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Abstract

Background: In rodents, | |B-hydroxysteroid dehydrogenase | (1 1B-HSD1) catalyzes the conversion of inactive | |-dehydro-
corticosterone to the active hormone corticosterone. Dysregulation of intracellular glucocorticoid action is implicated in
metabolic diseases. Assessing | I3-HSD1 enzyme levels in vivo may be key to understanding obesity pathophysiology.
Objective: We used a Zucker Fatty (ZF) rat model and ['®F]JAS2471907 PET imaging to determine appropriate kinetic modeling
methods and assess changes in | [B-HSD | levels due to obesity in the liver, white and brown adipose tissue (WAT/BAT), and brain.
Material and Methods: To validate ['®FJAS2471907 PET in preclinical models, time-activity curves (TACs) were generated and
kinetic modeling was performed with image-derived input functions (IDIFs) extracted from multiple locations. Quantitative esti-
mates of radioligand binding were compared with ex vivo | IB-HSD1 protein expression. Validated quantitative PET kinetic mod-
eling methods were then used to assess differences in | IB-HSD| between lean and obese ZF rats. Metabolic disease status was
confirmed with stable isotopes tracer studies of glucose and fatty acid metabolism.

Results: Obesity is associated with decreased brain | [B-HSD1 levels, measured by ['8F]A5247I907 PET, which correlated with
measures of glucose and fatty acid metabolism.

Conclusion: We demonstrate that ['8F]A5247I9O7 PET can provide useful quantification of | [B-HSD|1 levels in a rodent model
of obesity.
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diseases.>* Enzyme levels and corresponding activity of
11p-HSD1 in tissues, including the liver, adipose tissue, and
brain, may be key to understanding obesity and fatty liver
disease pathophysiology.

Multiple methods have been successfully employed to
measure the activation of glucocorticoids by 11p-HSDI in
a variety of animal models and clinical populations, includ-
ing in vitro assays,’ transgenic or knock-out models,®’
plasma or urinary metabolites of cortisone and cortisol,* '
and stable isotope tracers.'>™'® More recently, radiolabeled
11p-HSD1 inhibitors have been developed,'®*® and in
combination with positron emission tomography (PET)
imaging, can be used to measure 11p-HSDI1 levels in
multiple organs in one PET scan. ['®F]AS2471907 has
been used to quantify in vivo levels of 11p-HSDI in the
brain,m‘24 liver’*? and adipose tissue’*? in humans, and
Sprague-Dawley rats.

In this study, we assess the feasibility and reliability of
['®F]AS2471907 PET to quantify 11p-HSDI levels in multi-
ple organs in a preclinical model of obesity, the Zucker fatty
(ZF) rat. PET imaging of peripheral organs can be compli-
cated by the presence of radiolabeled metabolites. Some
radioligands are catabolized in the liver, and as such, valida-
tion studies are required to demonstrate that radioligand
metabolites are not a significant source of signal in the
liver or other peripheral organs. In addition, longitudinal
imaging is desirable to examine interventions targeted at
altering 11B-HSDI1 activity in metabolic diseases. To this
end, it is important to assess the reliability and variability
of quantitative measures derived from [lgF]ASZ471907
PET between repeated (test and re-test) scans.

ZF rats have been used previously to characterize the
changes in 11B-HSDI1 activity between lean and obese
strains.” To optimize measurement of 11p-HSDI levels,
this current [ISF]ASZ4719O7 validation in ZF rats includes
several novel analyses that were not performed in the previ-
ous preclinical PET study?*: (1) kinetic modeling approaches
performed with the IDIF extracted from multiple locations;
(2) test-retest to assess the best overall IDIF and kinetic
models for quantification of 118-HSD1; (3) assessment of
blood and tissue radiometabolites; (4) in vivo quantitative
estimates of radioligand binding compared to ex vivo mea-
sures of 113-HSD1 protein expression; (5) validated quanti-
tative PET kinetic modeling methods to assess differences in
11p-HSD1 between lean and obese ZF rats; and (6) metabolic
disease status confirmed with stable isotopes tracer studies of
glucose and fatty acid metabolism.

Given the role of glucocorticoids in regulating glucose and
fatty acid metabolism,' we hypothesized that 11p-HSDI levels
measured by PET would correlate to stable isotope measures.
Thus, the overall goal of this study was to demonstrate that
['®F]AS2471907 PET can provide reliable quantification of
11B-HSD1 levels in a rodent model of obesity in multiple
organs: liver, white and brown adipose tissue, and brain.

Methods

Preclinical Animals

Three separate cohorts of ZF rats were used to assess: (1) PET
quantification methods, (2) radioligand metabolites in liver
tissue, and (3) cross-sectional PET and stable-isotope tracer
studies in lean and obese strain ZF rats. All animal studies
were conducted under the approval of the Yale Institutional
Animal Care and Use Committee (#2022-11547).

Cohort |-Validation of PET Quantification of
I'13-HSD 1 levels of Zucker Fatty Rats

PET/CT Acquisition. The first cohort consisted of five (4F/1M)
lean strain ZF rats (mean weight = 251 + 72 g; 10 weeks old,
Charles River; Strain 186). Rats were permitted to feed ad
libitum prior to imaging. Rats were injected with ['*F]
AS2471907 via the tail vein. List-mode PET data were
acquired on the Inveon PET/CT scanner (Siemens
Preclinical Systems, Knoxville, TN, USA) for 60 min and
rebinned into frames of 12 X 10s, 6 X 30s, 1 X 60 s, 2 X
120 s, and 10 x 300 s. All animals had a low-dose CT acqui-
sition after the PET acquisition to provide attenuation and
scatter correction. To assess test—retest variability, the same
five lean strain ZF rats (weight: 263 + 93 g) were imaged
again with ['®F]AS2471907 PET 15 + 11 days later
(minimum of 7 days). At the end of the second PET/CT
acquisition, blood samples were taken prior to euthanasia,
processed, and analyzed to measure the parent radioligand
and its radioactive metabolites at the end of scan (~60
min) using a high-performance liquid chromatography
(HPLC) method previously described.”® The parent fraction
was calculated as the ratio of the sum of radioactivity frac-
tions containing the parent compound to the total amount
of radioactivity collected.

PET/CT Quantification. All PET images were reconstructed
with the vendor provided software. Images were recon-
structed with 3-D ordered subset expectation maximization
(3D-OSEM) - maximum a posteriori (MAP) (two
3D-OSEM iterations with 16 subsets followed by 25 MAP
iterations), with target resolution of 0.8 mm (f = 0.0023),
chosen based on our previous methodology optimization
for preclinical PET quantification.”* Three IDIFs were eval-
uated for input into the kinetic models; (1) aortic arch, (2)
abdominal aorta (between the liver and kidneys), and (3)
aorta below the kidneys. Each IDIF was generated using a
cylindrical ROI of ~4 mm diameter (5-6 pixel diameter;
0.77 mm*/pixel) on five consecutive axial slices on a
summed PET image from 0-30 s, similar to previously
described methods.** All IDIF were not corrected for
partial volume effects, radiolabeled metabolites, or blood to
plasma ratios. Area under the curve was calculated for each
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IDIF from 0—60 min using the trapezoid method (Prism 10,
GraphPad Software, Boston, MA, USA). The liver, brain,
and intrascapular brown adipose tissue (BAT) ROIs were
drawn on summed PET images from 30-60 min and time—
activity-curves (TACs) generated. Volume of distribution
(Vy, mL/cm?),%’ the ratio of radioligand in target tissue to
plasma at equilibrium, were calculated using the one- and
two-tissue compartment models (1TC/2TC),*® multilinear
analysis-1 (MA1)* and Logan graphical approach.*® All
kinetic models were evaluated from 7,;, = 0 to 7= 60
and when appropriate (MA1, Logan), varying #* from 0O to
40 min. To determine the most appropriate outcome
measure, test—retest variability (TRV) and absolute TRV
(aTRV) were calculated for each model, r* and ROI,
similar to previous human studies.”?’ TRV and aTRV of
AUC of IDIFs were also assessed.

TRV = 200% retest value — baseline value

baseline value + retest value

uTRV = 200% s |retest value — baseline value|

baseline value + retest value

Standardized uptake values (SUVs), normalized to the body
weight, and SUV ratio (SUVR) with the IDIF as reference,
were also calculated with varying windows from 10 to 60
min. Pearson’s correlations between Vr and these semiquan-
titative measures (SUV/SUVR) were examined.

Immunoblotting Assay. The liver (left lateral or medial lobe),
intrascapular BAT and brain tissue samples were extracted
post-mortem from rats after their last scan to correlate in
vivo PET quantification estimates to 11p-HSD1 protein
content measured ex vivo. Tissue was homogenized in
ice-cold homogenization buffer with protease and phospha-
tase inhibitors (cOmplete MINI + PhosSTOP (Roche)).
Proteins were resolved by SDS-PAGE using a 4%—12% gra-
dient gel and electroblotted onto polyvinylidene difluoride
membrane (DuPont) using a semi-dry transfer cell. The mem-
brane was then blocked with 5% (w/v) bovine serum
albumin, and incubated overnight with the primary antibod-
ies: 11p-HSD1 (Abcam AB39364, 1:2000) and HSP90
(BD Bioscience 610419, 1:1000). After washing, membranes
were incubated with horseradish peroxidase-conjugated anti-
rabbit secondary antibody (Cell Signaling Technology
7074s, 1:5000) for 60 min. Detection was performed with
enhanced chemiluminescence.

Cohort 2—Measurement of Radiolabeled Metabolites
in the Liver Tissue of Zucker Fatty Rats

To measure radiolabeled metabolites that may be present in
the liver tissue, an additional cohort of lean strain ZF rats
(2M/2F; 10 weeks old, Charles River; Strain 186), permitted
to feed ad libitum prior to the study, were injected with ['*F]
AS2471907 via the tail vein. Rats were euthanized after

circulation time of 30 min (1M/1F), or 60 min (IM/1F) and
the left lateral or medial lobe liver was removed. Two to
three grams of tissue from each liver was denatured and
homogenized in equal volumes of cold methanol (~4°C)
and water on ice using a Polytron PT1200E tissue homoge-
nizer (Luzern, Switzerland). The homogenized sample (0.5
mL) was then diluted with 4.5 mL saline and centrifuged at
4°C for 10 min at 14,000 rpm with an Eppendorf 5417R
benchtop centrifuge (Hauppauge, NY, USA) to precipitate
the proteins. The supernatant (1.0 mL) was analyzed by
reverse phase analytical HPLC (column: Phenomenex Luna
C18(2) analytical column (5 pm, 4.6x250 mm); mobile
phase: 60% 0.1 M ammonium formate and 40% acetonitrile
(wv); flow rate: 1.5 mL/min) to determine the fractions of
parent tracer and metabolites.

Cohort 3 — Cross-sectional studies in Zucker Fatty
Lean and Obese Strain Rats

PET/CT. Lean strain ZF rats (3F/1M; F: 193 + 13 g, M:
478 g; 10 weeks old, Charles River; Strain 186) and obese
strain ZF rats (3F/2M; F: 403 + 20 g, M: 754 + 21 g; 10
weeks old, Charles River; Strain 185), permitted to feed ad
libitum prior to the study, were injected with ['°F]
AS2471907 via tail vain. PET acquisition and image recon-
struction parameters were identical to those used in Cohort
1. The liver, brain, and intrascapular BAT ROIs were
drawn on summed PET images from 30 to 60 min and
TACs generated. Visceral white adipose tissue (WAT) was
drawn on the co-registered attenuation CT image, including
the region from the bottom of the liver to the kidneys, and
applied to the PET images to generate a visceral WAT
TAC. An IDIF was extracted from the aortic arch and Vr esti-
mated using MAI1 (liver, * = 40 min; visceral WAT and
intrascapular BAT, * = 20 min; and brain #* = 10 min), as
determined from test-retest data in Cohort 1. SUV and
SUVR were also calculated. Pearson’s correlations of Vr to
semi-quantitative SUV and SUVR measurements were
explored. Corrections for ROI volume changes between
lean and obese animals were calculated as SUVR X ROI
volume (cm®), which gives a measure of aggregate
118-HSD1 level in that organ. Significance testing was
examined using unpaired ¢ test with Welch’s correction.

Stable-Isotope Tracing of Glycerol Metabolism in Adipose Tissue.

Stable-isotope tracing of glucose and glycerol (fatty acid)
metabolism was assessed in a subset of animals in Cohort
3: 4 lean strain (3F/1M; 371 + 43 g; Charles River; Strain
186) and 3 obese strain (1F/2M; 643 + 24 g; Charles
River; Strain 185) ZF rats. After PET scanning, rats under-
went surgery under general isoflurane anesthesia to place
polyethylene catheters in the jugular vein and carotid artery
(Instech Solomon PE90 and PESO, respectively). After 7

days of recovery (23 + 12 days after PET scans), rats were
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fasted overnight. Following 5 min 3X prime, rats underwent
a basal infusion of 100% [1,2,3,4,5,6,6-2H7]g1ucose (0.5 mg/
kg/min) and [1,1,2,2,3-*Hsglycerol  (0.25 mg/kg/min)
through the arterial catheter for 115 min. Blood samples
were obtained from the jugular venous catheter at 100,
110, and 120 min of the basal infusion. A hyperinsulinemic-
euglycemic clamp was then initiated, with infusion of regular
insulin in 1% artificial plasma through the arterial catheter at
a rate of 4.0 mU/kg/min. Infusion of [1,1,2,2,3-2H5]glycerol
infusion continued, but was lowered to a rate of 1.5 mg/kg/
min, while infusion of 100% [1,2,3,4,5,6,6-2H7]g1ucose
was replaced with 20% [l,2,3,4,5,6,6—2H7]g1ucose/80%
['?C]glucose. Blood was drawn every 10-15 min, and the
glucose infusion rate was varied until the 100 min time
point to maintain euglycemia (100-120 mg/dL), as assessed
using a handheld glucometer. After 120 min of the clamp,
the study was terminated, catheters were tied off, and the
rats were refed.

Gas chromatography-mass spectrometry (GC-MS) was
used to measure plasma [*Hslglycerol and [*H;]glucose
atom percent enrichment (APE; [*Hs]glycerol/total glycerol,
and [*H;]glucose/total glucose), as described previously,>'

APE was averaged separately over the 100, 110, and
120 min timepoints in the basal infusion and the clamp,
and endogenous turnover was calculated as:

tracer APE

T =—=—
urnover ( plasma APE

l)x infusion rate,
where tracer APE represents the enrichment of the infused
tracer (ie, 99%), and plasma APE represents the enrichment
measured in plasma. Suppression was calculated as percent
change in endogenous glucose production or glycerol turn-
over between basal and clamp infusions. Pearson’s correla-
tions of 11B-HSD1 PET measurements in the liver,
intrascapular BAT, visceral WAT and brain with insulin-
mediated whole-body glucose turnover and glycerol turnover
from adipose tissue were examined in the same rats.
Pearson’s correlations of Vy, SUV or SUVR to these
stable-isotope measurements were performed to examine
relationships between 11B-HSDI1 levels and whole body
(glucose) and adipose tissue (glycerol) insulin sensitivity.

Results

Cohort | — Validation of PET Quantification of
I 13-HSD1 levels in Zucker Fatty Rats

For test scans, rats received 11.7 + 4.6 MBq of [ISF]
AS2471907 (mass dose: 0.17 + 0.08 pg) and for retest
scans rats received 14.4 + 7.6 MBq of []8F]ASZ4719O7
(mass dose: 0.07 + 0.05 pg). Representative sagittal
(Figure 1A) and axial (Figure 1B) SUV PET/CT images
(30-60 min) show high uptake in the liver and moderate
uptake in the intrascapular BAT and brain. Representative

TACs are shown in Figure 1C for the liver, intrascapular
BAT, visceral WAT, brain and aortic arch IDIF throughout
the 60-min dynamic scan. A common feature of this radio-
tracer in preclinical imaging has been the relative flatness
of the TACs from 30-60 min post-injection, reflecting equi-
librium of the radioligand between the tissue and blood
(Figure 1C).

Coronal and axial views of representative IDIFs generated
for use in kinetic modeling analysis are shown in Figure 2 for
the abdominal aorta (Figure 2A), aortic arch (Figure 2B), and
infrarenal aorta (Figure 2C). The TAC for each IDIF is dis-
played in Figure 2D showing differences at later time
points, particularly in the abdominal aorta, which increases
over time due to spill-in artifacts from the liver, and thus is
inappropriate as an IDIF region. The first five minutes of
the IDIF TACs also demonstrate differences in the initial
phase of the input function (Figure 2E). The infrarenal
aorta IDIF has a lower initial peak and is much noisier
from O to 2 min post injection, leading to shape differences
compared to the aortic arch (Figure 2E, black arrow).

Test-retest examination of the IDIFs also revealed that the
aortic arch was more consistent between scans among all rats
with the lowest aTRV of 28 + 20% (TRV —12% + 20%),
compared to abdominal aorta (aTRV 47 + 23%; TRV 14 +
31%) and infrarenal aorta (aTRV 34 + 24%; TRV —1 +
44%) (Supplemental Figure S1 and Table S1). Based on
these comparisons, the aortic arch was chosen as the appro-
priate region to generate the IDIF used to estimating param-
eters with kinetic modeling.

Mean parent fraction of ['*F]AS2471907 in plasma was
89 + 3% at 60 min post injection, as determined by HPLC
analysis (Supplemental Table S2 and Figure S2).
Therefore, no correction for metabolites was applied to the
whole blood IDIF.

The one-tissue compartment model did not provide ade-
quate fits for the liver, BAT, and brain TACs. The 2-tissue
compartment model mostly provided adequate fits;
however, when TACs were well fitted, the parameter esti-
mates obtained were unrealistic with very high standard
errors. Both MA1 and Logan graphical methods provided
good fits and reasonable parameter estimates for all
regions. Table 1 lists the values of V, SUVR and SUV for
the liver, intrascapular BAT and brain ROIs at baseline and
retest scans. It is worth noting that the liver Vr estimates
have a wide range (~2-23 mL/cm3); however, a similarly
wide range of Vp estimates (~5-25 mL/cm®) was seen in
the rats used for immunoblotting studies.

In the liver, V estimates determined by MA1 with #* =20
min provided the smallest TRV (0 + 18%) and aTRV (12 +
12%) compared to all other #* values. The same was true for
the Logan graphical approach (#* = 20 min; TRV 1 + 18%;
aTRV 12 + 12%). Semiquantitative values of the liver SUVR
and SUV had TRV values of —=5% + 17% and —4% + 37%,
respectively (SUVR aTRV 14% + 9%; SUV aTRV 24% +
26%).
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Figure |. Representative rat whole-body (A) sagittal and (B) axial ['®F]AS2471907 PET/CT SUV (30-60 min) images visualizing the liver
(purple arrow), brain (blue arrow) and intrascapular BAT (green arrow). Time activity curves (C) of the liver, intrascapular BAT, visceral
WAT and brain and aortic arch image-derived input function (IDIF). Scale bar SUV 0-1.5.

For intrascapular BAT, Vt estimates determined by MA 1
with ## = 40 min provided the smallest TRV (-8 + 29%) and
aTRV (23 + 17%) compared to all other #* values. For Logan
graphical approach (#* = 40 min), TRV was much higher
(=26 + 65%) with small variability in TRV (25-28%)
between different #* values. Semiquantitative values of intra-
scapular BAT SUVR and SUV had TRV of —15% =+ 22%
and —12% + 52%, respectively, while the aTRV was 17%
+ 20% and 33% + 40%, respectively.

In the brain, TRV was <5% for Vr estimates determined
by MALI for any ¥, and MA1 with ¥ = 10 min gave the
smallest aTRV (24% =+ 14%) compared to other #* values.
The same was true for the Vr estimates (<5% TRV) by
Logan graphical approach with all #* values, with * = 10
providing the smallest aTRV (25% + 14%). TRV values
were 2% + 28% and 1% + 25%, respectively, for the semi-
quantitative values of brain SUVR and SUV. In contrast to
other organs, aTRV was smaller (16% + 17%) for brain
SUV than SUVR (23% + 10%). Generally, similar TRV
was found for SUV and SUVR across all regions.
Compared to SUV, aTRV was smaller for SUVR in the
liver and adipose tissue, suggesting the utility of correcting
for differences in radioligand concentrations in the blood
pool for accurate quantification.

Test and retest Vr estimates were highly correlated to
SUVR in the liver (R* =0.99) and brain (R> = 0.95), but

not in intrascapular BAT (R?*=0.14) (Supplemental

Figure S3). Test and retest V estimates were well correlated
to SUV in the liver (R* = 0.98). However, when the rat with
the highest uptake was removed, V1 and SUV were not well
correlated (R2 = 0.30). Test and retest Vr estimates and SUV
were not well correlated in intrascapular BAT (R* = 0.02)
and brain (R*=0.34) (Supplemental Figure S3). Taken
together, these results suggest that, when the blood pool is
taken into account the simplified methods could be appropri-
ate for parameter estimates in the liver and brain, but kinetic
modeling with MA1 may be required for parameter estimates
in intrascapular BAT.

Ex-Vivo Measure of |B-HSD Proteins Levels. In a subset of rats
in Cohort 1, Western blot analysis of 113-HSD1 was per-
formed for the liver, intrascapular BAT, and brain, and
results are shown in Figure 3A. Quantification of protein
expression from Western blots corresponded well with in
vivo estimates of 11p-HSDI1 levels by PET imaging with
['®F]AS2471907 (Figure 3B and C). Within each animal,
the rank order of Vr values was consistent with ex vivo esti-
mates of protein content in each organ.

Cohort 2 — Radiolabeled Metabolites in the Liver
Tissue of Zucker Fatty Lean Strain Rats
For tissue metabolite studies, rats were injected with 4.8 +

0.2 MBq of ['®F]AS2471907 (mass dose: 0.65 + 0.01 pg).
Analysis and quantification by HPLC (Supplementary
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Figure 2. Representative rat coronal (left) and axial (right) ['®FJAS2471907 PET SUV (0-30 s) images visualizing the IDIFs for (A)
abdominal aorta (blue arrows), (B) aortic arch (green arrows) and (C) infrarenal aorta (orange arrows). Time activity curves for each IDIF
for the (D) full 60-min dynamic scan and (E) the first five minutes of the IDIF TAC. Scale bar SUV 0-5.

Figure 4) indicated radiolabeled metabolite accounted for
only <2% (30 min) and <4% (60 min) of the radioactivity
in the liver tissue. This confirms that radioactivity uptake in
the liver is primarily due to the parent compound, not radio-
labeled metabolites.

Cohort 3 — Cross-sectional studies in Zucker Fatty
Lean and Obese Strain Rats

For Cohort 3, rats were injected with 11.4 + 5.3 MBq of ['*F]
AS2471907 (mass dose: 0.09 = 0.03 pg). In Cohort 3, MAI
method fitted all ROI TACs well in this cohort, except for
one rat where MA1 did not provide reasonable Vr estimates
in both intrascapular BAT and visceral WAT. MA1 Vi was
highly correlated with SUVR in the liver (R* = 0.95), intra-
scapular BAT (R* = 0.86), visceral WAT (R* = 0.88), and
brain (R* = 0.95) (Supplemental Figure S5). Given the high
correlations between MA1 V1 and SUVR, we included all
nine rats by reporting SUVR and SUVR X ROI volume.

Organ volumes were positively correlated with weight in the
liver (R2 =0.89; p < .001), intrascapular BAT (R2 =0.56;
p =.02), and visceral WAT (R = 0.62; p = .01). As reported
previously in ZF rats,>> a negative correlation with brain
volume and weight was found (R* = 0.49; p = .04). There
were no significant differences in SUVR in the liver and intra-
scapular BAT but significantly lower SUVR in visceral WAT
(lean: 1.46 + 0.44; obese: 0.48 +0.23; p = .01, unpaired r-test
with Welch’s correction) and brain (lean: 0.61 + 0.24; obese:
0.24 + 0.23; p = .04) (Figure 4A to D). After corrections for
ROI volume, only brain SUVR X ROI volume (lean: 1.15 +
0.46; obese: 0.40 + 0.14; p = .04) was significantly lower in
obese versus lean rats (Figure 4E to H).

Several parameters from stable isotope tracer studies of
glucose metabolism were altered in obese versus lean rats.
Glucose infusion rate (GINF) (100-120 min) was signifi-
cantly lower in obese rats (lean: 9.8 + 1.6 mg/kg/min;
obese: 2.9 + 0.3 mg/kg/min; p = .002, unpaired z-test with
Welch’s correction), consistent with systemic insulin resis-
tance; while clamped plasma glucose (100-120 min) was


https://journals.sagepub.com/doi/suppl/10.1177/15353508241301584
https://journals.sagepub.com/doi/suppl/10.1177/15353508241301584

Bini et al.

Table I. Quantitative distribution volume (V1, cm*/mL) and semiquantitative (SUV/SUVR) values from kinetic modeling and test-retest reliability for

['®F]AS2471907 PET.

Baseline Retest Baseline Retest Baseline Retest Baseline Retest
Liver V¢ (MAI t* = 20) V1 (Logan t* = 20) SUVR (20-60 min) SUV (20-60 min)
RI 4.62 436 461 435 4.68 3.85 2.73 3.25
R2 4.28 3.64 4.28 3.63 4.40 3.73 3.16 3.08
R3 23.67 23.00 23.6 229 25.31 25.24 10.24 9.86
R4 2.78 2.68 2.78 2.66 2.94 2.64 3.16 1.61
R5 3.08 4.21 3.08 4.22 3.26 4.07 2.70 3.73
TRV 0+ 18% | + 18% -5+ 17% —4 + 37%
aTRV 12 £ 12% 12 £ 12% 14 + 9% 24 + 26%
Intrascapular V¢ (MAI t* = 40) V1 (Logan t* = 40) SUVR (40-60 min) SUV (40-60 min)
BAT
RI 2.26 222 221 2.21 2.24 2.35 1.19 1.86
R2 2.63 1.84 2.62 1.84 2.4 1.98 1.60 1.54
R3 2.92 3.90 2.85 3.85 1.69 1.62 0.71 0.64
R4 1.69 1.14 1.66 0.33 1.04 0.62 1.01 0.35
R5 1.74 1.88 1.74 1.88 1.84 1.77 1.41 1.53
TRV -8 + 29% —26 + 65% —15+22% —12 +52%
aTRV 23+ 17% 41 + 55% 17 +20% 33 + 40%
Brain V¢ (MAI t* = 10) V1 (Logan t* = 10) SUVR (10-60 min) SUV (10-60 min)
RI I.11 0.86 1.04 0.85 1.07 0.82 0.66 0.68
R2 1.00 0.85 1.01 0.86 1.04 0.87 0.78 0.76
R3 0.75 0.70 0.84 0.65 0.82 0.75 0.34 0.32
R4 0.62 0.8l 0.6l 0.92 0.63 0.84 0.73 0.55
R5 0.72 1.14 0.74 1.05 0.75 1.07 0.68 1.02
TRV 5+ 30% 3+£31% 2 +28% I +25%
aTRV 24 + 14% 25 + 14% 23 + 10% 16 + 17%

not different (lean: 109.8 + 4.4 mg/dL; obese: 114.0 + 5.0
dL; p = .32). In obese rats, basal endogenous glucose pro-
duction (EGP) was higher (lean: 7.4 + 0.6 mg/kg/min;
obese: 17.3 + 1.6 mg/kg/min; p = .005), as well as clamp
EGP (lean: 2.3 + 0.3 mg/kg/min; obese: 16.3 + 0.8 mg/kg/
min; p = .002). EGP suppression was lower in obese rats
(lean: 70 + 5%; obese: 6 + 10%; p = .004), demonstrating
marked hepatic insulin resistance in the obese animals.

For stable isotope tracer studies of fatty acid metabolism,
basal glycerol level was higher in obese rats (lean: 34.5 + 3.0
umol/kg/min; obese: 51.8 + 3.4 pmol/kg/min; p = .002), as
well as clamp glycerol (lean: 17.7 + 3.5 umol/kg/min;
obese: 46.6 + 4.8 umol/kg/min; p = .002). Glycerol turnover
suppression was lower in obese rats (lean: 48 + 11%; obese:
10 + 4%; p = .003), demonstrating adipose tissue insulin
resistance.

Of'the volume-corrected SUVR measures (Figure 4E to H),
only brain SUVR X volume correlated with any stable isotope
measures. Brain SUVR X volume was positively correlated
with GINF (R* = 0.80, p = .007), and glycerol turnover sup-
pression (R*=0.78, p =.009), but negatively correlated
with clamp glycerol turnover (R*=0.61, p=.04)
(Figure 5). Without volume correction, brain SUVR was still
positively correlated with GINF (R* =0.74, p = .01), and
glycerol turnover suppression (R* = 0.77, p = .01) while neg-
atively correlated with clamp glycerol turnover (R* = 0.62,
p = .04). Thus, brain 118-HSDI1 correlated with measures of
whole body (glucose) and adipose tissue (glycerol) insulin
sensitivity.

Without adipose tissue volume correction, visceral WAT
SUVR was negatively correlated with basal (R* = 0.60,
p =.04) and clamp EGP (R* = 0.68, p = .02), and positively
correlated with EGP suppression (R*=0.68, p = .02). In
addition, visceral WAT SUVR was negatively correlated
with basal (R* = 0.70, p = .02) and clamp glycerol turnover
(R* =0.69, p = .02), and positively correlated with glycerol
turnover suppression (R> = 0.60, p = .04).

Despite expanding visceral WAT volume, aggregate
11B-HSD1 levels are unchanged between lean and obese
rats (Figure 4G), but still correlated with measures of
whole body (glucose) and adipose tissue (glycerol) insulin
sensitivity, suggesting an interplay of brain and visceral
WAT 11p-HSD1 levels.

Discussion

In this study, we used a ZF rat model and PET imaging with
the radioligand ['®F]AS2471907 to determine appropriate
kinetic modeling methods for quantitative analysis of
imaging data in the brain and peripheral tissues, and assess
changes in 11p-HSDI1 levels during obesity in the liver,
BAT, WAT and brain. To validate ['*F]AS2471907 PET in
preclinical models, TACs of ['®F]AS2471907 were gener-
ated from multiple organs, and kinetic modeling was per-
formed with IDIFs extracted from multiple locations.
Negligible levels of radiolabeled metabolites in the blood
and liver tissue allowed estimation of kinetic modeling
parameters in the brain, liver, and adipose tissue depots
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Figure 4. Group comparisons of SUVR for (A) the liver, (B) intrascapular BAT, (C) visceral WAT, and (D) brain. Group comparison of
SUVR multiplied by organ volume to calculate aggregate specific binding signal in each organ for (E) the liver, (F) intrascapular BAT, (G)
visceral WAT, and (H) brain. Animals are also labeled by sex: female (green dots) and male (blue dots).

with adequate test—retest variability, which was comparable modeling corresponded with ex vivo measures of
to that in human brain ['*F]AS2471907 PET studies.”' 11B-HSD1 protein expression (Figure 3). Optimized quanti-
Furthermore, quantitative parameter estimates from kinetic tative PET kinetic modeling methods were then used to
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assess differences in 11B-HSD1 levels between lean and
obese strain ZF rats. Metabolic disease status was also con-
firmed with stable isotopes tracer studies of glucose and
fatty acid metabolism. Overall, we demonstrate that ['®F]
AS2471907 PET can provide useful quantification of
11p-HSD1 levels in a rodent model of obesity.

Inspection of ['®F]AS2471907 TACs in the liver, adipose
tissue, and brain (Figure 1), indicated that, as expected,
steady-state equilibrium was reached at variable times for dif-
ferent organs, which was also reflected in different optimal #*
values for each organ in kinetic analysis using the for MA1
method (Table 1). Uptake into the liver and brain appeared
to be rapid, while uptake into the adipose tissue was
slower, as reflected by a * of 40 min for adipose tissue in
the MA1 analysis. This also contributed to the poorer rela-
tionship between SUVR and MA1 Vr values in adipose
tissue (Supplemental Figure S3).

Three locations for IDIF extraction were examined
(Figure 2): the abdominal aorta, aortic arch, and infrarenal
aorta. Previously, we implemented an abdominal aorta
IDIF in in two Sprague-Dawley rats because it was relatively
easy to visualize on early PET frames (0-30s) using a rapid
bolus injection of the radioligand.>* However, when
imaging a larger cohort of animals in this study, a noticeable
rise in abdominal aorta IDIFs during late scan times sug-
gested significant spill-in from the liver, making it an inade-
quate choice for repeat measurement of an IDIF. The section
of the abdominal aorta chosen for IDIFs is surrounded by the
liver, an organ with very high radioligand uptake, causing
spill-in to the aorta IDIF due to partial volume and tissue frac-
tion effects. The aortic arch can be visualized in early PET
frames (0-30s), albeit with early lung uptake background
(Figure 2) due to the high vascularization of lung tissue.
However, since there is very little specific binding of the radio-
ligand in the lung tissue, there is no spill-in effect potentially
hindering reliability and reproducibility of the IDIF in later
time frames. Due to the limited field-of-view (FOV) of the
PET scanner in the axial direction, the infrarenal aorta IDIF
isatthe edge of the PET scanner FOV. With poorer system sen-
sitivity in this region, the IDIF becomes quite noisy, as can be

seen in the unevenness of the infrarenal IDIF curve (Figure 2,
black arrow). As a result, for this animal model, the aortic arch
is the location where the most consistent IDIF can be extracted
(Supplemental Figure S1 and Table S1). Unfortunately, arte-
rial blood sampling was not performed to allow for the “gold
standard” kinetic modeling analysis with full arterial input
function and future studies will need to confirm the accuracy
of the IDIF choice. Nonetheless, kinetic modeling estimates
compared well with ex vivo protein measurements, increasing
the confidence that the IDIFs and overall kinetic modeling
methods produced useful quantitative results, particularly
because accounting for radioligand blood concentrations
using Vr or SUVR, with blood as the reference region, rather
than SUV was more consistent with ex vivo protein
measurements.

For the validation of a novel radioligand in quantitative
PET imaging application, knowledge of its radioactive
metabolites in blood and tissue is important, particularly if
the targets of interest are peripheral organs that are the
primary site of metabolism (e.g., the liver). ['®F]
AS2471907 has very low radiolabeled metabolites both in
blood and liver tissue. The unmetabolized parent radioli-
gand fraction was >89% in blood throughout the duration
of the PET scan in rats (Supplemental Table S2 and
Figure S2), demonstrating high metabolic stability of the
radioligand. As a result, very little radiolabeled metabolites
were detected in the liver tissue, <1% in male rats, and <4 %
in females (Supplemental Figure S4), indicating that almost
all the signal in the liver is from the parent compound, and
thus making ['®F]AS2471907 an ideal radioligand for
examining 11B-HSDI1 levels in the liver, and other periph-
eral organs.

The one-tissue compartment model did not provide ade-
quate fits for the liver, adipose tissue, and brain TACs. The
2-tissue compartment model mostly provided adequate fits;
however, when TACs were well fitted, the parameter esti-
mates obtained were unrealistic with very high standard
errors. This is consistent with our previous results from
kinetic modeling of ['®F]JAS2471907 imaging data in
Sprague-Dawley rats.”* The MA1 and Logan graphical
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analysis both provided appropriate fits at multiple #* values,
with MA1 providing lower aTRV in all organs and thus the
kinetic model of choice in the current study. The aTRV
values of MA1, Vi or SUVR, were between 12%-24%
(Table 1), comparable to those of MA1 Vr in the human
brain study (10-27%) using ['®F]AS2471907.2' The ZF
lean rats gained on average 4% body weight between test
and retest scans. Therefore, aTRV seen here mostly reflects
the inherent variability of any imaging technique, rather
than physiological variation due to growth between scans,
especially since the aTRV values are similar to that of the
human brain study.

In this study, we chose * values that would provide the
lowest TRV and aTRV. Future studies may consider optimiz-
ing the choice of r* values where TRV is not necessarily
lowest in order to enhance group differences where differen-
tial diagnosis may be the desired outcome.

SUVR had higher correlation with MA1 V¢ than SUV for
both the test and retest scans (Supplemental Figure S3). In the
cohort undergoing longitudinal scanning there appeared to be
one rat as outlier with high liver V1. However, similar liver
Vr estimates (20-25 mL/cm®) were seen in the subset of
rats undergoing both scanning and ex vivo 11p-HSD1 valida-
tion (Figure 3). Given the overall data presented inclusion of
the single rat with high liver Vi value does not appear to skew
the correlation analysis. Indeed, removal of the animal with
high liver Vp value still resulted in high correlation
between Vi and SUVR, as can be seen from the inset in
each plot (Supplemental Figure S3).

Results from examination of protein expression levels by
Western blot corresponded well with in vivo estimates of
11p-HSD1 levels by ['®F]AS2471907 PET imaging
(Figure 3). Protein levels in the liver assessed ex vivo demon-
strated consistency with the range of liver Vy estimates (5-25
mL/cm?) seen in rats throughout the study. Consistency in
the rank order of protein expression (liver > intrascapular
BAT > brain) with Vp estimates was also evident across
organs in each animal. In the present study protein expression
in visceral WAT was not examined in lean strain ZF rats, and
will need to be assessed in future studies.

Results from the initial validation study indicated that
['®F]AS2471907 PET is an appropriate tool to assess
11p-HSD1 levels (Cohorts 1 and 2). Therefore, we performed
a preliminary study in lean and obese strain ZF rats (Cohort
3). Brain SUVR of ['®F]AS2471907 was significantly lower
in obese compared to lean rats (Figure 4). Visceral WAT
SUVR was also significantly lower in obese rats; however,
given the large increase in visceral WAT mass present in
ZF obese strain rats, SUVR X volume was used as a
measure of aggregate 11B-HSDI levels in visceral WAT.
When this metric was used, no difference was found in
11p-HSD1 levels in visceral WAT between the lean and
obese rats. Visceral WAT is thought to be the main contrib-
utor to the generation of nonadrenal peripheral cortisol via
11p-HSD1 enzyme activity. Our results suggest no changes

in aggregate 11p-HSDI1 levels in visceral WAT of obese
versus lean rats. In a study examining 11p-HSD1 enzyme
activity in the same lean and obese strain ZF rat model,
increased 11p-HSD1 enzyme activity was found in omental
WAT of obese rats.” This suggests the possibility that
although the levels of 113-HSD1 enzyme are unchanged in
omental WAT, activity of the enzyme may be increased,
leading to increase in nonadrenal cortisol production.

Obesity results in slightly lower brain volumes, which has
been confirmed in ZF rat models**> and human studies of
obesity.33 After correction for brain volumes, SUVR X
volume (aggregate 11B-HSD1) in the brain was still signifi-
cantly lower in obese rats, suggesting that overall brain
11p-HSD1 levels are reduced. This mirrors what was seen
in the human brain, with ['F]AS2471907 uptake negatively
correlating with increasing body mass index.>

Interestingly, our present study found no difference in the
liver 11p-HSD1 levels (SUVR or SUVR X volume) between
lean and obese rats, although a previous study observed
reduced liver enzyme activity in a ZF model,” supporting
at least in a ZF rat model of obesity, that the liver does not
appear to be a primary nonadrenal source of cortisol regener-
ation. Similar findings have been presented in both human
and rodent studies of 11p-HSDI enzyme activity.”%'*'*
Future studies combining ['*F]AS2471907 PET imaging
with stable isotope tracers of cortisol and cortisone'? in rat
models of obesity and metabolic disease would further illu-
minate the relationship between 11B-HSDI1 enzyme levels
and enzyme activity.

The role of 118-HSD1 in local glucocorticoid regulation
and thus glucose metabolism has important implications to
the pathophysiology of metabolic diseases. To explore
these relationships, we performed insulin-mediated glucose
infusions in both lean and obese rats. Interestingly, only
brain SUVR and SUVR X volume correlated with GINF
and higher 11B-HSDI1 enzyme levels in lean animals were
associated with higher GINF (Figure 5). There is evidence
that intracellular glucose 6-phosphate directly regulates
11p-HSD1 activity.** Therefore, alterations in glucose
metabolism due to insulin resistance may be directly respon-
sible for adjusting the set point of 11-HSD1 levels and
activity. >

Glucocorticoids are important regulators of adipose tissue
lipolysis. We explored the relationship between ['®F]
AS2471907 binding and adipose tissue lipolysis as assessed
by glycerol turnover in basal and insulin-suppressed states.
Like glucose metabolism, brain SUVR X volume was signif-
icantly correlated with glycerol turnover, the most direct
readout of in vivo lipolysis (Figure 5). Lower brain
118-HSD1 enzyme levels in obese rats were correlated
with both higher glycerol turnover during clamp and lower
insulin-mediated suppression of glycerol turnover. Obesity
and fatty liver disease are associated with increased lipolysis
from visceral WAT.>® While the link between adipose tissue
glucocorticoid action and hepatic insulin resistance has been
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studied in transgenic and knock-out mice,®>” further study of
the relationship between organ specific (e.g., brain vs. vis-
ceral WAT) 11p-HSD1 abundance is warranted.

Conclusions

We demonstrated that ['®F]AS2471907 PET can provide
useful quantification of 11p-HSDI1 levels in the brain and
peripheral organs in a rodent model of obesity. Validation
consisted of several analyses not previously studied in pre-
clinical [ISF]ASZ471907 PET. These included IDIF extrac-
tions from multiple locations, test-retest scans to assess
reproducible quantification of 11B-HSDI1, assessment of
blood and tissue radiometabolites, comparison of in vivo
and ex vivo 11B-HSD1 protein expression, PET imaging to
assess differences in 113-HSD1 between lean and obese ZF
rats; and finally, correlating 113-HSD1 protein levels to met-
abolic disease status.

Overall, obesity is associated with decreased brain
11p-HSD1 levels, which in turn are correlated with measures
of both glucose and fatty acid metabolism. Future studies in
rodents and humans combining ['®F]AS2471907 PET
imaging with stable isotope tracers of cortisol and cortisone
would further illuminate the relationships between
118-HSD1 enzyme levels, enzyme activity, and insulin-
mediated glucose and fatty acid metabolism.

Acknowledgments

The authors appreciate the excellent technical assistance of the Yale
PET Center staff.

Data Awvailability

Supporting data are available upon request by contacting the corre-
sponding authors.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Ethical Approval

All animal studies were conducted under the approval of the Yale
Institutional Animal Care and Use Committee (#2022-11547).

Funding

This work was supported by a training grant from the NIDDK
(KO1DK118005).

ORCID iDs

Jason Bini
Daniel F. Vatner

https:/orcid.org/0000-0003-4047-6575
https:/orcid.org/0000-0003-2073-0273

Supplemental Material

Supplemental material for this article is available online.

References

1. Chapman K, Holmes M, Seckl J. 11p-Hydroxysteroid dehydro-
genases: Intracellular gate-keepers of tissue glucocorticoid
action. Physiological Rev. 2013;93(3):1139-1206.

2. Gomez-sanchez EP, Gomez-sanchez CE. Molecular and cellu-
lar endocrinology 11f-hydroxysteroid dehydrogenases: A
growing multi-tasking family. Mol and Cellular Endocrinol.
2021;526:111210.

3. Cooper MS, Stewart PM. 11f-Hydroxysteroid dehydrogenase
type 1 and its role in the hypothalamus-pituitary-adrenal axis,
metabolic syndrome, and inflammation. J of Clin Endocrinol
Metab. 2009;94(12):4645-4654.

4. Stewart PM, Tomlinson JW. Selective inhibitors of 11beta-
hydroxysteroid dehydrogenase type 1 for patients with meta-
bolic syndrome: Is the target liver, fat, or both? Diabetes.
2009;58(1):14-15.

5. Livingstone DEW, Jones GC, Smith K, et al. Understanding the
role of glucocorticoids in obesity: Tissue-specific alterations of
corticosterone metabolism in obese Zucker rats. Endocrinology.
2000;141(2):560-563.

6. Abulizi A, Camporez J-P, Zhang D, et al. Ectopic lipid deposi-
tion mediates insulin resistance in adipose specific
11p-hydroxysteroid dehydrogenase type 1 transgenic mice.
Metabolism. 2019;93:1-9.

7. YauJL, Noble J, Kenyon CJ, et al. Lack of tissue glucocorticoid
reactivation in 11beta -hydroxysteroid dehydrogenase type 1
knockout mice ameliorates age-related learning impairments.
Proce Natl Acad of Sci USA. 2001;98(8):4716-4721.

8. Stewart PM, Boulton A, Kumar S, et al. Cortisol metabolism in
human obesity: Impaired cortisone — cortisol conversion in
subjects with central adiposity. J Clin Endocrinol Metab.
1999;84(3):1022-1027.

9. Rask E. Tissue-specific dysregulation of cortisol metabolism in
human obesity. J Clin Endocrinol Metab. 2001;86(3):1418-1421.

10. Rask E, Walker BR, Soderberg S, et al. Tissue-specific changes
in peripheral cortisol metabolism in obese women: Increased
adipose 11 beta-hydroxysteroid dehydrogenase type 1 activity.
J Clin Endocrinol Metab. 2002;87(7):3330-3336.

11. Westerbacka J, Yki-Jarvinen H, Vehkavaara S, et al. Body fat
distribution and cortisol metabolism in healthy men:
Enhanced 5p-reductase and lower cortisol/cortisone metabolite
ratios in men with fatty liver. J Clin Endocrinol Metab. 2003;
88(10):4924-4931.

12. MacLullich AMJ, Ferguson KJ, Reid LM, et al
11p-Hydroxysteroid dehydrogenase type 1, brain atrophy and
cognitive decline. Neurobiol Aging. 2012;33(1):207.e1-207.e8.

13. Cobice DF, Livingstone DEW, McBride A, et al. Quantification
of 11B-hydroxysteroid dehydrogenase 1 kinetics and pharmaco-
dynamic effects of inhibitors in brain using mass spectrometry
imaging and stable-isotope tracers in mice. Biochem
Pharmacol. 2018;148:88-99.

14. Khan S, Livingstone DEW, Zielinska A, et al. Contribution of
local regeneration of glucocorticoids to tissue steroid pools. J
Endocrinol. 2023;258(3):¢230034.

15. Andrew R, Smith K, Jones GC, Walker BR. Distinguishing the
activities of 11p-hydroxysteroid. J Clin Endocrinol Metab.
2002;87(1):277-285.

16. Dube S, Norby B, Pattan V, et al. Hepatic 11p-hydroxysteroid
dehydrogenase type 1 activity in obesity and type 2 diabetes


https://orcid.org/0000-0003-4047-6575
https://orcid.org/0000-0003-4047-6575
https://orcid.org/0000-0003-2073-0273
https://orcid.org/0000-0003-2073-0273

Molecular Imaging

18.

20.

21.

22.

23.

24.

25.

26.

using a novel triple tracer cortisol technique. Diabetologia.
2014;57(7):1446-1455.

. Andrew R, Westerbacka J, Wahren J, et al. The contribution of

visceral adipose tissue to splanchnic cortisol production in
healthy humans. Diabetes. 2005;54(5):1364—1370.

Stimson RH, Andersson J, Andrew R, et al. Cortisol release
from adipose tissue by 11beta-hydroxysteroid dehydrogenase
type 1 in humans. Diabetes. 2009;58(1):46-53.

. Gallezot J-D, Nabulsi NB, Henry S, et al. Imaging the enzyme

11p-hydroxysteroid dehydrogenase type 1 with positron emission
tomography: evaluation of the novel radiotracer 11 C-As2471907
in human brain. J Nuclear Med Jnumed. 2019;60(8):1140.
Baum E, Zhang W, Li S, et al. A novel 18 F-labeled radioligand
for positron emission tomography imaging of 11f-
hydroxysteroid dehydrogenase (113-HSD1): Synthesis and pre-
liminary evaluation in nonhuman primates. ACS Chem
Neurosci. 2019;10(5):2450-2458.

Bhatt S, Nabulsi NB, Li S, et al. First in-human PET study and
kinetic evaluation of ['8F]JAS2471907 for imaging
11p-hydroxysteroid dehydrogenase type 1. J Cereb Blood
Flow Metab. 2020;40(4):695-704.

Bhatt S, Hillmer AT, Rusowicz A, et al. Imaging brain cortisol
regulation in PTSD with a target for 11p-hydroxysteroid dehy-
drogenase type 1. J Clin Investig. 2021;131(20):e150452.
Bini J, Bhatt S, Hillmer AT, et al. Body mass index and age
effects on brain 11p-hydroxysteroid dehydrogenase type 1: A
positron emission tomography study. Mol Imaging Biol.
2020;22(4):1124-1131.

Bini J, Lattin CR, Toyonaga T, et al. Optimized methodology
for reference region and image-derived input function kinetic
modeling in preclinical PET. IEEE Trans on Radiat Plasma
Med Sci. 2022;6(4):454-462.

Bini J. Liver and brain levels of 118-hydroxysteroid dehydroge-
nase type 1 enzyme in obesity: Preliminary results from PET
imaging studies. In: Society of Nuclear Medicine and
Molecular Imaging Annual Meeting. Vancouver, BC, Canada,
June, 2022.

Hilton J, Yokoi F, Dannals RF, et al. Column-switching HPLC
for the analysis of plasma in PET imaging studies. Nucl Med
Biol. 2000;27(6):627-630.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Innis RB, Cunningham VJ, Delforge J, et al. Consensus nomen-
clature for in vivo imaging of reversibly binding radioligands. J
Cereb Blood Flow Metab. 2007;27(9):1533-15309.

Carson RE. Tracer kinetic modeling in PET: Basic science and
clinical practice. 3rd ed. Positrion Emission Tomography;
2003:147-179.

Ichise M, Toyama H, Innis RB, Carson RE. Strategies to
improve neuroreceptor parameter estimation by linear regres-
sion analysis. J Cereb Blood Flow Metab. 2002;22(10):1271—
1281.

Logan J, Fowler JS, Volkow ND, et al. Graphical analysis of
reversible radioligand binding from time-activity measurements
applied to [N-11C-methyl]-(-)-cocaine PET studies in human
subjects. J Of Cerebral Blood Flow And Metab: Off J Int Soc
of Cerebral Blood Flow and Metab. 1990;10(5):740-747.
Perry RJ, Wang Y, Cline GW. Leptin mediates a glucose-fatty
acid cycle to maintain glucose homeostasis in starvation article
leptin mediates a glucose-fatty acid cycle to maintain glucose
homeostasis in starvation. Cell. 2017;172(1-2):234-236.
Tomassoni D, Martinelli I, Moruzzi M, et al. Obesity and
age-related changes in the brain of the Zucker Lepr™™ rats.
Nutrients. 2020;12(5):1356.

Raji CA, Ho AJ, Parikshak NN, et al. Brain structure and
obesity. Hum Brain Mapp. 2009;31(3):353-364.

Walker EA, Ahmed A, Lavery GG, et al. 11p-Hydroxysteroid
dehydrogenase type 1 regulation by intracellular glucose
6-phosphate provides evidence for a novel link between
glucose metabolism and hypothalamo-pituitary-adrenal axis
function. J Biol Chem. 2007;282(37):27030-27036.

Hewitt KN, Walker EA, Stewart PM. Minireview: Hexose-
6-phosphate dehydrogenase and redox control of 11p-
hydroxysteroid dehydrogenase type 1 activity. Endocrinology.
2005;146(6):2539-2543.

Peterson MC, Vatner DF, Shulman GI. Regulation of hepatic
glucose metabolism in health and disease. Nat Rev
Endocrinol. 2017;13(10):572-587.

Abulizi A, Camporez J-P, Jurczak MJ, et al. (2019) Adipose
glucocorticoid action influences whole-body metabolism via
modulation of hepatic insulin action. The FASEB Journal
33(7):8174-8185.



	 Introduction
	 Methods
	 Preclinical Animals
	 Cohort 1–Validation of PET Quantification of 11β-HSD1 levels of Zucker Fatty Rats
	 PET/CT Acquisition
	 PET/CT Quantification
	 Immunoblotting Assay

	 Cohort 2–Measurement of Radiolabeled Metabolites in the Liver Tissue of Zucker Fatty Rats
	 Cohort 3 – Cross-sectional studies in Zucker Fatty Lean and Obese Strain Rats
	 PET/CT
	 Stable-Isotope Tracing of Glycerol Metabolism in Adipose Tissue


	 Results
	 Cohort 1 – Validation of PET Quantification of 11β-HSD1 levels in Zucker Fatty Rats
	 Ex-Vivo Measure of 1β-HSD1 Proteins Levels

	 Cohort 2 – Radiolabeled Metabolites in the Liver Tissue of Zucker Fatty Lean Strain Rats
	 Cohort 3 – Cross-sectional studies in Zucker Fatty Lean and Obese Strain Rats

	 Discussion
	 Conclusions
	 Acknowledgments
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


