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Association of pre‑ 
and postoperative αKlotho 
levels with long‑term remission 
after pituitary surgery 
for acromegaly
Marian Christoph Neidert 1,2,10*, Anna Maria Zeitlberger2,10, Henning Leske3,4,5, 
Oliver Tschopp6, Lisa Sze7, Cornelia Zwimpfer6, Peter Wiesli8, David Bellut1, 
René‑Ludwig Bernays9, Elisabeth Jane Rushing3 & Christoph Schmid6

Soluble αKlotho (sKl) is a disease‑specific biomarker that is elevated in patients with acromegaly and 
declines after surgery for pituitary adenoma. Approximately 25% of patients do not achieve remission 
after surgery, therefore a risk stratification for patients early in the course of their disease may allow 
for the identification of patients requiring adjuvant treatment. Growth hormone (GH) and insulin‑like 
growth factor‑1 (IGF‑1) have been assessed as biomarker for disease activity, however the value of sKl 
as a predictive biomarker of surgical success has not been evaluated yet. In this study, we measured 
serum biomarkers before and after transsphenoidal pituitary surgery in 55 treatment‑naïve patients. 
Based on biochemical findings at follow‑up (7–16 years), we divided patients into three groups: (A) 
long‑term cure (defined by normal IGF‑1 and random low GH (< 1 μg/l) or a suppressed GH nadir (< 0.4/
μg/l) on oral glucose testing); (B) initial remission with later disease activity; (C) persistent clinical and/
or biochemical disease activity. sKl levels positively related to GH, IGF‑1 levels and tumor volume. 
Interestingly, there was a statistically significant difference in pre‑ and postoperative levels of sKl 
between the long‑term cure group and the group with persistent disease activity. This study provides 
first evidence that sKl may serve as an additional marker for surgical success, decreasing substantially 
in all patients with initial clinical remission while remaining high after surgery in patients with 
persistent disease activity.

Acromegaly is characterized by typical clinical phenotypic and laboratory findings, comprising mainly of elevated 
growth hormone (GH) levels that are non-suppressible by oral glucose as well as elevated insulin-like growth 
factor 1 (IGF-1) serum levels. GH excess due to benign pituitary adenomas is the major cause for acromegaly 
with an annual incidence of approximately 4 cases per 1 million person. Complete removal of the GH-secreting 
pituitary tumor is the best curative approach, with approximately 75% of patients achieving long-term biochemi-
cal  remission1. Acromegaly is usually diagnosed after considerable delay and possibly therefore associated with 
increased mortality even after transsphenoidal  surgery2. Clinical features usually develop slowly and comprise 
pathognomonic changes in the patient`s appearance such as acral enlargement and coarse facial features due 
to soft tissue swelling and skeletal bone growth. Metabolic changes include increased plasma glucose in the 
setting of insulin resistance despite reduced visceral fat, and high levels of serum phosphate accompanied by 
higher than normal renal glomerular  filtration3,4. While the underlying mechanisms of these changes are not 
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yet completely understood, both insulin resistance and elevated serum phosphate are known to be associated 
with increased  mortality5.

The aging-suppressor gene α-klotho was first described in 1997 by Kuro-o et al. Its lifespan-influencing 
function has been demonstrated in mice models showing that gene disruption results in accelerated  ageing6, 
whereas gene overexpression causes lifespan  extension7. The gene product, α-Klotho protein (αKL), is a type I 
membrane protein encompassing 1012 amino acids with a large extracellular domain and a short cytoplasmic 
portion. It is predominantly expressed in the kidneys, choroid plexus and several endocrine organs including 
the pituitary, parathyroid, testis, ovary, placenta and  pancreas6,8. The kidney appears to be the principal source of 
circulating αKL9. αKL exists in two forms which are characterized by distinct functions. Membrane-bound αKL 
is a co-receptor for fibroblast growth factor 23 (FGF23)10,11. The extracellular domain of the membrane-bound 
form can be enzymatically cleaved (ectodomain shedding) and released as soluble αKL into blood, urine and 
cerebrospinal  fluid12. Soluble α-Klotho protein (sKl) attenuates insulin as well as IGF-1 signaling and regulates 
calcium  homeostasis13. Potential implications of αKL functions, especially in the context of GH and IGF-1 sign-
aling, have been reviewed  elsewhere14.

To date, GH (a direct product of the adenoma) and IGF-1 (mainly produced in the liver upon GH stimulus) 
are the classical biochemical markers of disease activity in acromegaly. Furthermore, both GH and IGF-1 have 
been described as predictive markers for surgical outcome in acromegaly along with tumor volume and cavern-
ous sinus  invasion15.

Our group previously reported that serum sKl is markedly elevated in patients with acromegaly and that sKl 
excess is reversed following adenoma  removal14,16. More recently, a study showed that serum concentrations of 
sKl correlated with quality of life in patients with acromegaly, supporting the use of sKl as a useful biomarker in 
 acromegaly17. However, the use of sKl as a predictive marker for long-term remission has not been assessed yet.

In this study, we investigated changes in sKl before and 1–3 months after surgery as well as the relationship 
of sKl concentrations with GH and IGF-1 levels. Moreover, we assessed differences in biomarker levels, tumor 
extension, histological granulation pattern, MIB-1 staining and growth hormone receptor (GHR) phenotypes in 
patients with different long-term outcomes. The ultimate goal of this study was to assess whether sKl may serve 
as an additional predictive marker of surgical success in acromegaly.

Methods
Patients and study design. We included patients with active, treatment-naïve acromegaly, who under-
went primary transsphenoidal surgery from 2003 until 2012 by a single surgeon. The study was approved by 
the local Institutional Review Board. All subjects gave informed consent. Parts of this patient population have 
been previously  described16,18–20. All patients underwent full testing of their pituitary functions, and no patient 
required replacement with cortisol or thyroxine. The preoperative diagnosis of acromegaly was based on pathog-
nomonic clinical findings and biochemical markers (excess IGF-1 and GH, non-suppressible during a 75 g oral 
glucose tolerance test (oGTT)). Patients were excluded in case histopathological examination did not identify a 
GH-producing adenoma, if they had received prior medical treatment for the adenoma or had undergone pre-
vious radiotherapy. Tumor volume calculation was based on preoperative magnetic resonance imaging (tumor 
volume = 4/3π1/2x*1/2y*1/2z). Suprasellar extension was classified using the Hardy  classification21 and cavern-
ous sinus invasion was assessed according to the Knosp  classification22. The surgical strategy was transnasal-
transsphenoidal using microsurgical technique and intraoperative magnetic resonance imaging (PoleStar N20, 
0.15 T, Medtronic Navigation, Minneapolis, MN, USA)23.

Patients were follow-up at regular intervals at our outpatient clinic. Based on findings at the last follow-up 
assessment (7–16 years after surgery), we assigned patients to one of three groups:

• Group A (cure group): long-term remission as assessed by clinical follow-up, normal IGF-1 and random 
low GH (< 1 μg/l) or a suppressed GH nadir (< 0.4/μg/l) on oral glucose testing

• Group B (recurrence group): initial biochemical remission (normal range IGF-1), but disease recurrence 
at later follow-up with no longer suppressible GH

• Group C (persistence group): partial resection with persistent disease (clinical and biochemical)

Assays. GH, IGF-1 and sKl levels were measured at baseline and 1–3 months after surgery in treatment-
naïve patients. All blood samples were drawn in the morning after overnight fasting. sKl was determined using 
a sandwich ELISA, as described by Yamazaki et al. (Immuno-Biological Laboratories Co., Ltd Japan)24. IGF-1 
was measured by radioimmunoassay (RIA), after the removal of carrier proteins, as described  elsewhere16,25. 
rhIGF-1 (Chiron/Ciba-Geigy AG, Basel, Switzerland) was used for calibration. GH levels were detected by an 
immunoradiometric assay (hGH-RIATC; CIS Bio International, Oris Industries, Gif-Sur-Yvette, France). The 
WHO 2nd international standard 98/574 was used for calibration. GH receptor genotyping was performed as 
described  previously19,25.

Histological work‑up. Pituitary adenomas were characterized histologically based on disruption of acinar 
structure in the Gömöri stain. Immunohistochemical preparations including hGH immunostaining, MIB1 pro-
liferation index and CK8a pattern (sparsely or densely granulated). Since a MIB1 index > 3% is associated with 
a higher incidence of recurrence in pituitary adenomas, a cut-off of 3% was assigned. GH-producing adenomas 
were designated as ‘sparsely granulated’ when immunostaining with CK8a highlighted small, round intracyto-
plasmic fibrous bodies (dot-like staining of intermediate filaments). In contrast, densely granulated adenomas 
showed a more diffuse, perinuclear or ring-like pattern of immunostaining. Immunostains were performed with 
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the Ventana Optiview detection system (using the following antibodies: MIB1/Ki 67 (clone 30-9, prediluted), 
growth hormone (polyclonal 1/1000) and CK8a (clone CAM5.2, 1/10).

Statistics. Statistical analyses were performed using commercially available software IBM SPSS Statistics 22 
(SPSS Inc, Chicago, IL, USA) and GraphPad Prism 7 (GraphPad Software Inc, La Jolla, CA, USA). Continuous 
variables are presented as median with interquartile range (IQR) after confirming the non-Gaussian distribution 
by Shapiro–Wilk and the Kolmogorov Smirnov test. Biomarker levels before and after surgery were compared 
using the Wilcoxon signed-rank test and the analysis of variance (ANOVA) as appropriate. Correlation coef-
ficients between sKI and other variables were assessed using Spearman’s rank correlation. The nonparametric 
Mann–Whitney-U test was performed to compare biomarker levels between male and female patients. Although 
age difference between groups was not statistically significantly different (p = 0.0208), analyses of co-variance 
(ANCOVA) adjusted for age as a co-variable was used additionally to assess difference between mean biomarker 
levels between the groups. Using the ANCOVA, we did not see significant changes in p values. Two-tailed p 
values < 0.05 were considered statistically significant.

Ethics approval. This study was performed in line with the principles of the Declaration of Helsinki. 
Approval was granted by the local Institutional Review Board of the University Zurich.

Results
Clinical characteristics of the study population. We included 55 patients (30 males, 25 females) with 
a median age (IQR) of 43 (33–53) years. The median BMI was 27 (24–31) kg/m2. Three of the 25 female patients 
were using oral estrogens at the time of the study (one an oral contraceptive pill and two perimenopausal estro-
gen replacement therapy). In the cohort, five patients had diabetes, one of them had type 1 diabetes. Three were 
treated with insulin before, and one of them after surgery. The mean (± SEM) creatine levels of the patient from 
our cohort increased from 66 ± 3 µmol/l to 71 ± 3 µmol/l postoperatively. Out of 55 patients, 39 belonged to 
group A, 7 to group B, and 9 to group C. Patient characteristics and biomarker levels are summarized in Table 1, 
which also highlights statistical differences between the groups. The GHR carrier status was most commonly fl/
fl (both alleles encoding wild-type GHR) in group A, but not in groups B and C (Table 1).

Pre‑ and postoperative serum levels of Klotho, GH and IGF‑1. Before surgery, median levels of GH 
(15, IQR 8–38 µg/l), IGF-1 (567; 368–707 µg/l) and sKl (3944; 2228–5617 pg/ml) were elevated in all groups. 
Interestingly, preoperative IGF-1 levels were higher in males (634 (482–738) µg/l) than in females (504 (353–
617) µg/l; p = 0.0384; Mann–Whitney-U test), while preoperative sKl levels were higher in females with 4926 
(2672–6820) pg/ml, than in males with 2936 (1531–5348) pg/ml (p = 0.0452) (Supplemental Digital Content 1. 
Figure 1). Pre- and post-operative sKl levels showed a moderate correlation with age  (rs = −0.536, p < 0.001 and 
 rs = −0.473, p < 0.001; Supplemental Digital Content 1. Table 1). Preoperative sKl levels were higher in group C 
than in groups A and B (Table 1); however, this difference was only statistically significant between groups A 
and C (p = 0.0326, Fig. 1). There was no difference in preoperative concentrations of GH and IGF-1 between the 
three groups.

After surgery, biomarker values declined statistically significantly to median GH levels of 1.6 (0.5–3.7) 
µg/l, median IGF-1 levels of 193 (136–256) µg/l, and median sKl levels of 673 (478–1174) pg/ml, respectively 
(Table 1). Box plots depicting pre- and postoperative values, including statistical testing for all patients and for 
the three groups separately are shown in Fig. 1. After transsphenoidal pituitary surgery, both median IGF-1 
(339; 241–490 µg/l) and sKl (1214; 903–5545 pg/ml) levels remained high in group C. In contrast, there was a 

Table 1.  Patient characteristics and biomarker levels.

All (n = 55) Group A (n = 39) Group B (n = 7) Group C (n = 9) p value

Age [years] 43 (33–53) 49 (33–64) 42 (40–45) 37 (29–41) 0.0208

Sex [f%] 45% 44% 43% 56%  > 0.05

BMI [kg/m2] 27.3 (24.1–30.8) 27.3 (24.1–29.3) 30.0 (24.5–37.6) 25.7 (24.7–32.4)  > 0.05

Tumor volume  [mm3] 1642 (440–2948) 1334 (440–2706) 1993 (131–4158) 2278 (917–20,365)  > 0.05

Histological granulation pattern [densely/ 
sparsely/ diffuse/ n.a.] 28/12/7/8 24/6/4/5 3/2/1/1 1/4/2/2 n.a

MIB-1 staining [< 3%/ > 3%/n.a.] 45/7/3 33/4/2 6/0/1 6/3/0 n.a

GHR (CC/CG/GG/na) [fl/fl;fl/d3;d3/
d3;na] 23/24/5/3 20/12/4/3 1/6/0/0 2/6/1/0 n.a

GH pre [µg/l] 15.0 (7.7–38.4) 10.6 (6.6–37.5) 15.0 (5.1–42.6) 24.2 (15.9–64.7)  > 0.05

GH post [µg/l] 1.6 (0.5–3.7) 1.4 (0.4–3.0)* 2.0 (1.4–5.1)* 3.6 (2.2–11.4)* 0.0018

IGF-1 pre [µg/l] 567 (368–707) 560 (356–690) 417 (365–800) 633 (536–723)  > 0.05

IGF-1 post [µg/l] 193 (136–256) 159 (128–227)* 210 (193–256)* 339 (241–490)*  < 0.0001

sKl pre [pg/ml] 3944 (2228–5617) 3123 (1744–5402) 2918 (1986–5617) 5151 (4333–7670)  > 0.05

sKl post [pg/ml] 673 (478–1174) 623 (438–855)* 743 (494–1364)* 1214 (903–5545)* 0.0002
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substantial decrease in IGF-1, GH and sKI in all patients assigned to group A and group B. Comparing post-
operative levels between the subgroups, the difference between postoperative sKl levels between group A and 
C remained statistically significant (p = 0.0007). Additionally, there was a significant difference between GH 
(p = 0.003) and IGF-1 (p < 0.0001) concentrations between group A and C. IGF-1 was the only biomarker with a 
significant difference between groups B and C (p = 0.031).

Relationship between different serum biomarkers with each other and tumor volume. Pre-
operative IGF-1 and sKl levels correlated with both basal GH excess and with estimated tumor volume (Fig. 2; 
Supplemental Digital Content 1. Table 1). However, the correlation with GH and tumor volume was stronger 
for sKl than for IGF-1. The correlation with GH excess was 0.368 (p = 0.006; Spearman`s r) for IGF-1 and 0.661 
(p < 0.001) for sKl, and with estimated tumor volume 0.276 (p = 0.041) for IGF-1 and 0.527 (p < 0.001) for sKl. 
Preoperative sKl levels correlated well with IGF-1 levels before (r = 0.411; p = 0.002) and after surgery (r = 0.367; 
p = 0.006; Supplemental Digital Content 1. Figure 2).

Difference in radiological and histopathological findings between the groups. Although pre-
operative tumor volumes were higher in group C than in group A and B, there was no statistically significant 
difference between the groups. Regarding suprasellar extension as measured by the Hardy classification, the rate 
of a Hardy grade above A (suprasellar cistern only) was particularly high in group C (78%) and lower in groups 
B (43%) and A (24%) (Supplemental Digital Content 1. Figure 3). Similarly, cavernous sinus invasion above a 
Knosp grade of 1 (no invasion) was more common in group C (56%), than in group B (43%) and group A (18%) 
(Supplemental Digital Content 1. Figure 4).

The granulation pattern “sparsely granulated” was found in 12/55 (22%) patients. It was least common in 
group A (15%) patients compared to group B (29%) and C (44%) (Supplemental Digital Content 1. Figure 5). 
Regarding MIB-1 staining as a marker for cell proliferation, MIB-1 positivity above 3% of cells was rare in our 
cohort (7/55, 13%) and absent in group B (0/7 patients) (Supplemental Digital Content 1. Figure 6).

Figure 1.  Box plots showing the median (line), the interquartile range (box) and 10th–90th percentiles 
(whiskers) of preoperative and postoperative (1–3 months after surgery) growth hormone levels, insulin-like 
growth factor 1 (IGF-1) levels, soluble α-Klotho protein (sKl) levels of all patients (n = 55), for Group A (n = 39), 
Group B (n = 7), and Group C (n = 9), respectively. Pre- and postoperative GH levels were compared using the 
Wilcoxon signed rank test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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We additionally allocated our patients to the novel structural and functional classification system suggested by 
Cuevas-Ramos and  colleagues26 (Supplemental Digital Content 1. Figure 6). Strikingly, type 3 adenomas (large, 
invasive tumors, sparsely granulated) were only represented in groups B (2/7; 29%) and C (3/9; 33%) and never 
in group A (0/39). Exemplary patients from our cohort belonging to different pituitary adenoma subgroups 
suggested by Cuevas-Ramos and colleagues are outlined in Fig. 3.

Discussion
The discovery of sKl excess in acromegaly may serve as an additional marker of disease activity in acromegaly. 
We have shown in this study that sKl concentrations showed a stronger positive correlation with GH excess and 
tumor volume than IGF-1 in the pre- and postoperative setting. These results are in line with a published a study 
by Varewijck et al. who showed that IGF-1 bioactivity was related to sKl concentrations and, interestingly, also to 
quality of life in  acromegaly27. In addition to serving as a marker reflecting disease activity, sKl might additionally 
serve as a prognostic marker for remission after transsphenoidal surgery. Considering that approximately 25% 
of patients do not achieve long-term biochemical remission after surgery, a risk stratification for patients early 
in the course of their disease may allow for the identification of patients requiring adjuvant medical  treatment15. 
Several studies have identified GH and IGF-1 levels as biochemical factors associated with remission after surgery, 
with GH generally showing a better correlation with postoperative  outcome28–30. However, due to differences in 
immunoassays and timing of the biomarker measurements, thresholds associated with remission have not yet 
been identified. In line with these studies, we have seen a significant difference in postoperative GH and IGF-1 
levels between patient in remission and patient with persistent disease activity in our cohort. To our knowledge, 
this is the first study that additionally showed a significant difference in pre- and postoperative sKl values between 
patients with long-term biochemical remission and patients with ongoing disease activity. Interestingly, this 
difference was more pronounced in postoperative values obtained 1–3 months after surgery, suggesting that per-
sistently raised sKl values at early follow-up appointments might identify patients in need of additional therapy.

In light of the well-known technical limitations of the assays for measuring GH and IGF-1, there is an 
unmet need for more sensitive and specific biomarkers in  acromegaly31. Serum levels of IGF-1 are known to be 
influenced by GH status as well as by age, gender, race, liver function, nutritional status, portal insulin, thyroid 

Figure 2.  Scatter plots showing the correlation between preoperative values of (A) tumor volume (log scale) 
and insulin-like growth factor 1 (IGF-1, linear scale), r = 0.276, p = 0.041; (B) tumor volume (log scale) and 
soluble α-Klotho protein (sKl, linear scale), r = 0.527, p < 0.001; (C) growth hormone (GH, log scale) and IGF-1 
(linear scale), r = 0.368, p = 0.006; (D) GH (log scale) and sKl (linear scale), r = 0.661, p < 0.001; Females are 
represented by grey triangles and males are shown as black squares. The correlation coefficient r and the p value 
were calculated according to Spearman.
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hormones and inflammatory diseases. Of note, some of these cofounding factors, especially age and gender, 
may also affect αKl. In addition to these factors, serum IGF-1 is mainly produced the liver and tightly bound 
to insulin-like growth factor binding proteins (IGFBPs). Changes in IGFBP concentrations contribute to the 
limitations previously described in some IGF-1  assays32. To circumvent these problems, we used a classical 
and time-consuming assay in which carrier proteins are removed before the samples are incubated with the 
 antibodies33. Secondly, regarding the measurement of GH, dynamic testing using oGTT to suppress GH is widely 
used. However, patients with acromegaly sometimes have normal oGTT GH suppression despite elevated IGF-1 
 levels34. In patients receiving non-surgical treatment of acromegaly such as long-acting somatostatin analogues 
(LA-SRIFs)35, pegvisomant (PEG-V)36, or radiotherapy for GH-producing adenomas, GH values may be mis-
leading due to highly irregular GH secretion pattern and flattened GH  pulses37. In this setting, sKl might serve 
as an additional useful marker.

In addition to biochemical markers in acromegaly, we compared radiological and histological parameters 
between patients with long-term remission, recurrence, and persistent disease activity 7–16 years after surgery. 
In line with previous data, we observed a higher rate of suprasellar extension and cavernous sinus invasion in 
groups B and C compared to patients in whom long-term biochemical remission was  achieved30,38–40. In addi-
tion, Trouillas and colleagues as well as Cuevas-Ramos and colleagues have suggested novel clinicopathological 
prognostic and classification scores that integrate invasion and  proliferation26,41,42. In accordance with these 
scores, we identified type 3 adenomas according to Cuevas-Ramos (large, invasive tumors, sparsely granulated) 
exclusively in groups B and C. However, it has to be taken into consideration that these radiological scores are 
not routinely available in clinical practice. Moreover, there use might be limited due to poor intra- and inter-
rater variability, as recently shown for middle scores of the Knosp  scale43. Thus, their use as predictive markers 
of remission might be limited compared to biochemical markers.

The data we presented regarding histology and GHR genotype are limited by the small patient cohort. It is 
feasible that GHR isoforms may affect the interpretation of GH levels, but not outcome. In addition, histological 
granulation pattern may correlate with growth rate or drug responsiveness in cases with residual tumor. However, 
GHR-d3 alleles were more frequently observed in group C and group B than in group A (long-term cure) where 
most patients were homozygous for the wild type receptor alleles. Sparsely granulated adenomas were more 
common in groups B and C compared to the cure group A. Overall, larger data sets are indicated to investigate 
the relationship of biochemical outcome with histological features.

Figure 3.  Exemplary cases of patients belonging to different pituitary adenoma subgroups suggested by 
Cuevas-Ramos et al. Case 1 belongs to Cuevas-Ramos type 1, case 2 to the type 2 group, and case 3 to type 3. 
Panels (A) show H&E staining, (B) CK staining (C) GH staining, (D) MIB-1 staining. Preoperative MR images 
with gadolinium contrast are depicted in coronal (E) and sagittal (F) sections. Preoperative and postoperative 
(1–3 months after surgery) levels of insulin-like growth factor 1 (IGF-1) levels and soluble α-Klotho protein 
(sKl) are depicted in the bottom row (G).
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Limitations of this study include the retrospective design, which precluded assessment of serum markers at 
identical time points during follow-up. This especially concerns measurements of IGF-1, which are known to be 
more reliable 3 months after the surgery. Future prospective studies should therefore aim to schedule follow-up 
appointments 3–4 months after the surgery, rather than 1–3 months which used to be our routine follow-up 
period at the time of the study. It is additionally important to highlight that in our cohort, patients with persistent 
disease activity (group C, n = 9) were younger and tended to have larger tumors than patients with long-term 
cure (group A, n = 39) even though these differences were not statistically significant across the three groups. A 
week inverse correlation between age and sKl levels have been described in patients with acromegaly and was 
also seen in our cohort both before and after surgery. Thus, age could contribute to the particularly high sKl 
levels observed in group  C44. Moreover, a complete data set for GH, IGF-1 (assessed by radioimmunoassay after 
removal of carrier proteins) and αKL (using the same ELISA) obtained by fully identical methods was available 
only for the perioperative period. Compared to GH and IGF-1 measurements, the assay for αKL was introduced 
recently, with only limited experience regarding technical shortcomings and physiological ranges.

Although our follow-up periods ranged from 7–16 years, this time frame may still be insufficient to detect 
late recurrences. While patients belonging to the persistence group are obvious candidates for additional treat-
ment modalities (with subsequent biochemical values subject to alteration by drug treatment), it is important to 
maintain long-term follow-up for patients with initial remission, who may develop later recurrences.

Conclusion
Our study showed that sKl may serve as reliable biomarker that reflects disease activity in patients with acro-
megaly, decreasing markedly after pituitary surgery. In our cohort, it showed superior correlations with GH excess 
and tumor volume than the well-described biomarker IGF-1. Moreover, sKl may serve as an additional marker 
of biochemical remission after surgery. To date there are no thresholds that separate the long-term cure group 
from patients with initial remission and later disease activity. Thus, more studies are needed to define reliable 
cut-off values in order to optimize the risk stratification of patients with acromegaly.

Data availability
The datasets generated during and analysed during the current study are available from the corresponding author 
on reasonable request.

Received: 1 March 2022; Accepted: 24 August 2022

References
 1. Babu, H. et al. Long-term endocrine outcomes following endoscopic endonasal transsphenoidal surgery for acromegaly and 

associated prognostic factors. Neurosurgery 81(2), 357–366. https:// doi. org/ 10. 1093/ neuros/ nyx020 (2017).
 2. Dekkers, O. M., Biermasz, N. R., Pereira, A. M., Romijn, J. A. & Vandenbroucke, J. P. Mortality in acromegaly: a metaanalysis. J 

Clin Endocrinol Metab. 93(1), 61–67. https:// doi. org/ 10. 1210/ jc. 2007- 1191 (2008).
 3. Corvilain, J., Abramow, M. & Bergans, A. Some effects of human growth hormone on renal hemodynamics and on tubular phos-

phate transport in man. J Clin Invest. 41, 1230–1235. https:// doi. org/ 10. 1172/ JCI10 4584 (1962).
 4. Takamoto, S. et al. Changes in calcium homeostasis in acromegaly treated by pituitary adenomectomy. J Clin Endocrinol Metab. 

61(1), 7–11 (1985).
 5. Tonelli M, Sacks F, Pfeffer M, Gao Z, Curhan G, Cholesterol Recurrent Events Trial I (1985) Relation between serum phosphate 

level and cardiovascular event rate in people with coronary disease. Circulation. 112(17):2627–2633. https:// doi. org/ 10. 1161/ 
CIRCU LATIO NAHA. 105. 553198

 6. Kuro-o, M. et al. Mutation of the mouse klotho gene leads to a syndrome resembling ageing. Nature 390(6655), 45–51. https:// doi. 
org/ 10. 1038/ 36285 (1997).

 7. Kurosu, H. et al. Suppression of aging in mice by the hormone Klotho. Science 309(5742), 1829–1833. https:// doi. org/ 10. 1126/ 
scien ce. 11127 66 (2005).

 8. Kato, Y. et al. Establishment of the anti-Klotho monoclonal antibodies and detection of Klotho protein in kidneys. Biochem. Biophys. 
Res. Commun. 267(2), 597–602. https:// doi. org/ 10. 1006/ bbrc. 1999. 2009 (2009).

 9. Azuma, M. et al. Promoter methylation confers kidney-specific expression of the Klotho gene. FASEB J. 26(10), 4264–4274. https:// 
doi. org/ 10. 1096/ fj. 12- 211631 (2012).

 10. Urakawa, I. et al. Klotho converts canonical FGF receptor into a specific receptor for FGF23. Nature 444(7120), 770–774. https:// 
doi. org/ 10. 1038/ natur e05315 (2006).

 11. Kurosu, H. et al. Regulation of fibroblast growth factor-23 signaling by klotho. J Biol Chem. 281(10), 6120–6123. https:// doi. org/ 
10. 1074/ jbc. C5004 57200 (2006).

 12. Imura, A. et al. Secreted Klotho protein in sera and CSF: implication for post-translational cleavage in release of Klotho protein 
from cell membrane. FEBS Lett 565(1–3), 143–147. https:// doi. org/ 10. 1016/j. febsl et. 2004. 03. 090 (2004).

 13. Imura, A. et al. Alpha-Klotho as a regulator of calcium homeostasis. Science 316(5831), 1615–1618. https:// doi. org/ 10. 1126/ scien 
ce. 11359 01 (2007).

 14. Schmid, C., Neidert, M. C., Tschopp, O., Sze, L. & Bernays, R. L. Growth hormone and Klotho. J Endocrinol. 219(2), R37-57. https:// 
doi. org/ 10. 1530/ JOE- 13- 0285 (2013).

 15. Agrawal, N. & Ioachimescu, A. G. Prognostic factors of biochemical remission after transsphenoidal surgery for acromegaly: a 
structured review. Pituitary 23(5), 582–594. https:// doi. org/ 10. 1007/ s11102- 020- 01063-x (2020).

 16. Sze, L. et al. Excessively high soluble Klotho in patients with acromegaly. J Intern Med. 272(1), 93–97. https:// doi. org/ 10. 1111/j. 
1365- 2796. 2012. 02542 (2012).

 17. Coopmans, E. C. et al. Soluble Klotho: a possible predictor of quality of life in acromegaly patients. Endocrine 69(1), 165–174. 
https:// doi. org/ 10. 1007/ s12020- 020- 02306-4 (2020).

 18. Sze, L. et al. Gender dependence of serum soluble Klotho in acromegaly. Clin Endocrinol (Oxf) 80(6), 869–873. https:// doi. org/ 
10. 1111/ cen. 12385 (2014).

 19. Kohler S, Tschopp O, Sze L, Neidert M, Bernays RL, Spanaus KS, Wiesli P, Schmid C (2013) Monitoring for potential residual 
disease activity by serum insulin-like growth factor 1 and soluble Klotho in patients with acromegaly after pituitary surgery: is 

https://doi.org/10.1093/neuros/nyx020
https://doi.org/10.1210/jc.2007-1191
https://doi.org/10.1172/JCI104584
https://doi.org/10.1161/CIRCULATIONAHA.105.553198
https://doi.org/10.1161/CIRCULATIONAHA.105.553198
https://doi.org/10.1038/36285
https://doi.org/10.1038/36285
https://doi.org/10.1126/science.1112766
https://doi.org/10.1126/science.1112766
https://doi.org/10.1006/bbrc.1999.2009
https://doi.org/10.1096/fj.12-211631
https://doi.org/10.1096/fj.12-211631
https://doi.org/10.1038/nature05315
https://doi.org/10.1038/nature05315
https://doi.org/10.1074/jbc.C500457200
https://doi.org/10.1074/jbc.C500457200
https://doi.org/10.1016/j.febslet.2004.03.090
https://doi.org/10.1126/science.1135901
https://doi.org/10.1126/science.1135901
https://doi.org/10.1530/JOE-13-0285
https://doi.org/10.1530/JOE-13-0285
https://doi.org/10.1007/s11102-020-01063-x
https://doi.org/10.1111/j.1365-2796.2012.02542
https://doi.org/10.1111/j.1365-2796.2012.02542
https://doi.org/10.1007/s12020-020-02306-4
https://doi.org/10.1111/cen.12385
https://doi.org/10.1111/cen.12385


8

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14765  | https://doi.org/10.1038/s41598-022-19078-8

www.nature.com/scientificreports/

there an impact of the genomic deletion of exon 3 in the growth hormone receptor (d3-GHR) gene on "safe" GH cut-off values? 
Gen Comp Endocrinol. 188:282–287.https:// doi. org/ 10. 1016/j. ygcen. 2013. 04. 024

 20. Neidert, M. C. et al. Soluble alpha-klotho: a novel serum biomarker for the activity of GH-producing pituitary adenomas. Eur J 
Endocrinol. 168(4), 575–583. https:// doi. org/ 10. 1530/ EJE- 12- 1045 (2013).

 21. Hardy, J. & Vezina, J. L. Transsphenoidal neurosurgery of intracranial neoplasm. Adv Neurol. 15, 261–273 (1976).
 22. Knosp E, Steiner E, Kitz K, Matula C (1993) Pituitary adenomas with invasion of the cavernous sinus space: a magnetic resonance 

imaging classification compared with surgical findings. Neurosurgery. 33 (4):610–617; discussion 617–618
 23. Bellut, D., Hlavica, M., Schmid, C. & Bernays, R. L. Intraoperative magnetic resonance imaging-assisted transsphenoidal pituitary 

surgery in patients with acromegaly. Neurosurg. Focus 29(4), E9. https:// doi. org/ 10. 3171/ 2010.7. FOCUS 10164 (2010).
 24. Yamazaki, Y. et al. Establishment of sandwich ELISA for soluble alpha-Klotho measurement: age-dependent change of soluble 

alpha-Klotho levels in healthy subjects. Biochem Biophys Res Commun. 398(3), 513–518. https:// doi. org/ 10. 1016/j. bbrc. 2010. 06. 
110 (2010).

 25. Schmid, C. et al. Growth hormone (GH) receptor isoform in acromegaly lower concentrations of GH but not insulin-like growth 
factor-1 in patients with a genomic deletion of exon 3 in the GH receptor gene. Clin. Chem. 53(8), 1484–1488. https:// doi. org/ 10. 
1373/ clinc hem. 2007. 085712 (2007).

 26. Cuevas-Ramos D, Carmichael JD, Cooper O, Bonert VS, Gertych A, Mamelak AN, Melmed S (2015) J Clin Endocrinol Metab. 
100 (1):122-131. https:// doi. org/ 10. 1210/ jc. 2014- 2468

 27. Varewijck AJ , van der Lely AJ, Neggers SJCMM, Lamberts SWJ, Hofland LJ, Janssen JAMJL (2014) In active acromegaly, IGF1 bio-
activity is related to soluble Klotho levels and quality of life. Endoc Connect. 15;3(2):85–92. doi:https:// doi. org/ 10. 1530/ EC- 14- 0028

 28. Asha, M. J. et al. Long-term outcomes of transsphenoidal surgery for management of growth hormone-secreting adenomas: 
single-center results. J Neurosurg. https:// doi. org/ 10. 3171/ 2019.6. JNS19 1187 (2019).

 29. Jane, J. A. Jr. et al. Endoscopic transsphenoidal surgery for acromegaly: remission using modern criteria, complications, and 
predictors of outcome. J Clin Endocrinol Metab. 96(9), 2732–2740. https:// doi. org/ 10. 1210/ jc. 2011- 0554 (2011).

 30. Starke, R. M. et al. Endoscopic vs microsurgical transsphenoidal surgery for acromegaly: outcomes in a concurrent series of patients 
using modern criteria for remission. J Clin Endocrinol Metab. 98(8), 3190–3198. https:// doi. org/ 10. 1210/ jc. 2013- 1036 (2013).

 31. Neggers, S. J., Biermasz, N. R. & van der Lely, A. J. What is active acromegaly and which parameters do we have?. Clin Endocrinol. 
76(5), 609–614. https:// doi. org/ 10. 1111/j. 1365- 2265. 2012. 04346.x (2012).

 32. Clemmons, D. R. IGF-I assays: current assay methodologies and their limitations. Pituitary 10(2), 121–128. https:// doi. org/ 10. 
1007/ s11102- 007- 0032-z (2007).

 33. Zapf, J., Walter, H. & Froesch, E. R. Radioimmunological determination of insulinlike growth factors I and II in normal subjects 
and in patients with growth disorders and extrapancreatic tumor hypoglycemia. J. Clin. Investig. 68(5), 1321–1330 (1981).

 34. Giustina, A. et al. Criteria for cure of acromegaly: a consensus statement. J Clin Endocrinol Metab. 85(2), 526–529 (2000).
 35. Arafat, A. M. et al. Growth hormone response during oral glucose tolerance test: the impact of assay method on the estimation 

of reference values in patients with acromegaly and in healthy controls, and the role of gender, age, and body mass index. J Clin 
Endocrinol Metab. 93(4), 1254–1262. https:// doi. org/ 10. 1210/ jc. 2007- 2084 (2008).

 36. Trainer, P. J. et al. Treatment of acromegaly with the growth hormone-receptor antagonist pegvisomant. N Engl J Med. 342(16), 
1171–1177. https:// doi. org/ 10. 1056/ NEJM2 00004 20342 1604 (2000).

 37. van der Klaauw AA, Pereira AM, van Thiel SW, Frolich M, Iranmanesh A, Veldhuis JD, Roelfsema F, Romijn JA (2007) Attenuated 
pulse size, disorderly growth hormone and prolactin secretion with preserved nyctohemeral rhythm distinguish irradiated from 
surgically treated acromegaly patients. Clin Endocrinol. 66 (4):489–498. https:// doi. org/ 10. 1111/j. 1365- 2265. 2006. 02757.x

 38. Campbell, P. G. et al. Outcomes after a purely endoscopic transsphenoidal resection of growth hormone-secreting pituitary 
adenomas. Neurosurg. Focus 29(4), E5. https:// doi. org/ 10. 3171/ 2010.7. FOCUS 10153 (2010).

 39. Haliloglu, O. et al. Multidisciplinary approach for acromegaly: a single Tertiary Center’s experience. World Neurosurg 88, 270–276. 
https:// doi. org/ 10. 1016/j. wneu. 2015. 12. 092 (2016).

 40. Park, H. H., Kim, E. H., Ku, C. R., Lee, E. J. & Kim, S. H. Outcomes of aggressive surgical resection in growth hormone-secreting 
pituitary adenomas with cavernous sinus invasion. World Neurosurg. 117, e280–e289. https:// doi. org/ 10. 1016/j. wneu. 2018. 06. 012 
(2018).

 41. Micko, A. S., Wohrer, A., Wolfsberger, S. & Knosp, E. Invasion of the cavernous sinus space in pituitary adenomas: endoscopic 
verification and its correlation with an MRI-based classification. J Neurosurg. 122(4), 803–811. https:// doi. org/ 10. 3171/ 2014. 12. 
JNS14 1083 (2015).

 42. Trouillas J, Roy P, Sturm N, Dantony E, Cortet-Rudelli C, Viennet G, Bonneville JF, Assaker R, Auger C, Brue T, Cornelius A, 
Dufour H, Jouanneau E, Francois P, Galland F, Mougel F, Chapuis F, Villeneuve L, Maurage CA, Figarella-Branger D, Raverot G, 
members of H, Barlier A, Bernier M, Bonnet F, Borson-Chazot F, Brassier G, Caulet-Maugendre S, Chabre O, Chanson P, Cottier 
JF, Delemer B, Delgrange E, Di Tommaso L, Eimer S, Gaillard S, Jan M, Girard JJ, Lapras V, Loiseau H, Passagia JG, Patey M, 
Penfornis A, Poirier JY, Perrin G, Tabarin A (2013) A new prognostic clinicopathological classification of pituitary adenomas: a 
multicentric case-control study of 410 patients with 8 years post-operative follow-up. Acta Neuropathol 126 (1):123–135. https:// 
doi. org/ 10. 1007/ s00401- 013- 1084-y

 43. Mooney MA, Hardesty DA, Sheehy JP, Bird R, Chapple K, White WL, Little AS (2016) Interrater and intrarater reliability of the 
Knosp scale for pituitary adenoma grading. J Neurosurg. https:// doi. org/ 10. 3171/ 2016.3. JNS15 3044

 44. Schweizer J ROL, Schilbach K, Haenelt M, Giannetti A, Bizzi MF, Soares BS, Paulino E, Schopohl J, Störmann S, Ribeiro-Oliveira 
A, Bidlingmaier M (2021) Soluble Alpha Klotho in acromegaly: comparison with traditional markers of disease activity. J Clin 
Endocrinol Metab. 2021 13;106(8):e2887-e2899. https:// doi. org/ 10. 1210/ clinem/ dgab2 57.

Author contributions
All authors contributed to the study conception, data collection and design. Material preparation and analysis 
were performed by M.N., A.Z. and C.S. The first draft of the manuscript was written by M.N. and all authors 
commented on previous versions of the manuscript. All authors read and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 19078-8.

Correspondence and requests for materials should be addressed to M.C.N.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1016/j.ygcen.2013.04.024
https://doi.org/10.1530/EJE-12-1045
https://doi.org/10.3171/2010.7.FOCUS10164
https://doi.org/10.1016/j.bbrc.2010.06.110
https://doi.org/10.1016/j.bbrc.2010.06.110
https://doi.org/10.1373/clinchem.2007.085712
https://doi.org/10.1373/clinchem.2007.085712
https://doi.org/10.1210/jc.2014-2468
https://doi.org/10.1530/EC-14-0028
https://doi.org/10.3171/2019.6.JNS191187
https://doi.org/10.1210/jc.2011-0554
https://doi.org/10.1210/jc.2013-1036
https://doi.org/10.1111/j.1365-2265.2012.04346.x
https://doi.org/10.1007/s11102-007-0032-z
https://doi.org/10.1007/s11102-007-0032-z
https://doi.org/10.1210/jc.2007-2084
https://doi.org/10.1056/NEJM200004203421604
https://doi.org/10.1111/j.1365-2265.2006.02757.x
https://doi.org/10.3171/2010.7.FOCUS10153
https://doi.org/10.1016/j.wneu.2015.12.092
https://doi.org/10.1016/j.wneu.2018.06.012
https://doi.org/10.3171/2014.12.JNS141083
https://doi.org/10.3171/2014.12.JNS141083
https://doi.org/10.1007/s00401-013-1084-y
https://doi.org/10.1007/s00401-013-1084-y
https://doi.org/10.3171/2016.3.JNS153044
https://doi.org/10.1210/clinem/dgab257
https://doi.org/10.1038/s41598-022-19078-8
https://doi.org/10.1038/s41598-022-19078-8
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:14765  | https://doi.org/10.1038/s41598-022-19078-8

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Association of pre- and postoperative αKlotho levels with long-term remission after pituitary surgery for acromegaly
	Methods
	Patients and study design. 
	Assays. 
	Histological work-up. 
	Statistics. 
	Ethics approval. 

	Results
	Clinical characteristics of the study population. 
	Pre- and postoperative serum levels of Klotho, GH and IGF-1. 
	Relationship between different serum biomarkers with each other and tumor volume. 
	Difference in radiological and histopathological findings between the groups. 

	Discussion
	Conclusion
	References


