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Abstract

Purpose
This study aimed to investigate C-X-C motif chemokine receptor 4 (CXCR4) molecular signaling pathway
and the glucose metabolism of pituitary-adrenal axis in Cushing’s disease (CD) by using 68Ga-pentixafor
and 18F-FDG PET/CT.

Methods
We recruited eleven patients including 4 primary CD, 3 recurrent CD and 4 non-functional pituitary
adenoma (NFPA) patients. Both 68Ga-pentixafor PET/CT and 18F-FDG PET/CT were performed. The
radio-uptake of pituitary-adrenal axis was correlated with the hormone levels (including serum
adrenocorticotropin, serum cortisol and 24-h urine free cortisol).

Results
The uptake of pituitary adenomas and bilateral adrenals in primary and recurrent CD patients were
significantly higher than NFPA patients in 68Ga-pentixafor PET. Besides, hormone level was significantly
correlated with the uptake of 68Ga-pentixafor in pituitary adenomas and adrenal tissue but not with
glucose metabolism determined by 18F-FDG PET.

Conclusions
In this pilot study, we found activated CXCR4 molecular signaling rather than glucose metabolism
regulation along the pituitary-adrenal axis in CD patients. 68Ga-pentixafor PET/CT might have the
potential in detecting ACTH-producing pituitary microadenoma.

Introduction
Cushing’s disease (CD) is caused by an adrenocorticotropin-producing pituitary adenoma (ACTH-PA) that
disrupts the pituitary-adrenal axis and stimulates cortisol production by the adrenal glands [1]. The
underlying functional mechanisms, including metabolic derangements and specific molecular signaling,
are crucial for disease development (Fig. 1). G protein-coupled receptors (GPCRs) mediate cell signal
transduction and are modulated by various endogenous ligands [2, 3]. GPCRs are major signaling
proteins that moderate numerous physiologic processes of relevance to endocrinology. C-X-C motif
chemokine receptor 4 (CXCR4) is a typical GPCRs. Their expression and signaling may directly favor
hormone hypersecretion and cells proliferation of pituitary adenoma [4, 5]. Molecular imaging of CXCR4
using the specific radioligand 68Ga-pentixafor, which had been proven to have promising potential in
Page 2/14

endocrine diseases [6–9]. Endocrinal 68Ga-pentixafor imaging quantifying molecular targets and their
downstream signaling pathways was identified for diagnostic and therapeutic purposes in endocrine
disease [6–9].
This study aimed to investigate the in vivo pituitary-adrenal CXCR4 signaling in CD patients by 68Gapentixafor PET/CT in correlation with hormone levels. In addition, we investigated the corresponding
glucose metabolism of the pituitary-adrenal axis using 18F-FDG PET/CT.

Materials And Methods

Patients
Seven CD patients with primary (n = 4) and recurrent (n = 3) ACTH-PA and four patients with nonfunctional pituitary adenoma (NFPA) were included in our study. All patients underwent dynamic contrastenhanced MRI before PET/CT examination. In addition, the level of 24-h urine free cortisol (UFC), serum
cortisol and serum ACTH were recorded.
Both 18F-FDG PET/CT and 68Ga-pentixafor PET/CT were performed within 3 days in all patients. Within 1
week after image acquisition, 11 patients underwent transsphenoidal adenomectomy. The final
confirmation was based on clinical variables, laboratory assessments, histopathology and follow-up
evaluations. Informed consent was obtained from all patients prior to study participation and the consent
form and study were approved by the Ethical Committee of PUMCH (IRB protocol #ZS-1435).

Image acquisition
The preparation of 68Ga-pentixafor was conducted as has previously been described. All images were
acquired using a dedicated PET/CT scanner (PoleStar m660; SinoUnion Healthcare Inc., Beijing, China) at
the Peking Union Medical College Hospital after 40–60 min of an intravenous injection of 68Ga-pentixafor
(111-185MBq, 3-5mCi) and 18F-FDG (5.55 MBq per kilogram body weight). The acquisition area including
whole body from the upper thigh to the thin (5–6 bed position, 2 min/bed) and a single bed above the
brain (5min). The patients fasted over 6 hours before injection of 18F-FDG.

Image and Data Analysis
In qualitative analysis, the 18F-FDG PET/CT and 68Ga-pentixafor PET/CT images were independently
analyzed by two experienced nuclear medicine physicians, and they finally reached a consensus in case
of disagreement. Lesions in which tracer uptake was higher than the adjacent tissues with physiological
uptake were considered PET positive. In semi-quantitative analysis, maximum standardized uptake value
(SUVmax) and total lesion glycolysis (TLG) of pituitary lesions and bilateral adrenal glands were
measured. The location of PET negative pituitary lesions was estimated by the CT imaging or the
surgical/histopathological findings.

Statistical analysis
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The analysis was performed using the SPSS 22.0 software (IBM SPSS, Chicago, IL, USA) and the Prism
8.0 software (GraphPad, San Diego, CA). Quantitative variables were expressed as the mean ± standard
deviation. Student’s t test or Mann-Whitney U-test was used to compare the mean values between the two
or three groups. The correlations between quantitative parameters were evaluated using the Pearson
correlation coefficient or Spearman correlation coefficient. All tests were two-tailed, and P < 0.05 was
considered statistically significant.

Results

Patients demographics and clinical characteristics
Eleven patients (10 women and 1 man) aged 40 ± 13 years old were included in our study, which
including 7 CD patients and 4 patients with NFPA. The final diagnoses of pituitary adenomas included
primary ACTH-PA (n = 4), recurrent ACTH-PA(n = 3) and NFPA (n = 4). All ACTH-PAs were microadenoma
while all NFPA were macroadenoma. The results of pituitary MRI were positive for primary ACTH-PAs and
NFPAs, but not for recurrent ACTH-PA. Details of patient demographics and clinical characteristics were
listed in Table 1 and Supplemental table 1.
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Table 1
Clinical characteristics and imaging performance of the patients
Primary ACTHproducing pituitary
adenoma (n = 4)

Recurrent ACTHproducing pituitary
adenoma (n = 3)

Non-functional
pituitary adenoma
(n = 4)

P
value

Age

40.8 ± 9.7

34.3 ± 9.9

44.8 ± 18.6

0.63

Sex ratio
(female:
male)

3:1

3:0

4:0

0.90

Serum
cortisol
(µg/dl)

35.0 ± 2.7

32.6 ± 8.5

9.5 ± 3.1

<
0.05

Serum ACTH
(pg/ml)

78.8 ± 35.0

148.5 ± 144.2

23.8 ± 13.3

<
0.05

24-h UFC
(µg/24hr)

643.3 ± 357.2

601.4 ± 403.5

33.8

0.31

Detection rate
of pituitary
MRI

100% (4/4)

0% (0/3)

100% (4/4)

<
0.05

68

Ga-pentixafor in pituitary adenomas

Visual
positive rate

100% (4/4)

67.7% (2/3)

0(0/4)

<
0.05

SUVmax

5.9 ± 0.5

3.7 ± 0.7

2.2 ± 0.6

<
0.01

TLG

4.4 ± 1.2

1.0 ± 0.8

1.5 ± 0.6

<
0.05

68

Ga-pentixafor in adrenal glands

SUVmax

7.9 ± 2.2

9.3 ± 0.7

4.1 ± 0.7

<
0.05

TLG

122.7 ± 93.5

79.4 ± 30.2

22.0 ± 9.0

<
0.05

18

F-FDG in pituitary adenomas

Visual
positive rate

24% (1/4)

0% (0/3)

50% (2/4)

0.71

SUVmax

5.1 ± 1.8

3.7 ± 1.1

12.3 ± 15.7

0.46

P < 0.05: statistical significance of the difference between the three groups.
Abbreviations: ACTH: adrenocorticotropin; UFC: urine free cortisol; TLG: total lesion glycolysis.
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TLG
18F-FDG

Primary ACTHproducing pituitary
adenoma (n = 4)

Recurrent ACTHproducing pituitary
adenoma (n = 3)

Non-functional
pituitary adenoma
(n = 4)

P
value

3.4 ± 1.5

1.1 ± 0.4

70.6 ± 122.5

0.06

in adrenal glands

SUVmax

3.6 ± 2.2

3.0 ± 0.9

3.0 ± 1.1

0.91

TLG

56.3 ± 68.4

21.1 ± 15.4

21.0 ± 5.6

0.52

Pituitary
adenomas
sizes (mm)

7.0 ± 1.8

4.0 ± 1.0

25.8 ± 10.3

<
0.01

P < 0.05: statistical significance of the difference between the three groups.
Abbreviations: ACTH: adrenocorticotropin; UFC: urine free cortisol; TLG: total lesion glycolysis.

The uptake of 68Ga-pentixafor/ 18F-FDG in pituitary
adenomas and adrenal glands
All primary ACTH-producing pituitary adenomas, 66.7% (2/3) recurrent ACTH-PAs and no NFPAs showed
positive in 68Ga-pentixafor PET (Fig. 2). Notably, the 2 positive recurrent ACTH-PAs were negative in
pituitary MRI. However, only 1 primary ACTH-PA and 2 NFPAs were positive in 18F-FDG PET.
The 68Ga-pentixafor SUVmax of ACTH-PAs was significantly higher than that of NFPAs (Table 1 and
Fig. 2). Meanwhile, the 68Ga-pentixafor TLG of primary ACTH-PAs (4.4 ± 1.2, n = 4) was significantly
higher than that of NFPAs (1.5 ± 0.6, n = 4, P < 0.01). Besides, the SUVmax and TLG of 68Ga-pentixafor in
adrenal glands of CD patients were significantly higher than that in patients with NFPA (SUVmax: 8.5 ± 1.8
vs. 4.1 ± 0.7, P < 0.01, TLG: 104.1 ± 72.2 vs. 22.0 ± 9.0, P < 0.05, n = 7 vs.4, Fig. 3).
However, the SUVmax and TLG of 18F-FDG between ACTH-PAs and NFPAs had no significant difference
(Table 1). Same as the SUVmax and TLG of 18F-FDG in adrenal glands between CD patients and patients
with NFPA (Table 1).

Correlations of pituitary-adrenal axis hormone level with the
uptake of 68Ga-pentixafor/ 18F-FDG in pituitary adenomas
The level of serum ACTH and serum cortisol were significantly correlated with 68Ga-pentixafor SUVmax in
pituitary adenomas (r = 0.71 and r = 0.80, respectively, both P < 0.05, Fig. 4), but the association between
hormone level and TLG of 68Ga-pentixafor was not statistically significant in pituitary adenomas (Fig. 4).
Notably, there was no statistically significant correlation between hormone level and SUVmax or TLG of
18

F-FDG in pituitary adenomas (Supplemental table 2).
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Correlations of pituitary-adrenal axis hormone level with the uptake of 68Ga-pentixafor/ 18F-FDG uptake in
adrenal glands
The hormone level was significantly correlated with SUVmax and TLG of 68Ga-pentixafor of adrenal
glands in all patients (Fig. 4). However, there was no significant correlation between hormone level and
18F-FDG

SUVmax and TLG in adrenal glands (Supplemental table 2). In addition, the hormone level was

significantly correlated with the uptake of 68Ga-pentixafor in pituitary adenomas and adrenal glands, but
not for 18F-FDG (Fig. 4).

Correlations of the 68Ga-pentixafor/ 18F-FDG uptake in
pituitary adenomas and adrenal glands
The 68Ga-pentixafor SUVmax of pituitary adenomas was significantly correlated with that of adrenal
glands (r = 0.66, P < 0.05, n = 11), but not for TLG (r = 0.30, P = 0.36, n = 11). However, no significant
correlations were found between 18F-FDG SUVmax or TLG of pituitary adenomas and that of adrenal
glands (Supplemental table 2).

Discussion
Different mediators signal along the pituitary-adrenal axis to connect hormonal and metabolic systems
for the coordination of physiological processes. The systemic interactions were challenging to assess
mechanistically furtherly. In this study, we first performed an observational study using PET revealed
novel insights into hormonal crosstalk in CD. We found concomitant biochemical activation of the
pituitary-adrenal axis in ACTH-producing pituitary microadenoma by 68Ga-pentixafor PET/CT, which
potentially determine functional pituitary adenomas. The uptake of 68Ga-pentixafor in pituitary adenoma
and adrenal glands were correlated with ACTH and cortisol levels, respectively. However, there was no
association between the hormone production and symmetric endogenous glucose metabolism
correspondingly.
The ectopic or aberrant expression of GPCRs is crucial in regulating cortisol. It has previously been
reported that overexpression of CXCR4 in pituitary adenomas, whose ligand induces autocrine/paracrine
proliferation in pituitary tumor cells, and it likely contributes to adenoma development, proliferation and
hormone hypersecretion [4]. GPCRs could induce the synthesis and secretion of adrenocortical hormones
eg. cortisol and aldosterone [5], which could be detected by 68Ga-pentixafor PET/CT [6–9]. This
interactive molecular signaling pituitary-adrenal glands and correlation with hormone level was
determined in this study. Hence, 68Ga-pentixafor PET/CT proved to be an extremely powerful analytical
methodology that enabled to analyze symmetric molecular and cellular processes in CD disease.
Activation and modulation of hormonal response could also be triggered through glucose metabolic
signals. The theoretical underpinnings of 18F-FDG-PET use were established in early studies that showed
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slight net oxidation of glucose by either the Krebs’cycle or the pentose phosphate pathway in the normal
pituitary gland [10, 11]. 18F-FDG PET results hinted at metabolic reprogramming of pituitary adenomas to
rely on glycolysis as the primary energy source, similar to the Warburg effect in malignant tumors [12].
However, we did not find an association between pituitary-adrenal 18F-FDG uptake and the serum
ACTH/cortisol level. Besides, 18F-FDG showed a limited role in detecting ACTH-producing pituitary
microadenomas.
CXCR4 antagonists are potential novel molecules and possible future targets for CD treatment. Further
pharmacological perturbations of CXCR4 antagonists on pituitary-adrenal axis might potentially allow a
theragnostic approach to inhibit the production of endogenous ligands [13]. In future investigations, a
closely entangled framework of in vivo biochemical process and hormonal response in endocrine
diseases is required to enable a holistic analysis of pathomechanisms.
The major limitation of our study was the small number of included patients. Besides, the lower spatial
resolution and partial volume effect of PET/CT could affect the accuracy of the results, especially in
recurrent ACTH-PAs. Therefore, evidence-based outcome evaluation of this symmetric probing or
metabolic signaling on a cross-organ level is warranted, especially compared to 18F-FDG.

Conclusion
In this pilot study, we found in vivo activated CXCR4 molecular signaling along the pituitary-adrenal axis
in CD patients in correlation with overexpression of ACTH and glucocorticoid. There was no
corresponding glucose metabolism activation detected. Thus, 68Ga-pentixafor PET/CT might characterize
CD and be a valuable tool for diagnosing ACTH-producing pituitary microadenoma.
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Figure 1
The purpose of this study. What is the possible mechanism of pituitary-adrenal axis in Cushing’s disease,
molecular regulation or glucose metabolism?
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Figure 2
A 27-year-old female CD patient with facial plethora and increased waist circumference for two months.
The images of maximum intensity projection (MIP), PET and axial fusion from the 68Ga-pentixafor (a)
showed foci uptake in the right pituitary wing (SUVmax=6.4 and TLG=3.8, straight arrows) and obvious
diffuse uptake in bilateral adrenal glands (SUVmax=7.4 and TLG=117.9, curved arrows) with normal
morphology. However, the image of MIP, PET and axial fusion of 18F-FDG (b) showed slight uptake
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without obvious foci in the pituitary tissue (straight arrows) and no increased uptake in the adrenal
glands (curved arrows).

Figure 3
a. The comparison of 68Ga-pentixafor SUVmax and TLG between primary ACTH-PAs, recurrent ACTH-PAs
and NFPAs. b. The comparison of 68Ga-pentixafor SUVmax and TLG between adrenal glands in primary
CD, recurrent CD and NFPA patients.
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Figure 4
a-f. The correlations of hormone level (serum ACTH, serum cortisol and 24h-UFC) with the uptake of
68Ga-pentixafor in pituitary adenomas (SUVmax and TLG). g-l. The correlations of hormone level with the
uptake of 68Ga-pentixafor in adrenal glands. m. The correlation networks showed the pituitary-adrenal
axis hormone level was more associated with the uptake of 68Ga-pentixafor in pituitary adenomas and
adrenal glands than 18F-FDG.
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