or without Type 2 Diabetes. Diabetes Care 2016, 39, 292–299. [CrossRef]

14. Kwon, I.G.; Kang, C.W.; Park, J.P.; Oh, J.H.; Wang, E.K.; Kim, T.Y.; Sung, J.S.; Park, N.; Lee, Y.J.; Sung, H.J.; et al. Serum glucose
excretion after Roux-en-Y gastric bypass: A potential target for diabetes treatment. Gut 2021, 70, 1847–1856. [CrossRef] [PubMed]

15. Ruze, R.; Xu, Q.; Liu, G.; Li, Y.; Chen, W.; Cheng, Z.; Xiong, Y.; Liu, S.; Zhang, G.; Hu, S.; et al. Central GLP-1 contributes to
improved cognitive function and brain glucose uptake after duodenum-jejunum bypass on obese and diabetic rats. Am. J. Physiol.
Endocrinol. Metab. 2021, 321, E392–E409. [CrossRef] [PubMed]

16. Gastaldelli, A.; Gaggini, M.; Daniele, G.; Ciociaro, D.; Cersosimo, E.; Tripathy, D.; Triplitt, C.; Fox, P.; Musi, N.; DeFronzo, R.; et al.
Exenatide improves both hepatic and adipose tissue insulin resistance: A dynamic positron emission tomography study.
Hepatology 2016, 64, 2028–2037. [CrossRef]

17. Koffert, J.P.; Mikkola, K.; Virtanen, K.A.; Andersson, A.D.; Faxius, L.; Hällsten, K.; Heglind, M.; Guiducci, L.; Pham, T.; Silvola,
J.M.U.; et al. Metformin treatment significantly enhances intestinal glucose uptake in patients with type 2 diabetes: Results from
a randomized clinical trial. Diabetes Res. Clin. Pract. 2017, 131, 208–216. [CrossRef]

18. Ito, J.; Nogami, M.; Morita, Y.; Sakaguchi, K.; Komada, H.; Hirota, Y.; Sugawara, K.; Tamori, Y.; Zeng, F.; Murakami, T.; et al.
Dose-dependent accumulation of glucose in the intestinal wall and lumen induced by metformin as revealed by (18) F-labelled
fluorodeoxyglucose positron emission tomography-MRI. Diabetes Obes. Metab. 2021, 23, 692–699. [CrossRef]

19. Tsuchida, H.; Morita, Y.; Nogami, M.; Ogawa, W. Metformin action in the gut-insight provided by [(18)F]FDG PET imaging.
Diabetol. Int. 2021, 13, 35–40. [CrossRef]

20. Morita, Y.; Nogami, M.; Sakaguchi, K.; Okada, Y.; Hirota, Y.; Sugawara, K.; Tamori, Y.; Zeng, F.; Murakami, T.; Ogawa, W.
Enhanced Release of Glucose Into the Intraluminal Space of the Intestine Associated With Metformin Treatment as Revealed by
[(18)F]Fluorodeoxyglucose PET-MRI. Diabetes Care 2020, 43, 1796–1802. [CrossRef]

21. Shingaki, T.; Takashima, T.; Wada, Y.; Tanaka, M.; Kataoka, M.; Ishii, A.; Shigihara, Y.; Sugiyama, Y.; Yamashita, S.; Watanabe, Y.
Imaging of gastrointestinal absorption and biodistribution of an orally administered probe using positron emission tomography
in humans. Clin. Pharmacol. Ther. 2012, 91, 653–659. [CrossRef] [PubMed]

22. Zhang, K.; Wang, X.; Hao, L.; Zhao, Z.; Han, C. 2013. Dynamic observation of 18F-FDG uptake after oral administration in a
healthy subject. J. Nucl. Med. Technol. 2013, 41, 78–80. [CrossRef] [PubMed]

23. Nair, N.; Agrawal, A.; Jaiswar, R. Subss1titution of oral (18)F-FDG for intravenous (18)F-FDG in PET scanning. J. Nucl. Med.
Technol. 2007, 35, 100–104. [CrossRef] [PubMed]

24. Yamashita, S.; Takashima, T.; Kataoka, M.; Oh, H.; Sakuma, S.; Takahashi, M.; Suzuki, N.; Hayashinaka, E.; Wada, Y.; Cui, Y.; et al.
PET imaging of the gastrointestinal absorption of orally administered drugs in conscious and anesthetized rats. J. Nucl. Med.
2011, 52, 249–256. [CrossRef] [PubMed]

25. Spreckley, E.; Murphy, K.G. The L-Cell in Nutritional Sensing and the Regulation of Appetite. Front. Nutr. 2015, 2, 23. [CrossRef]
26. Guzzardi, M.A.; Guiducci, L.; Campani, D.; La Rosa, F.; Cacciato Insilla, A.; Bartoli, A.; Cabiati, M.; De Sena, V.; Del Ry, S.;

Burchielli, S.; et al. Leptin resistance before and after obesity: Evidence that tissue glucose uptake underlies adipocyte enlargement
and liver steatosis/steatohepatitis in Zucker rats from early-life stages. Int. J. Obes. 2022, 46, 50–58. [CrossRef]

27. Guzzardi, M.A.; La Rosa, F.; Campani, D.; Cacciato Insilla, A.; De Sena, V.; Panetta, D.; Brunetto, M.R.; Bonino, F.; Collado, M.C.;
Iozzo, P. Maturation of the Visceral (Gut-Adipose-Liver) Network in Response to the Weaning Reaction versus Adult Age and
Impact of Maternal High-Fat Diet. Nutrients 2021, 13, 3438. [CrossRef]

28. Pahk, K.; Kim, E.J.; Lee, Y.J.; Kim, S.; Seo, H.S. Characterization of glucose uptake metabolism in visceral fat by 18 F-FDG PET/CT
reflects inflammatory status in metabolic syndrome. PLoS ONE 2020, 15, e0228602. [CrossRef]

29. Lin, P.Y.; Romsos, D.R.; Vander Tuig, J.G.; Leveille, G.A. Maintenance energy requirements, energy retention and heat production
of young obese (ob/ob) and lean mice fed a high-fat or a high-carbohydrate diet. J. Nutr. 1979, 109, 1143–1153. [CrossRef]

30. Marathe, C.S.; Rayner, C.K.; Jones, K.L.; Horowitz, M. Effects of GLP-1 and incretin-based therapies on gastrointestinal motor
function. Exp. Diabetes Res. 2011, 2011, 279530. [CrossRef]

http://doi.org/10.1053/j.gastro.2006.12.040
http://doi.org/10.2337/db07-1315
http://www.ncbi.nlm.nih.gov/pubmed/18162504
http://doi.org/10.1007/s00125-020-05157-w
http://doi.org/10.2337/dc09-1342
http://doi.org/10.1186/s12876-017-0609-6
http://www.ncbi.nlm.nih.gov/pubmed/28407734
http://doi.org/10.2337/dc15-1447
http://doi.org/10.1136/gutjnl-2020-321402
http://www.ncbi.nlm.nih.gov/pubmed/33208408
http://doi.org/10.1152/ajpendo.00126.2021
http://www.ncbi.nlm.nih.gov/pubmed/34370593
http://doi.org/10.1002/hep.28827
http://doi.org/10.1016/j.diabres.2017.07.015
http://doi.org/10.1111/dom.14262
http://doi.org/10.1007/s13340-021-00545-y
http://doi.org/10.2337/dc20-0093
http://doi.org/10.1038/clpt.2011.267
http://www.ncbi.nlm.nih.gov/pubmed/22378159
http://doi.org/10.2967/jnmt.112.116533
http://www.ncbi.nlm.nih.gov/pubmed/23608073
http://doi.org/10.2967/jnmt.106.036129
http://www.ncbi.nlm.nih.gov/pubmed/17496005
http://doi.org/10.2967/jnumed.110.081539
http://www.ncbi.nlm.nih.gov/pubmed/21233189
http://doi.org/10.3389/fnut.2015.00023
http://doi.org/10.1038/s41366-021-00941-z
http://doi.org/10.3390/nu13103438
http://doi.org/10.1371/journal.pone.0228602
http://doi.org/10.1093/jn/109.7.1143
http://doi.org/10.1155/2011/279530


Int. J. Mol. Sci. 2022, 23, 2659 13 of 13

31. Daniele, G.; Iozzo, P.; Molina-Carrion, M.; Lancaster, J.; Ciociaro, D.; Cersosimo, E.; Tripathy, D.; Triplitt, C.; Fox, P.; Musi, N.; et al.
Exenatide Regulates Cerebral Glucose Metabolism in Brain Areas Associated With Glucose Homeostasis and Reward System.
Diabetes 2015, 64, 3406–3412. [CrossRef] [PubMed]

32. Kleiner, D.E.; Brunt, E.M.; Van Natta, M.; Behling, C.; Contos, M.J.; Cummings, O.W.; Ferrell, L.D.; Liu, Y.C.; Torbenson, M.S.;
Unalp-Arida, A.; et al. Nonalcoholic Steatohepatitis Clinical Research Network. Design and validation of a histological scoring
system for nonalcoholic fatty liver disease. Hepatology 2005, 41, 1313–1321. [CrossRef] [PubMed]

http://doi.org/10.2337/db14-1718
http://www.ncbi.nlm.nih.gov/pubmed/26116695
http://doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/15915461

	Introduction 
	Results 
	Gastrointestinal Transit of 18FDG 
	Lumped Constant 
	Tissue-Specific GU 
	Enteric, Pancreatic, and Fat Hormones 
	Histology of Duodenum, Colon, and Liver 
	Correlations 

	Discussion 
	Materials and Methods 
	Study Design 
	Image Analyses 
	Quantification of GI Transit 
	Estimation of the LCa 
	Quantification of Tissue Glucose Uptake 
	Histology 
	Biochemical Measurements 
	Statistical Analysis 

	References

