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Background

Adult GH deficiency (GHD) has been described as a heterogeneous condition characterized by many clinical modifications, such as metabolic alterations, impaired quality of life, and increased mortality. The clinical relevance of cardiac involvement remains, however, only partially elucidated.



Methods

PubMed/Medline, EMBASE, Cochrane library, OVID and CINAHL databases were systematically searched until February 2022 for studies evaluating cardiac function and morphology by magnetic resonance imaging in adult patients with GHD. Effect sizes were pooled through a random-effect model.



Results

Four studies were considered in the meta-analysis. With respect to the left ventricle, GHD patients were characterized by a lower stroke-volume-index (-3.6 ml/m2, standardized mean difference (SMD) -0.60, 95%CI [-1.15,-0.05], p=0.03), lower end-diastolic-volume-index (-6.2 ml/m2, SMD -0.54, 95%CI [-0.97,-0.10], p=0.02) and, after accounting for possible biases, lower mass-index (-15.0 g/m2, SMD -1.03, 95%CI [-1.89,-0.16], p=0.02). With respect to the right ventricle, a lower end-diastolic-volume-index (-16.6 ml/m2, SMD -1.04, 95%CI [-2.04,-0.03], p=0.04) and a borderline-significant lower stroke-volume-index (-5.0 ml/m2, SMD -0.84, 95%CI [-1.77,0.08], p=0.07) could be observed. Data about the effect of GH replacement therapy highlighted a significant increase in left ventricular mass-index after treatment initiation (+3.7 g/m2, 95%CI [1.6,5.7], p<0.01).



Conclusion

With respect to the left ventricle, our results confirmed those retrieved by echocardiographic studies. In addition, significant alterations were demonstrated also for the right ventricle, for which echocardiographic data are nearly absent. This supports the thesis of a biventricular cardiac involvement in patients with GHD, with a similar pattern of morphological and functional alterations in both ventricles.
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Introduction

Adult GH deficiency (GHD) is a heterogeneous disorder that may result from a variety of causes, including structural lesions, traumas, infiltrative diseases, surgery or irradiation to the pituitary gland and/or hypothalamus, or idiopathic dysfunction  (1–5). Its diagnosis depends on the demonstration of a subnormal rise in peak serum GH level in response to one or more GH stimulation tests (1, 6–9). From a clinical point of view, this condition is characterized by many alterations, such as impaired quality of life, decreased lean mass, increased fat mass, abnormal lipid profile, osteoporosis, and increased all-cause mortality (10–13). The clinical relevance of cardiac involvement in patients with adult GHD remains, however, only partially elucidated.

Physiologically, the GH/IGF-I axis interacts with the cardiovascular system, both indirectly by acting on various metabolic cardiovascular risk factors, and directly by actively maintaining the structure and function of the normal adult heart, through the stimulation of cardiac growth and myocardial contractility (14–17). An impairment of the GH/IGF-I axis contributes to determine cardiovascular alterations, as suggested by clinical studies reporting an increase in cardiovascular morbidity and mortality in hypopituitary adults with untreated GHD (18–22). With respect to cardiac structure, adult patients with untreated GHD show a reduced left ventricular (LV) mass (LVM) and diameter, coherently accompanied by a reduction in LV wall thickness at the interventricular septum (IVS) and posterior wall (PW) (23–28). Data about the LV systolic and diastolic function are less clear; a reduction of LV systolic performance has been consistently observed mostly during peak exercise (23, 29–31); recently, a subclinical systolic disfunction by speckle-tracking echocardiography has been suggested (32), but further studies are needed to confirm this result; with respect to diastolic filling, an impairment has been suggested by some authors (24, 29), but not clearly confirmed throughout the literature (33, 34).

Concerning the cardiac effects of recombinant human GH (rhGH) replacement therapy in patients with adult GHD, a previous meta-analysis (33), based on 16 echocardiographic studies, found that rhGH therapy determined a significant increase in LVM (+10.8 g), IVS thickness (+0.28 mm), PW thickness (+0.98 mm), LV end-diastolic diameter (LVEDD, +1.34 mm) and LV stroke volume (LVSV, +10.3 ml). On the contrary, no significant effects were found on LV end-systolic diameter (LVESD) and fractional shortening (FS), which was used as a proxy for systolic function and ejection fraction (EF).

As the authors themselves acknowledge, a limitation of this analysis, as well as of most studies evaluating cardiac structure and function in adult patients with GHD, is represented by the use of echocardiography, which suffers from a relatively low reproducibility with respect to other imaging techniques and, in particular, compared to magnetic resonance imaging (MRI). Moreover, the included studies were characterized by a significant heterogeneity in patient populations, with remarkable age-differences, and commonly with the enrollment of both childhood-onset and adult-onset GHD patients. These limitations may account at least in part for the sometimes-discrepant results obtained by different studies; moreover, they may have impaired the potential to correctly characterize subtler cardiac abnormalities in patients with GHD. This is particularly relevant when dealing with the structure and function of the right ventricle (RV) (35, 36), whose echocardiographic assessment suffers from significant challenges and limitations (37); within the specific context of adult GHD, echocardiographic studies provide almost no data about possible alterations in RV morphology and function. As a consequence, whether or not adult GHD is characterized by a biventricular cardiac involvement still remains, de facto, unclear.

Compared to echocardiography, cardiac MRI represents a more reliable and reproducible technique for measuring cardiac volumes, mass, and function; its use in clinical research, given its enhanced precision and reproducibility, has been estimated to allow for a reduction in sample size of 80–95% to obtain equal statistical power compared to investigations based on conventional echocardiography (38). In fact, it avoids most of the geometrical assumption required by echocardiographic estimates, and is currently considered the gold standard for the assessment of cardiac morphology and functionality (38–40); notably, this is particularly true when evaluating the structure and function of the RV, as cardiac MRI is considered the most accurate and reproducible method for the assessment of RV parameters (35, 36, 41).

Given these premises, cardiac MRI might provide finer information about cardiac alterations in patients with adult GHD, as well as their possible changes after the initiation of rhGH replacement therapy; in particular, it might answer to the question about if and how RV is involved. Some studies have been published in this regard (42–45), with interesting results. However, the strength of their conclusions is hampered by their limited sample size, and a quantitative synthesis of their results is still lacking. The aim of this systematic review and meta-analysis was, thus, to specifically summarize and quantitatively combine the available evidence about the MRI assessment of cardiac function and morphology in patients with adult GHD.



Methods


Search Strategy and Study Selection

This study was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines (46). The process of literature search and study selection was made by two independent reviewers (F.B., V.G.); all disparities were resolved through consensus.

The following electronic databases were queried until the February 1st 2022: PubMed/Medline, EMBASE, Cochrane library, OVID, and CINAHL. The search strategy was performed using a combination of relevant database-specific search terms to identify pertinent studies about the evaluation of cardiac morphology and function by MRI in patients with adult GHD. The full search strategy is presented in Supplementary Material (Appendix 1). No filters were applied for study design, language, and publication date.

After duplicate removal, all studies found with the aforementioned search were evaluated for inclusion in the meta-analysis, first by title/abstract screening and then by full-text review. We excluded from our analysis studies according to the following exclusion criteria: (a) unavailability of any of the outcomes of interest, as defined in the following subsection; (b) case reports or case series; (c) conference abstracts. In case of patient overlap between studies, the one with the largest sample size was considered.



Outcomes

The following outcomes were assessed: (a) comparison of left and right ventricular morphology and function, as assessed by cardiac MRI, between patients with GHD and controls; (b) comparison of left and right ventricular morphology and function, as assessed by cardiac MRI, before and after treatment with rhGH in patients with GHD.

More in detail, the MRI parameters that were evaluated were: (i) left ventricular ejection fraction (LVEF); (ii) left ventricular stroke volume index (LVSVi); (iii) left ventricular end-diastolic volume index (LVEDVi); (iv) left ventricular end-systolic volume index (LVESVi); (v) left ventricular mass index (LVMi); (vi) right ventricular ejection fraction (RVEF); (vii) right ventricular stroke volume index (RVSVi); (viii) right ventricular end-diastolic volume index (RVEDVi); (ix) right ventricular end-systolic volume index (RVESVi).



Data Extraction

Two authors (F.B., V.G.) independently examined and extracted data from papers which met the inclusion criteria using pre-specified data extraction templates. For each eligible study, the following information were collected: (a) first author and publication year; (b) study design; (c) major selection criteria for each group; (d) matching criteria between GHD patients and controls; (e) number of subjects enrolled; (f) patients’ characteristics in terms of demographic data; (g) cardiac MRI data in GHD patients and controls, according to the parameters specified in the previous section; (h) cardiac MRI data in GHD patients before and after treatment with rhGH, according to the parameters specified in the previous section.



Risk of Bias Assessment

The risk of bias was independently assessed for each included study by two authors (F.B., V.G.). The twenty components of the AXIS tool (Appraisal tool for Cross-Sectional Studies) (47) were used for the evaluation of cross-sectional studies comparing cardiac MRI parameters between patients with adult GHD and controls. The seven domains of the ROBINS-I tool (Risk Of Bias In Non-randomized Studies of Intervention) (48) were used for the evaluation of longitudinal studies evaluating the changes in cardiac MRI parameters before and after the initiation of rhGH therapy.



Statistical Analysis

Continuous variables and categorical variables were reported as numbers and percentages, respectively. Comparisons between patients with GHD and controls were reported as mean difference and as standardized mean difference (SMD), expressed as Hedges’ g. Variations before and after rhGH treatment in patients with GHD were reported as mean paired differences. A random-effect restricted maximum likelihood model was adopted for statistical pooling of data. Higgins I2 statistics and Cochran Q test were used to assess heterogeneity between studies. Statistical analysis was performed using STATA 17 (StataCorp, College Station, Texas, USA).




Results


Search Results

A total of 165 records were identified in the initial literature search. Removal of duplicates led to an overall pool of 147 studies. An accurate title or abstract revision was sufficient to exclude 139 articles as not pertinent or not fulfilling our prespecified inclusion or exclusion criteria. The remaining 8 studies were assessed in full-text for eligibility (42–45, 49–52), and 4 of them were excluded due to patient overlap (49–52); thus, 4 studies finally met all criteria for being included in the final analysis (42–45) (Figure 1).




Figure 1 | Flow-chart of study inclusion.





Characteristics of the Included Studies

Table 1 summarizes the basic studies characteristics. Almost all included patients had an adult-onset GHD, with the only exception of two adult patients with a childhood-onset GHD enrolled in the study by Andreassen et al. (42). All studies provided data comparing GHD patients with controls, in a cross-sectional design (42–45). The matching criteria adopted for the selection of the control group included age and sex in all studies (42–45); body surface area (BSA) was considered as an adjunctive matching criterion in two studies (42, 43), and body mass index (BMI) in one (43). Moreover, three out of four studies also provided a longitudinal evaluation of the effect of rhGH treatment on cardiac MRI parameters in the GHD group (42, 44, 45). Two of them had an observational design (42, 45), while one was designed as a randomized controlled trial with an open-label extension (44).


Table 1 | Study characteristics.



Of note, in the study by Thomas et al. (45), all parameters were declared to be summarized using standard deviation (SD) as the index of dispersion, but the reported p-values and interpretation of the results were internally consistent with the data only if the reported index of dispersion was actually the standard error (SE); thus, in our analysis, this erratum was taken into account, and SE were transformed into SD before our quantitative analyses.



Comparison of Cardiac MRI Parameters Between Patients With GHD and Controls

Data about LVEF (42–45) and LVMi (42–45) were reported in all studies; data about LVEDVi (42, 43, 45) and LVESVi (42, 43, 45) were reported in three studies; data about LVSVi (42, 45), RVEF (43, 45), RVEDVi (43, 45) and RVESVi (43, 45) were reported in two studies; data about RVSVi (45) were reported in one study.

With respect to LV function and morphology, LVSVi (-3.6 ml/m2, SMD -0.60, 95%CI [-1.15,-0.05], p=0.03) and LVEDVi (-6.2 ml/m2, SMD -0.54, 95%CI [-0.97,-0.10], p=0.02) were significantly lower in GHD patients compared to controls. On the other hand, no significant differences between GHD patients and controls could be found in terms of LVEF (+2.2%, SMD 0.39, 95%CI [-0.11,0.89], p=0.13) or LVESVi (-1.6 ml/m2, SMD -0.24, 95%CI [-0.80,0.33], p=0.41). When assessing LVMi, no overall differences could be found when pooling data from all studies (-8.8 g/m2, SMD -0.55, 95%CI [-1.67,0.58], p=0.34); this result, however, was remarkably influenced by the findings by Gonzalez et al. (44), as GHD patients presented a high rate of poorly controlled hypertension, which – as the author themselves recognize – could have significantly biased the assessment of LVMi in this cohort; excluding this paper from the analysis, the pooled effect sizes would yield significantly lower LVMi values in GHD patients compared to controls (-15.0 g/m2, SMD -1.03, 95%CI [-1.89,-0.16], p=0.02) (Figure 2 and Supplementary Figure 1).




Figure 2 | Comparison of LV functional and morphological parameters between patients with GHD and controls. CI, confidence interval; GHD, growth hormone deficiency; LV, left ventricle; LVEDVi, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LVESVi, left ventricular end-systolic volume index; LVMi, left ventricular mass index; LVSVi, left ventricular stroke volume index; N, number; SMD, standardized mean difference.



With respect to RV function and morphology, RVEDVi (-16.6 ml/m2, SMD -1.04, 95%CI [-2.04,-0.03], p=0.04) was significantly lower in GHD patients compared to controls, and a borderline-significant trend towards a lower RVSVi (-5.0 ml/m2, SMD -0.84, 95%CI [-1.77,0.08], p=0.07) could also be observed. On the other hand, no significant differences between GHD patients and controls could be found in terms of RVEF (+2.9%, SMD 0.42, 95%CI [-0.38,1.23], p=0.30) or RVESVi (-7.1 ml/m2, SMD -0.72, 95%CI [-1.65,0.20], p=0.13) (Figure 3 and Supplementary Figure 2).




Figure 3 | Comparison of RV functional and morphological parameters between patients with GHD and controls. CI, confidence interval; GHD, growth hormone deficiency; RV, right ventricle; RVEDVi, right ventricular end-diastolic volume index; RVEF, right ventricular ejection fraction; RVESVi, right ventricular end-systolic volume index; RVSVi, right ventricular stroke volume index; N, number; SMD, standardized mean difference.





Variation of Cardiac MRI Parameters Before and After rhGH Treatment in Patients With GHD

Data concerning the variation of cardiac MRI parameters after rhGH treatment initiation in patients with GHD were sparser. Moreover, to the scope of the present meta-analysis, this evaluation was further limited by the unavailability, in most cases, of the exact data summarizing the paired differences of the parameters between baseline and follow-up, which would have been necessary for a correct quantitative synthesis of the results given the paired design of the research question.

Overall, the only parameter for which exact data about the variation between baseline and follow-up were available was LVMi, which was reported in one study (42) and obtainable by the supplementary material in another one (45). The statistical pooling of these results suggested a statistically significant increase in LVMi after the initiation of rhGH therapy (+3.7 g/m2, 95%CI [1.6,5.7], p<0.01) (Figure 4). For all other parameters, the considered manuscripts only reported the pooled means at baseline and at the study end, without providing the mean paired differences and thus preventing a quantitative synthesis of these results. Nevertheless, as a qualitative appraisal, no significant variation in any parameter was found.




Figure 4 | Variation of LVMi before and after treatment with rhGH in patients with GHD. CI, confidence interval; GHD, growth hormone deficiency; LVMi, left ventricular mass index; rhGH, recombinant human growth hormone.





Quality Assessment

The results of the quality assessment of the studies are reported in Supplementary Tables 1, 2. Altogether, the risk of bias appeared to be moderate-to-low in most studies, with the exception of a significant concern related to the likely presence of confounding and selection bias in the study by Gonzalez et al. (44), as more specifically discussed in other sections of our paper. Publication bias was not formally assessed due to the low number of available studies.




Discussion

This is the first systematic review and meta-analysis specifically evaluating the available evidence about the assessment by MRI of cardiac function and morphology in adult patients with GHD.

With respect to cardiac morphology, the available evidence pointed out a relevant impact of adult GHD on ventricular volumes. The LVEDVi and RVEDVi were significantly lower in GHD patients compared to controls; on the other hand, the impact of GHD on end-systolic volumes seemed to be less evident, as no significant differences between patients with GHD and controls could be found neither for the left nor for the right ventricle. Coherently with these data, the stroke volume, which can be calculated as the difference between the end-diastolic volume and the end-systolic volume, was found to be significantly lower in patients with GHD for the left ventricle, with a borderline-significance also for the right ventricle.

When considering systolic function, no significant differences could be found in terms of EF between GHD patients and controls, neither for the left nor for the right ventricle. Overall, these findings were in line with those already discussed about the left and right ventricular volumes; in fact, the EF can be computed as the ratio between the stroke volume and the end-diastolic volume, which were found to be both decreased (either significantly or with a borderline-significant trend) in GHD patients compared to control. Overall, thus, the data about the EF demonstrate that, in each ventricle, the reduction in stroke volume and end-diastolic volume was roughly proportional, with an overall maintenance of the fraction of ventricular blood that is pumped into the pulmonary or systemic arterial system at each stroke.

With respect to cardiac mass, the available data were contrasting. Physiologically, the somatotroph axis is known to exert a direct anabolic function on the cardiac muscle, as widely demonstrated, for example, in experimental models (53–55) and in patients with acromegaly (23, 24, 56–58); moreover, especially in males, an indirect anabolic effect via the hypothalamic-pituitary-gonadal axis is also possible, given the known cross-talk between the two axes (59) and the recognized anabolic effects of testosterone on cardiomyocytes (60). Previous data based on echocardiographic studies suggested that GHD patients were characterized by a reduced LV diameter and mass, accompanied by a reduction in LV wall thickness at the IVS and PW (23–28). Moreover, a meta-analysis, also based on echocardiographic studies, showed that the initiation of rhGH replacement therapy was associated with an increase in LV mass, IVS wall thickness, and PW thickness (33). In the present meta-analysis, when pooling the retrieved data on LV mass, a significant heterogeneity was found, mostly driven by a study by Gonzalez et al. (44), in which – contrarily to the common knowledge about the pathophysiological effect of GHD on cardiac structure – patients with GHD were found to have an increased LV mass compared to controls. However, as we already pointed out in the Results section of the present manuscript, this finding suffered from a remarkable bias given by the high rate of GHD patients with a poorly controlled hypertension; these patients, in fact, showed significantly higher systolic blood pressure values with respect to the control group (143 mmHg vs. 131 mmHg), with a reported mean systolic value above what is considered appropriate as an adequate target for blood pressure control. This could result in a significant bias on the retrieved results, as arterial hypertension, especially if poorly controlled, is a widely known stimulus for an increase in LV mass and, ultimately, a risk factor for the development of LV hypertrophy (61–63). When excluding this study from the analysis, the statistical pooling of the results retrieved by the other three studies unequivocally showed a significantly lower LV mass in GHD patients, which was consistent with previous findings by echocardiographic studies and, more broadly, with the well-established pathophysiology of the disease. When shifting the focus on the effect of rhGH replacement therapy on cardiac mass, the available data, as previously stated, are sparse; nevertheless, our findings were in line with those previously found by echocardiographic studies (33), showing an increase in LVMi after rhGH treatment initiation.

The main strength of this meta-analysis is the selection of studies assessing cardiac morphology and function by MRI, which is currently considered the gold-standard imaging technique to this scope. In fact, with respect to echocardiography, it is endowed with a higher accuracy and reproducibility, reducing the risk of biases, and possibly improving the potential to correctly characterize subtler cardiac abnormalities in patients with GHD. This is of utmost relevance when examining RV parameters; in fact, the echocardiographic assessment of the RV suffers from significant challenges and limitations and, within the specific context of adult GHD, available echocardiographic studies provided almost no data about possible alterations in RV morphology and function.

Our meta-analysis had also some limitations. First, the strength of the conclusions was limited by the small number of available studies; this limitation could reasonably be expected, in light of the low frequency of GHD together with the relatively limited availability of cardiac MRI; on the other hand, as already pointed out, cardiac MRI has the significant advantage of a better precision and reproducibility of estimates compared to echocardiography, and it has been estimated that a sample size reduced by 80–95% is still sufficient to obtain equal statistical power compared to echocardiographic studies (38). Second, the quality of the results was limited by that of the included studies; however, the risk of bias was generally moderate-to-low, except for the study by Gonzalez et al. (44), whose potential biases have been already discussed and taken into account in the quantitative analyses. Third, patients’ characteristics and inclusion criteria could differ between studies in some aspects, such as the underlying pituitary disease, the severity and presumed duration of GHD, and the diagnostic tests adopted for its definition, among others; this could be responsible for a certain degree of heterogeneity in the considered outcomes; nevertheless, heterogeneity is a common limitation of all meta-analyses, and appropriate statistical methods – such as the use of a random-effect model – were adopted to account for it. Fourth, the comparisons of cardiac MRI parameters between groups were all based on crude differences, as derived by univariate analyses; thus, the possible interplay with other predictors could not be evaluated. Fifth, no data were available about the effects of rhGH replacement therapy on cardiac function and morphology beyond the first year; therefore, the long-term course of cardiac MRI parameters during prolonged treatment with rhGH still remains to be elucidated.



Conclusions

In conclusion, the available evidence provided by cardiac MRI studies highlights significant left ventricular changes in patients with adult GHD, which are resumable as a reduction in end-diastolic volume, stroke volume, and ventricular mass; moreover, a significant increase in left ventricular mass can be seen after the initiation of rhGH replacement therapy. In addition, this is the first meta-analysis to provide a quantitative evaluation of the right ventricular involvement in GHD patients, for which echocardiographic data are nearly absent. Our results suggest a pattern of right ventricular alterations which is similar to left ventricular ones, with an almost significant reduction in end-diastolic volume and a statistical trend towards a lower stroke volume. This provides relevant information supporting a biventricular cardiac involvement in GHD, overall characterized by similar changes in left and right ventricular volumes and function.
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Introduction

A network with appropriate quality and quantity of intercellular and intracellular communication is fundamental for healthy brain function. In other words, molecular, cellular, and structural impairments of brain cells are associated with a broad range of pathophysiological conditions, including aging and age-associated diseases, motor and behavioral symptoms, and metabolic syndromes. A neural tissue-specific epidermal growth factor (EGF)-like protein was first identified in 1995 in chick embryos and named NEL (1). Subsequently, two mammalian homologs of chicken NEL were identified in rodents and humans and named NELL1 and NELL2 (2, 3). Among them, NELL2 is more closely related to NEL and is highly conserved among species including humans. An expression profile of NELL2 in rodent brains revealed the broad distribution of NELL2 throughout the entire brain (4). Interestingly, accumulating evidence has demonstrated that NELL2 is a secreting neuropeptide (2, 3, 5) and, at the same time, is an intracellular neuromodulator through a direct interaction with protein kinase C (PKC) within neurons (6, 7). Importantly, these investigations have further indicated a positioning-dependent conflicting outcome of NELL2-triggered signaling in downstream target gene activation within neurons (7) as well as in competitive synaptic remodeling between neurons (8, 9). Therefore, this review will discuss a site-specific multifactorial nature of NELL2 action in brain, and further a possible involvement of NELL2 in central cardiometabolism regulation.



A site of NELL2 action: Intracellular vs. extracellular

In the beginning, investigations have mainly focused to characterize the biochemical and structural signature of NELL2 protein (2, 3), and revealed that NELL2 peptide consists of multiple functional domains, including the von Willebrand factor C, a thrombospondin-1-like structure, and several EGF-like repeats. In particular, some of the EGF-repeat domains possessed Ca2+-binding ability. The physiological function of these domains remains largely unidentified; however, accumulated investigations have recognized that these domains share common characteristics with extracellular matrix proteins known to be critical in neural growth and development (2, 3, 10). Indeed, NELL2 is a glycosylated protein and possesses a signal peptide domain that is necessary for secreting proteins (3), and is able to bind to the roundabout (Robo) family of membrane receptors (9, 11, 12), or an orphan receptor tyrosine kinase, c-ros oncogene 1 (ROS1) (13). Within the cytoplasm, localization of NELL2 was highly limited to the endoplasmic reticulum (ER), Golgi apparatus, and moving vesicles between soma and axons (5). These investigations together clearly indicate the nature of NELL2 as a secreting neuropeptide.

On the other hand, other studies have recognized an intracellular NELL2 action through the PKC–ERK pathway. In these studies, NELL2 was identified as a PKC-binding intracellular molecule through the EGF-like motifs (6), and an ablation of endogenous NELL2 synthesis reduced the survival of neurons under cell death conditions (14), and resulted in the shortening axonal projections of cells (8), both of which through the downregulation of ERK signaling. Based on these studies, it is reasonable to mention that NELL2 is a novel and unique molecule that can trigger both intracellular and extracellular signaling pathways simultaneously. Additionally, the EGF-like motifs on NELL2 might be the key to induce NELL2-dependent signaling cascades, regardless of the area of NELL2 action.



Positioning-dependent contrasting NELL2 signaling

Our recent findings newly recognized a NELL2 function on gene expression of preproenkephalin (PPE) (7), a precursor peptide for multiple endogenous opioids that have been known to be involved in diverse brain functions including pain, stress, and cardiovascular and metabolic regulation (15–19). In this study, we first observed a negative regulatory role of intracellular NELL2 on PPE gene expression. Before being released, endogenously biosynthesized NELL2 would be processed through the ER as mentioned above (5), and therefore, an expression vector carrying a NELL2-coding region conjugated with an ER retention motif has been utilized to confine NELL2 in the ER. Importantly, accumulated NELL2 in the ER resulted in a reduced PPE gene expression through the Ca2+-binding EGF motifs, by downregulating a series of intracellular signaling pathways including PKC, ERK, and c-Fos. Surprisingly, the overall outcomes were opposite from the extracellular NELL2: a level of PKC, ERK, and c-Fos signaling is upregulated following extracellular NELL2 treatment, and thus, gene expression of PPE is enhanced. Additionally, the intracellular NELL2 action seemed to be dominant to extracellular NELL2 signaling in terms of PPE gene expression as an in vivo disruption of NELL2 synthesis resulted in an enhanced PPE gene expression in the rat brains. These observations clearly indicate a positioning-dependent bidirectional NELL2 function on PPE gene expression.

Interestingly, recent studies have also demonstrated a role for NELL2 in competitive synaptic remodeling in neurons (8, 9). Both extracellular and intracellular NELL2 induced overall axonal elongation of neurons (8), and therefore, NELL2 is suggested to be an activator of axonal projections regardless of the site of action. However, another investigation has further demonstrated that cells that received extracellular NELL2 from a certain direction withhold their fibers from the cell surface facing the NELL2, but elongate their fibers to the opposing direction (9). Therefore, the nature of extracellular NELL2 on axonal growth is likely inhibitory. Together, these results indicate a positioning-dependent opposing effect of NELL2 on PPE gene expression as well as synaptic remodeling.



A possible role of NELL2 in central cardiometabolism regulation

As mentioned above, qualitative and quantitative information on NELL2-dependent molecular and cellular mechanisms is now available. However, a physiological NELL2 function has not been well determined in adult mammalian brains. Interestingly, our anatomical approaches to determining brain distribution of NELL2 revealed a relatively high expression of NELL2 in terms of both mRNA and protein levels in multiple cardiometabolic nuclei, including the subfornical organ (SFO), paraventricular and ventromedial hypothalamic nucleus (PVN and VMH, respectively), and the arcuate nucleus (ARC) in adult rodent brains (4, 20). Especially in the ARC, NELL2 expression is detected on proopiomelanocortin (POMC) cells as well as cells expressing neuropeptide Y (NPY) (20). In the context of central cardiometabolism regulation, the SFO and ARC are believed to be the forebrain gates for circulating cardiometabolic signaling molecules, and transform the information into the deep brain regions, such as the PVN, to regulate neuroendocrine and autonomic outcomes for the preservation of cardiometabolic homeostasis (21, 22). Following these anatomical observations, studies utilizing the loss-of-function approach further demonstrated an involvement of NELL2 in metabolism regulation (20). Hypothalamus-targeted ablation of NELL2 biosynthesis in adult rats resulted in a reduction in daily food intake and body weight gain. In addition, mRNA levels of hypothalamic NELL2 were increased under fasting conditions compared to those in a fed state. These molecular and behavioral results clearly indicate an involvement of hypothalamic NELL2 in metabolic homeostasis as an orexigenic molecule. Unlike PPE, NELL2 did not affect the gene expression of both POMC and NPY in the ARC. Therefore, an investigation aimed at understanding the detailed underlying mechanism through which NELL2 affects metabolism regulation is necessary.



Conclusion

NELL2 is a secreting neuropeptide and thus believed to be an extracellular signaling molecule with an autocrine, paracrine, and/or endocrine nature. At the same time, NELL2 also possesses the ability to modify ER-initiated intracellular signaling pathways. A striking finding from us and other groups is that the outcome of NELL2 signaling is dependent on the site of NELL2 action: the effects of intracellular NELL2 signaling in terms of downstream gene expression and/or synaptic reorganization could be reversed by the NELL2 signaling initiated extracellularly.

In spite of recent efforts, NELL2-mediated cellular signaling and physiological functions are still largely unknown. For example, NELL2 is able to bind to certain receptors as described above; however, specific receptor-dependent NELL2 signaling has not been elucidated. Additionally, there is a possibility that some cells utilize NELL2 only as an intracellular modulator while the other cells use it exclusively as an extracellular molecule. Therefore, in-depth and targeted investigations to address these questions are clearly necessary.

NELL2 is a newly identified rising molecule in the field of brain physiology, and the site of NELL2 action should be considered in future studies.
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As obesity rates have risen around the world, so to have pregnancies complicated by maternal obesity. Obesity during pregnancy is not only associated with negative health outcomes for the mother and the baby during pregnancy and birth, there is also strong evidence that exposure to maternal obesity causes an increased risk to develop obesity, diabetes and cardiovascular disease later in life. Animal models have demonstrated that increased weight gain in offspring exposed to maternal obesity is usually preceded by increased food intake, implicating altered neuronal control of food intake as a likely area of change. The hypothalamus is the primary site in the brain for maintaining energy homeostasis, which it coordinates by sensing whole body nutrient status and appropriately adjusting parameters including food intake. The development of the hypothalamus is plastic and regulated by metabolic hormones such as leptin, ghrelin and insulin, making it vulnerable to disruption in an obese in utero environment. This review will summarise how the hypothalamus develops, how maternal obesity impacts on structure and function of the hypothalamus in the offspring, and the factors that are altered in an obese in utero environment that may mediate the permanent changes to hypothalamic function in exposed individuals.
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1 Introduction

There can be no doubt that the world is in the midst of an obesity crisis. The rise in obesity has occurred in both sexes and across all ages, meaning that there has inevitably been an increase in the number of pregnancies complicated by obesity. The most recent figures from the UK collected in 2019 show that 27.4% of women were overweight and 21.6% were living with obesity or severe obesity at the time of their first antenatal appointment (usually around 8-10 weeks gestation) (1). In the USA, figures from 2019 show that 29% of women were living with obesity when they became pregnant (2). This data is from before the Covid-19 pandemic, during which we know that obesity rates have risen globally. Post- pandemic figures from Scotland collected in 2021 show that 25.9% of women entered pregnancy whilst living with obesity or severe obesity (3).

Obesity during pregnancy is associated with negative health outcomes for the mother and the baby both during pregnancy and birth. For the mother, obesity is associated with greater odds of developing gestational diabetes (GDM), hypertension and the life-threatening condition pre-eclampsia. For the fetus, maternal obesity is associated with an increased risk of stillbirth, being born both small or large for gestational age, and an increased incidence of emergency caesarean birth. As well as these immediate effects on the health of the mother and the baby, exposure to maternal obesity during pregnancy is also associated with more long-term health problems in offspring. There is now strong evidence that exposure to maternal obesity causes an increased risk to develop obesity, diabetes, and cardiovascular disease later in life.

It is extremely concerning that the most recent report from the National Child Measurement Programme in the UK reported that nearly 30% of children in Reception (age 4 and 5 years old) are overweight or living with obesity (4). The children of today are the parents of tomorrow- meaning that pregnancies complicated by parental obesity are likely to become even more common. It is clear there is a pressing need for more interventions- be they lifestyle based or pharmacological- to stop the inter-generational transmission of obesity risk. There is also a lack of sound advice for expectant parents- in many cultures the old missive of “eating for two” during pregnancy still prevails. However, in order for researchers and health care professionals to deliver sound clinical advice and interventions, we first need to understand the mechanisms by which changes in the in utero environment of an obese pregnancy are translated into an increased cardio- metabolic disease risk in offspring. Animal models have consistently demonstrated that increased weight gain in offspring exposed to maternal obesity is preceded by increase food intake, implicating altered neuronal control of food intake as a likely area of change. The hypothalamus is the primary site in the brain for maintaining energy homeostasis, which it does by appropriately adjusting parameters including food intake. This review will summarise how the hypothalamus develops, how maternal obesity impacts on structure and function of the hypothalamus, and the factors that are altered in an obese in utero environment that may program these changes.



2 Development of hypothalamic energy balance circuits

Neurons and regions within the neuroendocrine portion of the hypothalamus are largely characterized by the neuropeptides and neurotransmitters that have been defined over the last half-century. As researchers continue to uncover the complexity of hypothalamic circuitry it is becoming clear that it may not be sufficient to classify a neuronal sub-type based on its expression of a specific, well-known neuropeptide. Indeed, recent studies have demonstrated the heterogeneity of neurons not only within a defined region of the hypothalamus, such as the arcuate nucleus (ARC) (5) but also within what was previously thought of as being one sub-type of neuron, for example proopiomelanocortin (POMC) neurons (6). Continued efforts to define the genetic make-up of all neurons within the hypothalamus and collate this into large datasets (7) will undoubtedly further our understanding of how the hypothalamus develops, as well as functions.

The data described in this section is essentially limited to rodents, as- for obvious reasons- there is a paucity of data on hypothalamic development in non-human primates (NHP) and humans. Although the highly conserved functions of hypothalamic regions between rodents and higher organisms suggest that many developmental mechanisms may be shared, our knowledge of NHP and human hypothalamic development is far from complete. The hypothalamus is a region of the brain where neurons are added for an extended prenatal period and are even born postnatally (8). There is also considerable remodelling of hypothalamic connections during the early post-natal period. Therefore, both the fetal and neonatal period represent critical periods of vulnerability in the hypothalamus.


2.1 Neurogenesis and cell fate determination

Over the past fifty years, numerous models have been proposed as to how the forebrain, including the hypothalamus, develops. Although many early models have now been disproved by the advent of data showing the temporal expression of specific transcription factors, there remains a dispute as to whether the hypothalamus and telencephalon should be classed as a single unit, termed the secondary prosencephalon (9), or whether the hypothalamus is part of the diencephalon (10). The cells that will form the hypothalamus are primarily derived from precursor cells located in a proliferative zone in the neuroepithelium of the third ventricle. In rodents, by embryonic day (E) 10, the presumptive hypothalamus has acquired regional identity by the combined action of morphogens such as Shh (extensively reviewed in (11)) and a well-characterised transcriptional network (e.g., Nkx2.1, Six3, Otp). For an excellent comprehensive review of early hypothalamic regional patterning and progenitor cell determination see Burbridge et al. (12). The early hypothalamus can be roughly divided into three regions along it’s rostral to caudal axis- the anterior, tuberal and posterior regions. Once these hypothalamic regions are established, the progenitors within begin to acquire their subtype-specific identities.

The neuroendocrine portion of the hypothalamus- which is the primary site of feeding regulatory pathways- comprises the anterior and tuberal hypothalamus. In the tuberal hypothalamus, all neurons are produced during a period of only a few days (13). The majority of neurons in the paraventricular nucleus (PVH) and dorsomedial nucleus (DMH) are generated between E12-E14, whereas the ARC and ventromedial nucleus (VMH) have longer periods of neuronal generation from E12-E16 (14, 15). Following this initial wave of neurogenesis in the hypothalamus, there is a gradual shift to gliogenesis that generates hypothalamic astrocytes (13).

The Notch signalling pathway is a key regulator of neurogenesis in the central nervous system (CNS). As Notch signalling inhibits pro-neural genes, models lacking Notch signalling exhibit an increase in neurons throughout the embryo (16). Conditional loss of function mice using Nkx2.1-Cre to specifically knock out Notch signalling in the hypothalamus show that Notch signalling is essential for the differentiation of late ARC neurons in the mouse from E13.5 (17). The pro-neural transcription factor Mash1 is inhibited by Notch signalling, and loss of Mash1 in a mouse model is associated with a reduction of POMC and NPY neurons in the ARC (18). Consistent with this study, mice lacking Notch signalling in hypothalamic cells show an increased number of POMC and NPY neurons (17).



2.2 Neurite extension

Neuronal axons grow by extending a growth cone, which travels toward a target and trails behind it the growing neurite. The path of a growing axon is determined by cell-cell interactions and diffusible chemorepulsive and chemoattractive cues. Axon guidance molecules such as netrins (19), ephrins (20) and semaphorins have been show to regulate axon growth in the hypothalamus. Semaphorins are one of the largest family of guidance molecules. The semaphorin 3 family members are required for correct development of hypothalamic reproductive pathways (21), and the melanocortin system; if the semaphorin receptor Neuropillin is disrupted then neurite projections from the ARC innervate the VMH rather than their correct target, the PVH (22).

Dii tracing studies demonstrate that hypothalamic connections develop with a high degree of spatial and temporal specificity, innervating each target with a unique developmental schedule which in many cases can be correlated with the functional maturity of the projection (23). The development of axonal projections from the ARC begins prenatally. As early as E14, there are long descending projections from POMC neurons that follow a longitudinal route towards the upper thoracic spinal cord (24). Intra-hypothalamic connections from the ARC to other hypothalamic areas such as the PVH form post-natally. Studies by Bouret et al. have elegantly demonstrated that projections from the ARC do not represent an adult distribution until post-natal day (PND) 18 in mice, with connections specifically between the ARC and PVH forming between PND8-10 (25). Further studies in rodents have demonstrated that orexigenic NPY positive neurons from the ARC innervate the PVH at PND10-11, but brainstem NPY positive neuronal fibers arrive at the PVH much earlier and are present from PND2 (26). In comparison, in the NHP the development of NPY positive projections from the ARC occurs during the third trimester of gestation, and offspring are born with an abundance of NPY positive fibers originating from the ARC. However, the pattern of ARC projections seen in the NHP in late gestation is less dense than in adults, suggesting additional refinement of the connectivity occurs in the post-natal period (27), as in rodents.



2.3 Epigenetic regulation of neural maturation

It is becoming increasingly apparent that epigenetic processes play an important role in maturation of the hypothalamus. Extensive changes in DNA methylation that differentiate between neurons and non-neuronal sub types in the ARC and PVH occur in the early post-natal period in rodents (28). The activity of both methylating and de-methylating enzymes in the hypothalamus is developmentally regulated and shows different activity patterns between male and female brains (29). Most recently, MacKay et al. have shown that post-natal epigenetic maturation in the ARC is cell type and sex specific and occurs particularly in genomic regions enriched for heritability of BMI in humans (30).

There is accumulating evidence that miRNAs, which are small non- coding RNAs that regulate gene function through degradation of mRNAs and/or inhibition of protein translation (31), may reflect an important mechanism by which maternal environment can alter long-term phenotypes in the offspring (32, 33). Although hypothalamic miRNAs are still not well characterised- either in adult life or during development- a recent paper has shown that 30% of the miRNAs present in the ARC show altered expression throughout the post-natal period (34). Furthermore, Croizier and colleagues have shown that miR103/107 are required for the process when POMC expressing precursors switch to become mature NPY expressing neurons (35).




3 Impact of maternal obesity on the offspring hypothalamus

The hypothalamus is a highly dynamic region of the brain that is continually sensing and responding to changes in the nutrition status of the body. It has been extensively shown that the hypothalamus retains plasticity throughout life, and indeed this is required for hypothalamic function. In addition to the high plasticity in the adult hypothalamus, development of the hypothalamus is closely coupled to the external environment (via the involvement of metabolic hormones in neurodevelopmental processes) and is therefore extremely vulnerable to disruption in both the in utero and neonatal period. In this section we describe how exposure to maternal obesity alters hypothalamic structure and function in the offspring (summarised in Figure 1). Interestingly, many of the routes through which maternal obesity impacts on the offspring hypothalamus are similar to disruptions observed in human adults with obesity (for e.g.: reduced hypothalamic proliferation (36), disrupted wiring of melanocortin pathways (22), altered nutrient sensing (37)), although in the context of adult obesity it is hard to separate cause and effect.




Figure 1 | Main routes by which maternal obesity impacts on hypothalamic development and function in the offspring. Animal models have shown that exposure to maternal obesity impacts on hypothalamic development throughout fetal development. Maternal obesity is associated with reduced proliferation of hypothalamic progenitor cells in the fetal and neonatal hypothalamus, whether this is a permanent reduction or a delay in the normal neurogenic process is unknown. The formation of intra- hypothalamic projections- particularly in the melanocortin system- is also disrupted in offspring exposed to maternal obesity. This may be due to altered signalling of neurotrophic factors such as leptin, resulting in a reduction in neurite projections, or altered expression of axon guidance cues, resulting in incorrect targets of growing neurites. The offspring of obese mothers also show reduced nutrient sensing, which is one of the primary functions of the hypothalamus and required for the correct regulation of energy homeostasis.



It is important to note that due to the inherent differences between the sexes in both brain structure and control of metabolism, the consequences of exposure to maternal obesity in the offspring hypothalamus may vary between the sexes. Unfortunately, to date not enough studies have been conducted in both sexes to draw clear conclusions on sex differences in this brain region. However, there is some evidence that the maternal obesity related programming of hypertension and altered heart rate via the melanocortin system in the hypothalamus may be sex- specific (38), as may be programming of hypothalamic- pituitary- adrenal axis (39) and glucose-sensitive gene transcription regulation in the PVH (40). For a general review of sex differences in the offspring phenotype following exposure to maternal obesity, see (41).


3.1 Cell guidance signals

As discussed above, axon guidance cues such as netrins and semaphorins are essential for correct hypothalamic development. Unfortunately, how these signals may be pathogenically altered is understudied in animal models of maternal obesity. However, a mouse study has shown that the offspring of obese mothers have altered levels of the Netrin receptors Dcc and Unc5d in the fetal ARC, and this is associated with significantly reduced NPY fibre innervation of the PVH compared with that in offspring from lean mothers (42). A recent study by van der Klaauw et al. (22) provides direct evidence that disrupting semaphorin systems in the hypothalamus leads to early-onset obesity in zebrafish, mice, and humans. This research identified 40 rare variants in semaphorin 3 signalling in people living with severe obesity which caused disruption of signalling in melanocortin circuits. This is the first evidence that disruption to the machinery required for axonal guidance in the hypothalamus can cause obesity and highlights the need for more research investigating how this process is altered in the context of maternal obesity.



3.2 Neurogenesis

Neurogenesis occurs throughout life in the hypothalamus. The impact of maternal obesity on hypothalamic neurogenesis appears to vary depending on age of the offspring. Maternal obesity results in a reduction in the proliferative potential of hypothalamic neural progenitor cells generated from the fetal hypothalamus on E13 (43) and neurogenic markers in newborn mice (44), whereas an increase in proliferative markers has been reported in the hypothalamus of mice born from an obese pregnancy at PND 21 (45). Whether the early reductions in neurogenesis reflect a permanent reduction, or simply a delay in the peak of proliferation in the embryonic hypothalamus is currently unclear. The Notch signalling pathway is key for the regulation of neurogenesis within the hypothalamus. Exposure to maternal obesity results in an up-regulation of Notch signalling in the neonatal period (43), and a concomitant decrease in expression of the pro-neural transcription factor Mash (44) which may underlie some of the reports of reduced neurogenesis.



3.3 Alterations to the melanocortin system

The central melanocortin system is a collection of circuits capable of sensing signals from a wide array of hormones, nutrients and neural inputs. Long-term energy signals from leptin and insulin received by the hypothalamus are integrated with acute signals regulating hunger and satiety, primarily received by the brainstem. Exposure to maternal obesity has been shown to alter frequently studied components of this system are the NPY/AgRP and POMC positive fibres projecting from the ARC to the PVH. These projections are reduced in numerous animal models of maternal obesity and/or diabetes, ranging from rodents to NHP (46–49). Reduction in the number of projections of POMC expressing neurons is also observed in offspring exposed to maternal over-nutrition exclusively during the post-natal period, reflecting the fact that these projections form post-natally in rodents and are vulnerable to disruption during this developmental time window (50). Previous studies have also shown increased gene expression of the target of ARC POMC containing projections- the melanocortin 4 receptor (MC4R) in the PVH- in offspring exposed to maternal obesity, which is also modulated by pup nutrition in the post-natal period (51). A recent study of the translatomic signatures of POMC neurons in offspring after exposure to maternal obesity revealed an altered translatome consistent with other reports of aberrant neuronal development and axonal growth (52).



3.4 Nutrient sensing

One of the primary roles of the hypothalamus is to sense changes in nutrient status in the rest of the body, via information received from circulating hormones and nutrients. Exposure to maternal obesity is associated with signs of hypothalamic insulin resistance in offspring in both during the in utero and post-natal period (43, 53). Many rodent models have utilised post-natal small litter rearing as a way to cause neonatal over-nutrition, and show outcomes similar to the over-nutrition that is experienced in the post-natal period in models of maternal obesity and/or maternal over-nutrition. Neonatal overnutrition is associated with resistance to a host of metabolic hormones including ghrelin (54), leptin (55) and insulin in ARC neurons (56). Studies across a range of species have shown that exposure to over-nutrition- whether via maternal HFD consumption or direct induction of hyperglycemia during development- reduces the sensitivity of neurons to glucose in areas of the hypothalamus including the PVH and VMH (40, 57, 58), as well as altering expression of the leptin receptor in the VMH (59). Perhaps due to the inherent sex differences in nutrient sensitivity in the hypothalamus, these programmed effects in offspring are reported to be sex specific (40). Although less studied, there are reports that exposure to maternal obesity also results in altered hypothalamic sensing of fatty acids and their downstream metabolism in the ARC and PVH (Furigo and Dearden, unpublished observation) (57, 60). Furthermore, hypothalamic transcriptome regulation in response to whole body nutrient status (in this example: response to fasting) are altered in offspring of obese mothers in a rat model (61).

Many of the studies mentioned here suggest that the reduced nutrient and hormonal sensitivity is due to altered signalling either at the level of receptor activation, or in downstream pathways (for e.g. in gene expression). However, it should also be noted that disruptions in nutrient sensing may be in part due to altered permeability of the blood brain barrier to circulating peripheral signals, as has been reported in mouse offspring exposed to maternal obesity (62).



3.5 Studies of the human hypothalamus in pregnancies complicated by maternal obesity and/or GDM

Due to the lack of tissue for experimental studies, the preceding section is based on observations primarily in rodent models. However, some notable brain imaging studies in the fetuses of women living obesity or GDM have been undertaken in recent years. During pregnancies complicated by maternal obesity, both maternal and fetal insulin levels are high in response to maternal hyperglycemia, and the fetuses of obese mothers develop insulin resistance whilst in utero (63). The effects of persistent hyperinsulinemia on brain development are not well characterised, however a recent study in humans has shown that fetal brain activity is altered in response to a maternal oral glucose challenge, and that the magnitude of fetal brain response is correlated with maternal insulin sensitivity (64). Furthermore, fetal postprandial brain responses are slower in the offspring of women with GDM, indicating that GDM directly affects fetal brain activity and may lead to central insulin resistance in the fetus (65). This apparent change in fetal brain glucose and insulin sensitivity is not rescued by late pregnancy lifestyle interventions, suggesting that changes are programmed early in gestation (66). Similarly, a recent MRI imaging study in fetuses from pregnancies complicated by GDM has shown evidence of gliosis in the fetal mediobasal hypothalamus (containing the ARC and other closely surrounding hypothalamic nuclei) that is present early in pregnancy, occurring pre-28 weeks of gestation (67). Due to the observational nature of these imaging studies, it is not possible to draw any conclusions on whether the reported changes in the hypothalamus are causative or indicative of later dysfunction in hypothalamic regulation of energy homeostasis. They do however prove that in human pregnancies, the nutritional state of the mother has a direct impact on the fetal hypothalamus.




4 Mechanisms underlying the effects of maternal obesity on offspring hypothalamus

There is clearly a strong impact of the peri-natal environment on hypothalamic development, and this is likely to contribute to the increased obesity risk in offspring exposed to maternal obesity. However, the precise mechanisms by which maternal obesity impacts on long-term hypothalamic control of energy homeostasis remain largely undefined. In this section we will discuss the molecular mechanisms with the strongest evidence to date. Pregnancy is a time of high energy demand for the mother, and as such during pregnancy the body makes a series of metabolic adjustments to support the growing fetus. Many metabolic hormones or nutrients are also altered in obesity, and thus remain altered- or are further dysregulated- in a pregnancy complicated by obesity or GDM. As maternal obesity is a major risk factor for GDM, disentangling the effect of maternal obesity per se from that of maternal GDM on pregnancy outcomes in women with obesity and diabetes in pregnancy is almost impossible without very large cohorts with refined metabolic measures. Therefore, this section refers to many studies that are complicated by both obesity and GDM, but we have attempted to differentiate between the two where possible. These metabolic changes across pregnancy and in lean or mothers with obesity are summarised in Figure 2. Although discussed separately in this section, there is likely considerable overlap between these pathways.




Figure 2 | Heat map depicting changes in hormone/nutrient levels across the course of pregnancy in lean and obese mothers. The change in circulating levels of metabolic hormones and nutrients such as glucose and lipids throughout the course of a normal, lean pregnancy are shown in the left panel. Many of these factors are altered in women living with obesity and are thus altered also in pregnancies complicated by obesity with GDM as depicted in the right panel.




4.1 Leptin

The adipokine leptin is released from adipose tissue in proportion to adipose tissue mass. In humans, leptin levels rise throughout pregnancy, reaching a peak in the third trimester. In mothers with overweight or obesity, pre-pregnancy serum leptin levels are already raised, so although they rise less during gestation than in a normal weight pregnancy, they remain higher at term in the mother (68) and fetus (69). The higher leptin levels in an obese pregnancy may contribute to some of the well-known maternal adverse health outcomes: leptin is known to contribute to obesity- related hypertension (70) and leptin concentrations are higher in women with preeclampsia compared with normotensive controls (71, 72) and thus may mediate some of the relationship between higher maternal BMI and preeclampsia risk.

In addition to playing an important role in controlling energy homeostasis, leptin has a significant role in neurodevelopment, particularly in development of the hypothalamic feeding circuitry (73). The formation of POMC and NPY/AgRP positive projections from the ARC to the neuroendocrine and autonomic regions of the PVH in rodents coincides with the timing of the post-natal leptin surge, from around PND 4 to PND 14, in neonatal mice and rats (74). Experiments in rodents manipulating the post-natal leptin surge have shown that not only is the surge necessary for the establishment of these ARC to PVH projections (75), but manipulation of leptin levels in the post-natal period have long-term effects on body weight control. Experimental blockage of the neonatal leptin surge affects gene expression of growth factors, glial proteins, and neuropeptides involved in the control of metabolism and reproduction in peripubertal male and female rats and is associated with increased susceptibility to develop diet-induced obesity (76). Conversely, in a separate mouse model which allowed manipulation of circulating leptin levels during discrete time windows, mice who experienced transient hyperleptinemia from PND0 to PND22 showed a greater susceptibility to develop obesity as adults (77). There studies suggest that the relationship between post-natal leptin and later body weight is a U- shaped curve, and that deviation from normal leptin levels in either direction can increase obesity risk.

Several studies examining hypothalamic architecture in leptin deficient Ob/Ob mice have defined the critical time window when leptin exerts neurotrophic effects within the hypothalamus, but shown that not all projections from the ARC to the PVH are rescued by post-natal leptin replacement in leptin deficient mice (75, 78). A more recent study that analysed the effect of leptin receptor rescue in young (4 weeks) and adult (10 weeks) mice formerly null for the leptin receptor suggests that the development of ARC neural projections can be rescued further into adulthood than previously thought (79). However, a reduction in hypothalamic Pomc, Cartpt and Prlh mRNA expression are persistent in adulthood in this rescue model, which may explain the permanent metabolic alterations caused by early defects in leptin signalling.

The post-natal leptin surge can be altered by the perinatal nutritional environment. Rodent pups reared by obese, or HFD-fed dams have an augmented and prolonged leptin surge magnitude (46, 80). Conversely, the leptin surge is reduced in models of intra- uterine growth restriction (81, 82). Furthermore, mice reared in small litters to induce post-natal over-nutrition display an augmented plasma leptin surge, whereas large litter size- a model of under-nutrition- is associated with a delayed surge of reduced magnitude (80). Manipulation of leptin levels may be a route to overcome programmed effects due to nutrition in the perinatal period. Collden et al. have recently shown that neonatal administration of a leptin antagonist normalises adiposity and hypothalamic leptin sensitivity in postnatally over-nourished mice (55). Taken together, these studies have shown that leptin is an important trophic factor for the development of hypothalamic feeding circuits critical for the control of energy balance, and that altered leptin levels are a likely route by which the nutritional environment in the peri-natal period alters energy homeostasis control.



4.2 Insulin

At the start of pregnancy, there is an initial rise in insulin secretin and sensitivity in the mother which stimulates lipogenesis and reduces fatty acid oxidation, causing maternal fat storage. Around mid-gestation, insulin resistance develops to direct all available fuel towards the growing fetus. This natural state of insulin resistance during pregnancy is worsened in pregnancies complicated by GDM or obesity (83–85). Interestingly, the augmented insulin resistance seen in GDM pregnancies seems to be caused by enhanced activity of the same mechanisms present in an uncomplicated pregnancy, rather than via novel pathogenic routes (86). Enhanced maternal insulin resistance in obese and GDM pregnancies contributes to high maternal glucose levels, leading to a state of hyperglycemia in the mother and fetus, since glucose freely crosses the placenta. This then leads to a compensatory rise in fetal insulin levels (63). Women living with obesity even without GDM have higher glucose profiles on continuous glucose monitoring performed during pregnancy than normal weight women (87). Maternal glycemia is a strong determinant of fetal growth, as demonstrated by the strong, continuous associations of maternal glucose levels with increasing birth weight (88).

It has long been established that insulin plays a neurotrophic role in numerous brain regions and across a range of species (89–93). Insulin also has an important function in both embryonic and adult stem cell homeostasis via a role in maintaining neural stem cell self-renewal, neurogenesis and, in some instances, promoting differentiation (94, 95). Insulin also acts to inhibit neuronal apoptosis via activation of protein kinase B and protein kinase C (96, 97) resulting in increased neuronal survival. Artificial manipulation of insulin in the brain during the perinatal period via the implantation of insulin containing agar implants results in an altered ratio of neuronal to glial cells in the VMH (98).

There is also evidence from rodent studies that insulin signalling is required both in the pre- and post- natal periods for correct development of hypothalamic projections. Although the genetic deletion of InsR from POMC neurons does alter their development under normal conditions, it prevents the reduction of ARC POMC projections to the pre-autonomic compartment of the PVH that occurs in offspring exposed to maternal over-nutrition, suggesting this particular disrupted circuit development in response to maternal nutrition is mediated through insulin signalling (50). It has recently been shown that the impact of insulin on growth of primary neuronal cultures originating from the ARC is dependent on the nutrient availability in the postnatal period, further demonstrating an important interaction between insulin signalling and nutritional state in determining neuronal growth and circuit formation (99).

High insulin levels and fetal brain insulin signalling are essential for appropriate brain maturation. However, chronic hyperinsulinemia, which is present in insulin resistant mothers and corresponds to high insulin levels in the fetus, can induce insulin resistance in the fetus (63). We have previously reported that the fetuses of obese, hyperinsulinemic mice display reduced expression of proliferative genes in the hypothalamus and disrupted neural stem cell growth in primary culture, and that these two markers of neuronal proliferation were correlated with maternal insulin levels (43). Due to the essential role for insulin signalling in neural stem cell self-renewal and neurogenesis, insulin resistance in the developing hypothalamus could explain the reduced proliferative response of hypothalamic neurons in offspring exposed to an environment of energy excess (43, 56) that results in long term morphological changes in the hypothalamus and ultimately a lack of energy balance regulation.



4.3 Ghrelin

Ghrelin is a gut hormone with a strong orexigenic signal. Following release into the circulation, ghrelin circulates as two major forms: acyl- ghrelin and desacyl- ghrelin. Maternal total ghrelin concentrations decrease slightly throughout pregnancy, and there is a positive correlation between the ratio of acylated to total circulating ghrelin in the mother during the third trimester of gestation and infant birth weight (100). Circulating maternal desacyl- ghrelin is increased in pregnancies with GDM, possibly reflecting resistance to the inhibitory effect of insulin on ghrelin secretion (100). Cord blood total ghrelin levels are inversely correlated with birth weight and are decreased in women with GDM (101) concomitant with the increased birth weight seen in babies from GDM pregnancies.

Rodent and human studies have suggested that maternal ghrelin regulates fetal development during the late stages of pregnancy. Administration of ghrelin to mice during the last week of gestation causes a 10–20% increase in offspring birth weight (102). This effect is persistent even when maternal food intake after ghrelin treatment is restricted through paired feeding, suggesting a direct action of ghrelin on the fetus trough a transplacental transfer. Importantly, studies performed in mice to block ghrelin action during early post-natal development have shown an enhancement of ARC neural projections that are associated with long-term metabolic effects (103). It appears that ghrelin plays an inhibitory role in the development of hypothalamic neural circuits- acting as the “break” in balance to the neurotrophic action of leptin- and therefore correct expression of ghrelin, similar to leptin, during neonatal life could be important for later hypothalamic regulation of energy homeostasis.



4.4 Fatty acids and links to endoplasmic reticulum stress/inflammation

During pregnancy there is an accumulation of lipids in the first and second trimester in the mother and later increased lipolysis of maternal adipose tissue stores. The catabolic state of maternal adipose tissue during late gestation is associated with hyperlipidemia, mainly corresponding to plasma rises in triglycerides, with smaller rises in phospholipids and cholesterol (104). There are conflicting reports as to whether maternal cholesterol levels are altered in a pregnancy complicated by GDM (104). Maternal obesity is however associated with an increase in maternal lipid levels, higher triglycerides and VLDL, and lower HDL-C than observed in lean women (105). GDM in women with obesity is associated with elevated plasma concentrations of a specific series of triglycerides consistent with increased de novo lipogenesis (106). Several recent studies indicate that maternal post-prandial triglycerides and free fatty acids are a stronger predictor of newborn adiposity and birth weight than maternal glucose in an obese pregnancy (106, 107).

The quantity and specification of fatty acids ingested by the mother during pregnancy is of importance for brain development and hypothalamic function in the offspring. Hypothalamic dysfunction is observed in mice and rat offspring born to mothers that ingested increased amounts of saturated or trans fatty acids (108, 109). Park et al. (47) have demonstrated that exposure to high concentrations of a specific combination of fatty acids (designed to mimic the commonly used high- fat diets in diet- induced obesity studies) causes reduced neurite outgrowth from the ARC, suggesting that this may be a cause of the widely reported phenotype of reduced ARC to PVH projections in the offspring of obese mothers.

Endoplasmic reticulum (ER) stress and inflammation are important mechanisms that link changes in fatty acid levels to hypothalamic impairment. Over-nutrition typically activates hypothalamic inflammatory signalling at least in part through elevated ER stress in the hypothalamus and this might be a general neural mechanism for energy imbalance underlying obesity (110, 111). In the context of an obese pregnancy, ER stress and inflammation are increased in the offspring hypothalamus (53) and the former is reported to be a consequence of elevated circulating fatty acids in obese dams and their offspring (47). Furthermore, neonatal treatment with tauroursodeoxycholic acid, an ER stress-relieving drug, ameliorates the metabolic and neurodevelopmental deficits observed in these animals, suggesting the increase in ER stress is causative of later metabolic dysfunction (47). Therefore, it is suggested that fatty acids play an important role in the hypothalamic dysfunction observed in offspring born to mothers that ingest increased amounts of saturated or trans fatty acids, and the mechanisms underlying these alterations may be through ER stress and hypothalamic inflammation.



4.5 Growth hormone

Growth hormone (GH) is well known for its function to stimulate growth, cell reproduction, and cell regeneration, and as such is hugely important for development. A growing body of evidence has shown the brain is an important target of GH for the regulation of food intake, energy expenditure, and glycemia, particularly in response to different forms of metabolic stress such as glucoprivation, food restriction, and exercise (112–114). During pregnancy, central GH action is related to the regulation of food intake, fat retention, and sensitivity to insulin and leptin in the mother, suggesting that GH acts in concert with other gestational hormones to prepare the maternal organism for the metabolic demands of the offspring (115). Interestingly offspring born to mothers with a genetic knockout of the GH receptor in cells that co-express leptin receptor exhibit a significantly lower growth rate from the second week of life, compared to offspring born to mothers with a loss of GH receptor in the entire brain or wild type mothers (115).

Despite the importance of GH in fetal development, little is known about the programming effects of maternal and/or fetal GH on offspring hypothalamic development. There is some evidence that GH regulates hypothalamic neurocircuits controlling energy homeostasis from experiments demonstrating a direct trophic role of GH on the formation of POMC and AgRP axonal projections (116). Mice with deletions of GH receptor in neurons that co-express leptin receptor have decreased density of POMC positive neuronal innervation in the PVH and DMH. Conversely, AgRP-specific ablation of GH receptor led to a significant reduction in AgRP projections to the PVH, LHA and DMH, without affecting POMC innervation (116). Further studies are needed to define whether altered maternal or fetal GH levels have other impacts on the developing hypothalamus, and whether changes are causative of later obesity.




5 Conclusions and future perspectives

Due to the increasing number of women who are overweight or living with obesity before entering pregnancy, it is essential that we investigate the long-term consequences of this exposure for their offspring. A greater understanding of the mechanisms by which the maternal environment acts on the offspring hypothalamus to disrupt energy homeostasis control is essential to reduce the inter-generational transmission of obesity risk. It is becoming increasingly understood that people living with obesity are fighting against their biology to maintain a healthy body weight, and the developmental programming of obesity risk is an underappreciated factor in this issue that determines our lifelong health before we are born. Whilst there are undoubtedly many contributing factors to the growing obesity epidemic, interventions in pregnancies complicated by obesity give us a unique opportunity to improve the health of two generations at the same time, and at a time when an individual is in frequent contact with health professionals. Future research in this field should aim to fill the gaps in our knowledge that will allow us to provide detailed information to enable mothers to make informed choices for their unborn offspring.
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Introduction

During hypothalamic development, the germinative neuroepithelium gives birth to diverse neural cells that regulate numerous physiological functions in adulthood.



Methods

Here, we studied the ontogeny of ependymal cells in the mouse mediobasal hypothalamus using the BrdU approach and publicly available single-cell RNAseq datasets.



Results

We observed that while typical ependymal cells are mainly produced at E13, tanycyte birth depends on time and subtypes and lasts up to P8. Typical ependymocytes and β tanycytes are the first to arise at the top and bottom of the dorsoventral axis around E13, whereas α tanycytes emerge later in development, generating an outside-in dorsoventral gradient along the third ventricle. Additionally, α tanycyte generation displayed a rostral-to-caudal pattern. Finally, tanycytes mature progressively until they reach transcriptional maturity between P4 and P14.



Discussion

Altogether, this data shows that ependyma generation differs in time and distribution, highlighting the heterogeneity of the third ventricle.
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Introduction

The mediobasal hypothalamus controls different physiological processes and behaviors essential for life, ranging from feeding (1) to reproduction (2, 3).

Organized around the third ventricle (3V), the mediobasal hypothalamus developed from the germinative neuroepithelium during embryonic development (4). The embryonic ventricular zone is mainly composed of radial glial cells. These neural stem cells are bipolar progenitors producing neurons and glia and serving as scaffolds for newborn neural cells to reach their final destination within the brain parenchyma (5, 6). Classically, the mantle layer forms upon three consecutive waves of neurogenesis, leading first to lateral, then medial, and finally periventricular zones, as illustrated by the genesis of melanin-concentrating hormone (MCH) neurons in the lateral hypothalamus (LHA) (7, 8) or other neurons in the ventromedial nucleus (VMH) (9, 10). Later, the ventricular zone evolves to give the ependymal layer (11).

Along the 3V in the mediobasal hypothalamus, the ependymal layer is characterized by the presence of heterogeneous ependymal cells. First, ciliated and cuboidal cells −typical in diverse brain regions− line the upper part of the 3V and participate in circulating cerebrospinal fluid (12). A second cell type, characterized by a long process and the presence of only one or two cilia, lines the lateral wall and the bottom of the 3V. These peculiar ependymal cells called tanycytes are considered reminiscent radial glial cells within the brain and are currently subdivided into four different subtypes, α1, α2, β1, and β2 (13, 14). Restricted to circumventricular organs in mammals (15), tanycytes play a role in numerous neuroendocrine functions such as glucose homeostasis, energy balance, and reproduction (16–18).

While hypothalamic neurogenesis from the mantle layer is well documented in rodents (19, 20), the ontogeny of the ependyma within the mediobasal hypothalamus is still limited (13, 19, 21–23). Here, we used BrdU incorporation to provide a spatiotemporal characterization of the mouse gliogenesis along the ependymal layer. In addition, neuron birthdate was analyzed in the arcuate (ARH), the ventromedial (VMH), and the dorsomedial (DMH) nuclei of the hypothalamus for a comparative perspective. We first confirmed that the ependyma is mainly generated once the neighboring neurons are produced. However, this generation is highly heterogeneous regarding the cell subtypes. Indeed, we determined different spatiotemporal gradients for the generation of the ependyma on the rostrocaudal and dorsoventral axis. Using publicly available scRNAseq datasets, we finally highlighted the transcriptional pseudotime developmental trajectories giving rise to mature tanycyte and typical ependymal cell populations.



Materials and methods


Animals

C57Bl/6J mice (initially obtained from Charles River) were used in this study. Male and female mice were put together around 5 pm, and the presence of a vaginal plug was checked on the following day (before 9 am). In this case, the time of conception was documented and considered as embryonic day 0 (E0). The day of birth was regarded as postnatal day 0 (P0). All animal procedures were performed at the University of Lausanne and were reviewed and approved by the Veterinary Office of Canton de Vaud.



Bromodeoxyuridine injections

BrdU crystals (5-Bromo-2-deoxyuridine, BrdU, Roche Applied Science, # 10280879001) were dissolved in 0.07 M NaOH solution warmed to 65°C. Pregnant mice (from gestational day 9 to 18) and male pups (from P0 to P8) were given a single i.p. injection around 10 a.m. (50mg/kg).

Tissue preparation. 21 to 23 days after birth (P21-P23), BrdU-injected male mice were anesthetized with isoflurane and perfused transcardially with a 0.9% NaCl solution, followed by an ice-cold solution of 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were quickly removed, postfixed in the same fixative for two hours at 4°C, and immersed in 20% sucrose in 0.1M phosphate-buffered saline (PBS) at 4°C overnight. Brains were finally either embedded in ice-cold OCT medium (optimal cutting temperature embedding medium, Tissue Tek, Sakura) and frozen in liquid nitrogen-cooled isopentane (most of the postnatally injected animals) or directly frozen in crushed dry ice without OCT (all prenatally injected animals). The different groups (n=3 to 7 per group) were then called “E9”, “E10”, “P1”, …: these developmental time points correspond to the day of the single i.p. BrdU injection.



Immunohistochemistry

Brains were cut using a cryostat into 25-μm-thick coronal sections and processed for immunohistochemistry as described previously (24). Briefly, the slide-mounted sections were 1) incubated in a boiling 10 mM Citrate Buffer solution, pH 6.0, for 12 minutes; 2) blocked for 1 hour using a solution containing 2% normal goat serum and 0.3% Triton X-100; 3) incubated overnight at 4°C with primary antibodies (Table S1) followed by two hours at room temperature with a cocktail of secondary Alexa Fluor-conjugated antibodies (1:500, Molecular Probes, Invitrogen, San Diego, CA) (Table S2); 4) mounted with DAPI Fluoromount-G (Southern Biotech; REF: 0100-20).



Antibody characterization

All primary and secondary antibodies used are listed in Supplementary Tables S1, S2. The rabbit polyclonal antibody to BrdU (Bio-rad Cat#AHP2405, RRID: AB_2922993) recognizes the synthetic thymidine analog bromodeoxyuridine (BrdU). The chicken polyclonal antibody to VIM (Vimentin) (Millipore Cat# AB5733, RRID: AB_11212377) produced a pattern of staining associated with tanycytes, ependymal cells, and endothelial cells, similar to that described elsewhere in the literature (25). The mouse monoclonal antibody to NeuN (Neuron-specific nuclear protein) (Millipore Cat# MAB377, RRID: AB_2298772) produced a pattern of staining associated with neuronal cells, similar to that described elsewhere in the literature (26).



Microscopic imaging

Pictures were acquired using a ZEISS Axio Imager.M2 microscope, equipped with ApoTome.2 and a Camera Axiocam 702 mono (Zeiss, Germany). Specific filter cubes were used for the visualization of green (Filter set 38 HE eGFP shift free (E) EX BP 470/40, BS FT 495, EM BP 525/50), red (Filter set 43 HE Cy 3 shift free (E) EX BP 550/25, BS FT 570, EM BP 605/70), and blue (Filter set 49 DAPI (E) EX G 365, BS FT 395, EM BP 445/50) fluorescence. Different magnifications were selected using a Zeiss x20 objective (Objective Plan-Apochromat 20x/0.8 M27 (FWD=0.55mm)) and a 63× oil immersion objective (Objective C Plan-Apochromat 63x/1.4 Oil DIC M27 (FWD=0.14mm)). To create photomontages, images were acquired using ZEN 2.3 pro software using Z-Stack and Tiles/Positions ZEN modules for each fluorophore sequentially. Quintuple-ApoTome frames were collected stepwise over a defined z-focus range corresponding to all visible fluorescence within the section. Multiple-plane frames were collected at a step of 0.3 µm while using the x63 objective (between 43 and 60 frames per image) and 1 µm while using the x20 objective (between 11 and 18 frames per image). Weak deconvolution was finally applied to images following the acquisition. All images were saved in.czi, processed to get maximal intensity projections, and finally exported in.tiff. for the processing steps (i.e., adjust brightness and contrast and merge channels) using Adobe Photoshop (Adobe Systems, San Jose, CA)).



Data analysis

BrdU quantifications were performed using the AxioImager D1 microscope. Two investigators determined ependymocyte birthdate by counting the number of BrdU-positive and vimentin-positive cells. Tanycytes were differentiated from typical ependymal cells by their vimentin-positive basal process. One investigator quantified the neurogenesis by counting the number of BrdU-positive and NeuN-positive cells. The regions of interest (i.e., the ventricular layer, the ARH, the VMH, and the DMH) were identified based on DAPI staining. For the ventrodorsal analysis, the ventricle was divided into seven subregions corresponding to the area where tanycyte processes are sent (i.e., the medial median eminence, the lateral median eminence, the ventromedial ARH, the dorsomedial ARH, the VMH, and the DMH) and the layer composed of typical ependymal cells (Figure 1). For the rostrocaudal axes, the region was divided into four subregions, corresponding to zone 1 (from bregma -1.2 to -1.5mm), zone 2 (from bregma -1.6 to -1.75 mm), zone 3 (from bregma -1.8 to -2.1 mm), and zone 4 (from bregma -2.15 to -2.5 mm) (Figure 1). From a neuroanatomical point of view, these subdivisions were defined based on the shape of the ventricle and the presence/absence of hypothalamic nuclei along the 3V. These subdivisions were already described and used in former studies (27, 28).




Figure 1 | Schematic representation and coordinates of the four consecutive rostrocaudal zones used to analyze the mediobasal hypothalamus. Zone 1 corresponds to the anterior part of the ARH and the ME, where tanycyte processes are mainly found in the ARH and a few in the VMH. Zone 2 corresponds to the medial part of ME, where the bottom of the ventricle is more considerable, and tanycyte processes are found in both the ARH and VMH. Zone 3 corresponds to the medial-posterior part of the ME, where the VMH is lateral, and tanycyte processes are now observed in the DMH. Zone 4 corresponds to the posterior part of the ME and the presence of the infundibular stalk, where tanycyte processes are sent in the ARH and DMH. ARH is subdivided into vmARH and dmARH. VMH is subdivided into mVMH and lVMH. DMH is subdivided into cDMH. The ependyma is subdivided into 7 subregions: the ependymal layer facing the medial ME for beta-2 tanycytes (β2 Tan), the lateral ME for ventral beta-1 tanycytes (β1v Tan), the vmARH for dorsal beta-1 tanycytes (β1d Tan), the dmARH for alpha-2 tanycytes (α2 Tan), the VMH for rostral alpha-1 tanycytes (α1 VMH Tan), the cDMH for caudal alpha-1 tanycytes (α1 DMH Tan), and the dorsal part of the DMH for typical ependymal cells. 3V, third ventricle; ARH, arcuate nucleus of the hypothalamus; cDMH, compact dorsomedial nucleus of the hypothalamus; dmARH, dorsomedial arcuate nucleus of the hypothalamus; DMH, dorsomedial nucleus of the hypothalamus; lVMH, lateral ventromedial nucleus of the hypothalamus; ME, median eminence; mVMH, medial ventromedial nucleus of the hypothalamus; vmARH, ventromedial arcuate nucleus of the hypothalamus.



Quantifications were performed on 3 to 7 animals per time point, on 5 to 12 sections per brain (1 to 3 sections per zone on average), and on both hemispheres. The total number of BrdU-positive cells was then calculated per zone and normalized by the number of analyzed sections (Table S3). The BrdU labeling pattern displayed low variability between animals injected at the same age.



Single-cell RNAseq data analysis

Publicly available scRNAseq datasets were analyzed as described in their original papers with few modifications (26, 29). Developmental time points (E10-E16, E18, P4, P14, and P45) scRNAseq datasets from Kim et al. (26) (GSE132355) were independently analyzed using Seurat 4.1.1 to identify the developmental age at which tanycyte-like cells can be found as an independent cluster. After generating a SeuratObject from raw data and splitting the matrix by developmental time points (“orig.ident”), we filtered cells to contain at least 200 features, and all datasets were normalized and scaled using scTransform (30). Following UMAP dimensional reduction (maintaining the first 50 PCA variables), we clustered cells using a resolution of 1.7 to maximize cluster separation. Furthermore, we used differential gene expression (DGE) analysis between clusters to identify major hypothalamic cell types using known cell marker genes from the original publication. Gene ontology analysis was performed using ShinyGO (v0.76) to obtain enriched GO terms using features expressed in tanycyte clusters at every developmental time point analyzed. ShinyGO was set to get the biological processes ordered by the false discovery rate (FDR) with a threshold of 0.05.

To identify the ependyma developmental trajectory, hypothalamic datasets from E11 to P45 (except P8) from Kim et al. (26) were integrated using Harmony (31). Normalization, dimensional reduction, and clustering were performed as described above. Following cell type identification, clusters containing progenitor cells (NPCs), ependyma, and tanycytes were subset in Seurat. The resulting Seurat object was then converted to CellDataSet to calculate the pseudotime trajectory from NPCs to the ependyma and tanycyte populations using Monocle3. A differentially expressed gene analysis across a single-cell trajectory from NPCs to ependyma and tanycyte populations was performed using the graph_test function.

To identify tanycyte subtypes across developmental time points, we analyzed the Yoo et al. (29) (GSE160378) scRNAseq dataset using Seurat. The original dataset was subset to contain the developmental time points P8 from wild-type mice exclusively. Data normalization, dimensional reduction, and cell-type identification were performed as described above. All analyses were performed in RStudio (v1.4.1103) using 4.1.1. version.




Results

To analyze the birth of ependymal cells and neurons within the periventricular zone in the mediobasal hypothalamus, pregnant dams (from E9 to E18) and male pups (from P0 to P8) were given a single i.p. injection of BrdU, and its labeling was then performed on coronal brain sections from 21- to 23-day-old male mice. Vimentin (Figures 2A–C) and NeuN (Figures 2D–F) were co-stained to visualize ependymal cells and neurons, respectively. We first observed a differential pattern of BrdU labeling along the ventricle (Figures 2A, C). Indeed, at a younger age, BrdU is incorporated along the ventricle, but its labeling does not fill out the entire nucleus of the cell (Figure 2C, double arrowhead), suggesting additional cell divisions afterward and highlighting a high generative capacity. Alternatively, BrdU staining filled out the entire cell nucleus (Figure 2C, arrowheads), indicating no additional cell divisions and, consequently, the birth of the cell. For the analysis, we focused on full BrdU-staining in ependymal cells (Figures 2A–C) and neuronal cells (Figures 2D–F). The ependymal cells were further subdivided into typical cuboid ependymal cells versus tanycytes based on the presence of a basal vimentin-positive process (Figures 2A, B).




Figure 2 | Characterization of BrdU-positive cells on the rostrocaudal axis. (A–C) Low- (x20, A) and high- (x63, B-C) magnification z-stack images showing the colocalization of vimentin immunoreactivity (yellow) and BrdU (pink) in zone 2 with Dapi counterstaining (white) in a coronal section from P21 male pups after BrdU injection to pregnant dams at E13. (D–F) Low- (x20, D) and high- (x63, E-F) magnification z-stack images showing the colocalization of NeuN immunoreactivity (yellow) and BrdU (pink) with Dapi counterstaining (white) in a coronal section at E13 in zone 2. (G–J) Low-magnification z-stack images (20x) showing the distribution of BrdU immunoreactivity (pink) with Dapi counterstaining (white) in coronal sections at E13 in zone 1 (G), zone 2 (H), zone 3 (I), and zone 4 (J). “E13” indicates the BrdU injection time point. Single arrowheads point out a BrdU labeling filling out the entire cell nucleus, whereas the double arrowheads point out a labeling that does not. ARH, arcuate nucleus of the hypothalamus; DMH, dorsomedial nucleus of the hypothalamus; ME, median eminence; VMH, ventromedial nucleus of the hypothalamus; 3V, third ventricle.



To adequately evaluate the heterogeneity of ependymoglial cell and neuronal birthdate along the 3V, a methodical analysis was performed on the ventrodorsal and rostrocaudal axes (Figures 1, 2G–J). The 3V was first divided into seven subregions on the ventrodorsal axis: the ependymal layer facing the medial median eminence for β2 tanycytes, the lateral median eminence for ventral β1 tanycytes, the ventromedial ARH (vmARH) for dorsal β1 tanycytes, the dorsomedial ARH (dmARH) for α2 tanycytes, the VMH for rostral α1 tanycytes, the compact part of the DMH (cDMH) for caudal α1 tanycytes, and the dorsal part of the DMH for typical ependymal cells (Figure 1). Additionally, the region was divided into four subregions along the rostrocaudal axis, corresponding to zone 1 (from bregma -1.2 to -1.5 mm), zone 2 (from bregma -1.6 to -1.75 mm), zone 3 (from bregma -1.8 to -2.1 mm) and zone 4 (from bregma -2.15 to -2.5 mm) (Figures 1, 2G–J). Finally, the analysis of newborn neural cells was based on a single BrdU injection performed at different time points from E9 to P8 to infer temporal gradients in BrdU labeling patterns (Figure 3 and File S1). Thus, “E12” brains (i.e., brains harvested from P21-22 male pups whose mothers received a single BrdU injection during pregnancy at E12) revealed a high generation of neurons and a low rate for ependymal cells at this time point (Figure 3A). In contrast, the ependyma mainly arises from E13 (Figures 3B–D) at different generation rhythms according to the ependymal subpopulations (File S1). Indeed, typical ependymal cells, α2 and α1 tanycytes display a higher generation at E13, E14 and E15, respectively (Figures 3B–D, brackets).




Figure 3 | Characterization of BrdU-positive cells in time. (A–D) Low-magnification z-stack images (20x) showing the distribution of BrdU immunoreactivity (pink) in zone 2 (bregma -1.8) with Dapi counterstaining (white) in coronal sections from P21 male pups after BrdU injection to pregnant dams at E12 (A), E13 (B), E14 (C), and E15 (D) (labeled “E12”, “E13”, “E14”, and “E15” on the pictures, respectively). The white bars point out the peaks of genesis along the third ventricle. ARH, arcuate nucleus of the hypothalamus; DMH, dorsomedial nucleus of the hypothalamus; ME, median eminence; VMH, ventromedial nucleus of the hypothalamus; 3V, third ventricle.




Neuron birthdate in the mediobasal zone mostly occurs between E11 and E13 in mice

In the periventricular (i.e., ARH and DMH) and medial nuclei (i.e., VMH), BrdU/NeuN-positive neurons were found in animals injected between E9 and E18 (Figure 4A and Table S3). No postnatal neurogenesis was observed. Thus, the neurogenic generative peak mainly occurs between E11 and E13, concentrating 75.6% of the total number of cells generated over the entire period (Figure 4A). However, BrdU/NeuN labeling patterns revealed regional differences (Figures 4A, B). First, most BrdU/NeuN cells were found in the dmARH, the DMH, the mVMH, and the lVMH with 24.0%, 22.7%, 20.9%, and 15.9% of generated cells over the entire developmental window (i.e., from E9 to P8), respectively (Figures 4A, B and Table S3). Lower generation levels were observed in the vmARH (8.2%) and the cDMH (8.3%) (Figures 4A, B and Table S3). Secondly, BrdU/NeuN labeling patterns confirmed a lateral-to-medial gradient in the generation of the VMH (9, 10). Indeed, most of the observed newborn neurons in the lateral VMH were generated at E11, whereas those within the medial VMH arose a day later at E12 (Figure 4B and Figure S1). Then, the neuronal generative peak in the periventricular nuclei (i.e., ARH and DMH regions) was concentrated within a few days between E12 and E13 without a lateral-to-medial gradient (Figures 4B, S1). Third, some nuclei additionally display a rostrocaudal gradient in their neuronal generation (Figures 4C–H). Specifically, the generation of newborn neurons in the vmARH, which mainly arises between E11 and E13 (Figures 4B, S1), actually starts in the rostral zone 1 at E10 and ends in the caudal region zone 4 by E13 (Figure 4C). In the dmARH, most neurons were born from E11 to E14 (Figure 4B), starting in the rostral zone 1 at E10 and ending in the caudal region zone 4 by E16 (Figure 4D). In contrast, VMH neurons were generated between E11 and E12 (Figure 4B) without a rostrocaudal gradient (Figures 4E, F). DMH neurons were generated between E11 and E14, with the first peak of genesis in zones 2 and 3 and a second in caudal zone 4 (Figure 4G). However, neuronal generation starts first and lasts longer in zone 3 and 4 (Figure 4G). In the cDMH, most neurons were generated in zone 3 at E13 (Figure 4H). To summarize, these different patterns of neurogenesis revealed a lateral-to-medial gradient for the VMH and a slight rostral-to-caudal direction for the periventricular ARH and DMH nuclei.




Figure 4 | Developmental hypothalamic BrdU incorporation in NeuN-positive cells. (A) Stacked graph displaying the proportion of newborn BrdU/NeuN-positive cells in the hypothalamic regions vmARH, dmARH, lVMH, mVMH, cDMH, and DMH per age over all analyzed brains from P21-22 animals having received a single BrdU injection from E9 to P8 (e.g., “E9” brains were harvested from P21-22 male pups whose mothers received a single BrdU injection during pregnancy at E9; “E10” brains were harvested from P21-22 male pups whose mothers received a single BrdU injection during pregnancy at E10…). The bars represent the percentage of cells per age over the whole analyzed period. Within a single age, the colors represent the percentage of cells per nucleus over the entire analyzed region. (B) Number (mean ± SEM) of BrdU/NeuN-positive cells per nucleus and per age over 4 hypothalamic sections (one in each rostrocaudal zone). (C–H) Number (average -line- and individual values -dots-) of BrdU/NeuN-positive cells per rostrocaudal zones (1 to 4) and per age in each hypothalamic region. n=3 to 7 animals per group. vmARH, ventromedial arcuate nucleus of the hypothalamus; dmARH, dorsomedial arcuate nucleus of the hypothalamus; lVMH, lateral ventromedial nucleus of the hypothalamus; mVMH, medial ventromedial nucleus of the hypothalamus; cDMH, compact dorsomedial nucleus of the hypothalamus; DMH, dorsomedial nucleus of the hypothalamus.  See Figure S1.





The typical ependymal cell generation peaks at E13, whereas tanycytes are generated over an extended time window

Ependymal cell generation (i.e., typical ependymal cells and tanycytes) occurred over an extended time window and appeared highly heterogeneous (Figures 5, 6 and Table S3). The distribution of full BrdU-positive cells along the 3V displayed different temporal, dorsoventral, and rostrocaudal gradients (Figure 5 and File S1).




Figure 5 | Characterization of BrdU-positive ependymoglial cells along the ventricular wall. (A) Schematic representation of zone 3 in the mediobasal hypothalamus. Rectangles display the different ependymal regions used for the analysis: beta-1 tanycytes facing the lateral ME and the vmARH (β1 Tan), alpha-2 tanycytes facing the dmARH (α2 Tan), alpha-1 tanycytes facing the cDMH (α1 Tan), and typical ependymal cells facing the dorsal part of the DMH. (B–E) High-magnification z-stack (63x) illustrative coronal images showing the distribution of BrdU immunoreactivity (pink) in the typical ependymal cells (B), α1 (C), α2 (D), and β1 (E) from the developmental timepoint E13 to E17. DAPI counterstaining is represented in white. The white bars point out the respective cells of interest along the third ventricle. ARH, arcuate nucleus of the hypothalamus; DMH, dorsomedial nucleus of the hypothalamus; ME, median eminence; V3, third ventricle. The scale bar is shown in the figure. See File S1.






Figure 6 | Developmental hypothalamic BrdU incorporation in vimentin (Vim)-positive cells. (A) Stacked graph displaying the proportion of newborn BrdU/Vim-positive cells in typical ependymal and tanycyte populations per age over all analyzed brains from P21-22 animals having received a single BrdU injection from E9 to P8 (e.g., “E9” brains were harvested from P21-22 male pups whose mothers received a single BrdU injection during pregnancy at E9; “E10” brains were harvested from P21-22 male pups whose mothers received a single BrdU injection during pregnancy at E10…). The bars represent the percentage of cells per age over the whole analyzed period. Within a single age, the colors represent the percentage of cells per ependymal subpopulation over the whole analyzed region. (B) Number (mean ± SEM) of BrdU/Vim-positive cells per ependymal subpopulations and per age over 4 hypothalamic sections (one in each rostrocaudal zone). (C–H) Number (average -line- and individual values -dots-) of BrdU/Vim-positive cells per rostrocaudal zones (1 to 4) and per age in each ependymal subpopulation. n=3 to 7 animals per group. α1 Tan, alpha-1 tanycytes; α2 Tan, alpha-2 tanycytes; β1v Tan, ventral beta-1 tanycytes; β1d Tan, dorsal beta-1 tanycytes; β2 Tan, beta-2 tanycytes. See Figure S2.



First, as observed for neurons (Figure 4), BrdU incorporation differed along the 3V (Figure 6A). While α tanycytes displayed high levels of generation, representing 62.0% (α1 = 33.0%, α2 = 29.0%) of newborn ependymal cells within the whole period (i.e., from E9 to P8), typical ependymal cells, β1, and especially β2 tanycytes, had low levels of generation, representing 9.5%, 26% (β1ventral = 7.3%, β1dorsal = 18.7%), and 2.5% of generated ependymal cells, respectively (Figures 6A, B and Table S3). Consequently, no clear generation peak was observed for β2 tanycytes, instead displaying a low generation between E11 and E18 (Figure 6B).

Across development, typical ependymal cells were generated in a short time window between E12 and E16, peaking at E13 with 38.5% of cell generation over the whole period (i.e., from E9 to P8) (Figures 6A, B and Table S3). In contrast, tanycytes were generated over an extended time window from E10 to P8 (Figures 6A, B). Specifically, we first found BrdU incorporation in β1 tanycytes occurring mostly between E11 and E18, with a peak at E12-13 for ventral β1 tanycytes and E14 for dorsal β1 tanycytes (Figure 6B). Next, α1 and α2 tanycytes arose with a more extended distribution throughout development, mainly between E12 and P3 (Figure 6A), with two generation peaks at E14-15 and E17 (Figure 6B). α2 tanycytes start to be generated one day before α1 tanycytes (Figure 6B). Therefore, these results show an “outside-in” generation pattern along the dorsoventral axis of the 3V. Indeed, cells were first generated in typical ependymal cells and β tanycytes in the dorsal and ventral regions between E12 and E14 and then in α tanycytes located in the central region between E14 and P3 (Figure 6B).

To further understand the extended time windows and the multiple peaks for the ependyma generation, we next analyzed BrdU incorporation along the rostrocaudal axis (Figures 6C–H; S2), revealing additional differences according to ependymal subpopulations. Ependymal cells were generated mainly at E13 in every zone without a rostrocaudal gradient (Figure 6C). Regarding α tanycytes, we observed a strong developmental rostral-to-caudal gradient in their generation. Indeed, α1 and α2 tanycytes are first generated in the rostral zones 1 and 2, followed by 3 and 4 later in development in a more prominent way (Figures 6D, E). This strong gradient explains the two peaks of generation observed at E14 and E17 when the rostrocaudal axis is not considered (Figure 6B). In contrast, β1 tanycytes facing the vmARH (β1d) did not display a clear rostrocaudal gradient of generation (Figure 6F). Interestingly, the generation of ventral β1 tanycytes (β1v) was more extended in zones 1 and 2 −from E11 to E18−, whereas it peaks at E12-13 in zones 3 and 4 (Figure 6G), suggesting a slight caudal-to-rostral gradient. Similarly, for β2 tanycytes, although we observed low BrdU incorporation in this cell subtype, the generation pattern suggests a slight caudal-to-rostral gradient with an extended generation up to P1 in zone 2 versus an earlier and shorter window in zone 3 (Figure 6H).

To summarize, our results demonstrated that typical ependymal cells (E13) and β tanycytes (E12-14) are the first generated shortly after the peak of neuron birthdate (E11-13) (Figure 7A). However, this time difference is less clear when considering the rostrocaudal gradient observed for neuronal generation (Figure 7B). Indeed, neurons are born before ependymal cells and β tanycytes in the rostral zone, but they arise concomitantly in the caudal region (Figure 7B). In contrast, there is little or no overlap between neuron and α tanycyte birthdate. Specifically, at the timing of the peak of neuron birth between E11 and E13, only a small proportion of α2 tanycytes is generated. α tanycytes arise later with a robust rostral-to-caudal gradient (Figure 7B).




Figure 7 | Cellular and molecular hypothalamic generation of mature tanycytes. (A) Representative plot illustrating the patterns of neuron, ependymal, and tanycyte generation across embryonic and early postnatal development extrapolated from our quantifications. (B) Rostrocaudal neuroanatomical representations of the developmental peaks of BrdU integration along the ventricular wall and hypothalamic nuclei. The ages indicate the peaks of genesis. The symbol ø indicates no clear peak of genesis (i.e., either multiple peaks or a continuous generation). (C) UMAP plots showing neuron (pink), ependymal (blue), and tanycyte-like (green) clusters in diencephalic and hypothalamic scRNAseq datasets (26), from E13 to P45, per developmental time point. (D) Violin plot showing specific features in tanycyte-like clusters across developmental time points from E14 to P45. (E) Comparison between the expression of the top 100 features of tanycyte-like cells at P45 versus those of tanycyte-like cells from every other developmental time point. The black dots represent features regarding their -log10(pAdj) significance. The blue line displays the number of features in the top 100 at each timepoint shared with the top 100 at P45. (F) Plot showing the comparison between the 100 more enriched GO terms from tanycyte-like cells at P45 (based on FDR) versus GO terms found in tanycyte-like cells from every other developmental time point. The black dots represent GO terms regarding their -log(FDR) significance. The blue line represents the number of GO terms shared in tanycyte-like clusters compared to P45. (G) Plot showing the -log10(FDR) of the top 40 more enriched GO terms in tanycyte-like cells at P45 compared to all time points. See Figure S3.





Tanycyte-like cells emerge as an independent cell population at E14 but are considered mature between P4 and P14

Our analysis revealed that neuron birthdate mainly peaks at E11-E13, ependymal cells at E13, and β and α tanycytes have a more widely distributed generation with multiple generative peaks between E12 and E18 (Figure 7A). To explore the developmental differences in the pattern of ependymal cell birthdate, we analyzed publicly available developmental hypothalamic scRNAseq datasets (26, 29). By using whole diencephalic or hypothalamic explants across embryonic and postnatal time points, Kim et al. (26) identified tanycytes to form an independent cluster starting at P4. Furthermore, they demonstrated that tanycytes diverge in trajectory from ependymal cells at E13 when they begin to express tanycyte and ependymal cell-specific markers, such as Rax and Foxj1, respectively (Figure S3A).

In agreement with their results, the analysis of the developmental scRNAseq datasets at each time point separately demonstrated that a population of tanycyte-like (Rax-positive) cells can be identified as an independent cluster starting from E14 (Figure 7C). Still, tanycyte-like cells do not share the same transcriptional profile across the different developmental time points. Indeed, DGE analysis of tanycyte-like cells at each developmental time point first showed that features commonly found in mature tanycytes, such as Col23a1, Frzb, Slc7a11, and Thrsp, are only observed in the P14 and P45 datasets (Figure 7D and Table S4). In contrast, genes involved in cell division, such as Cdca8 and Ccnb1, are expressed specifically at E14 (Figure 7D). Similarly, tanycyte-like cells from embryonic time points express Dlk1 and Cdk4 up to E18 (Figure 7D and Table S4), consistent with their proliferative capacity during early development (6, 32). The cyclin-dependent kinase Cdk4 is a master regulator of mitosis involved in cell proliferation (32), suggesting that these generating cells are likely radial glia. Interestingly, the genes Sox9, Tox3, Plag1, and several features from the NFI family of transcription factors (Nfia, Nifb), known to be involved in the negative regulation of neurogenesis (29) and the control of the onset of gliogenesis (33–35), are expressed at E16 (Figure 7D), corresponding to the end of neurogenesis peak and the burst in α tanycyte generation (Figures 4, 6). Consistently, Sox9 appears to be involved in the neurogenic-to-gliogenic fate switch (36). Secondly, we performed a comparative analysis of differentially expressed features in tanycyte-like clusters across development. Specifically, the 100 more significantly expressed genes in tanycyte-like cells at P45 were compared to tanycyte-like cell markers from the other developmental time points: most P14 and partially P4 tanycyte-like cells shared the same features compared to mature tanycytes at P45 (Figure 7E), highlighting the beginning of tanycyte maturation around P4. Indeed, we observed high levels of expression of the mature tanycyte markers Col23a1, Gpr50, and Ccnd2. Additionally, Hes1, a gene associated with the GO terms radial glia and neuroendocrine cell differentiation, shows an increase in expression levels starting from E18 (Figure 7E). Third, to further explore the immature versus mature state of tanycyte-like cells across developmental time points, we performed a gene ontology analysis focusing on biological process terms in tanycyte-like cells at P45 (Figure 7F) and compared the first 50 more significant GO terms to the other developmental time points (Figures 7F, G). Consistent with the known tanycyte functions (16–18), P45 GO terms comprise the response to hormones, endogenous stimulus, or lipids, and transport regulation (Figure 7G). As reported above, P4 and P14 tanycyte-like clusters shared the most GO terms compared to the older postnatal dataset (Figure 7F, blue line). Interestingly, many GO terms related to RNA processing and splicing are shared between E14 and P45 tanycyte-like clusters (Figure 7G). To summarize, these results suggest that while tanycytes-like cells are identified starting E14, these cells are not fully mature until early postnatal development, likely between P4 and P14.

Finally, to confirm the tanycyte maturity during postnatal development, we explored the occurrence of the different subtype specialization (i.e., α1, α2, β1, and β2 tanycytes) (Figures S3B, C). Due to the high heterogeneity of cell types found in the hypothalamic dataset of Kim et al. (26) and the relatively low number of tanycytes identified per age, tanycyte subtypes are not distinguishable at any time point. To overcome this issue, we analyzed a scRNAseq dataset of Rax+ hypothalamic cells in wild-type mice at P8 (29). In agreement with the original article, our analysis allowed the identification of the tanycyte α1, α2, β1, and β2 cell populations (Figures S3B, C), suggesting that tanycyte subtypes are already present during early postnatal development.



Transcriptional switch from gliogenesis to tanycyte maturation

To explore the tanycyte maturation process, we finally performed an integrative analysis of the hypothalamic developmental dataset of Kim et al. (26), focusing on the developmental trajectory of tanycytes from undifferentiated cells. Following cell type identification, we subset the progenitor (NPCs), tanycytes, and ependymal cell populations (Figures 8A, B) and perform pseudotime trajectory analysis (Figure 8C). The pseudotime analysis allowed us to visualize the transitional state and the timing of the developing trajectory from NPCs to tanycytes versus typical ependymal cells, respectively (Figure 8C). Developmental trajectories for the tanycyte population identified an age around E16 at which there is a first switch in cell fate towards glia differentiation (Figures 8D–F). From E11 to E16, the genes Tubb2b and Rlp10 involved in neurogenesis are highly expressed in the NPC clusters and rapidly decrease afterward (Figure 8F). At this time point (E16), the expression of genes involved in glial cell proliferation and differentiation (i.e., Dbi, Ptn, Nfix) and the negative regulation of neurogenesis (i.e., Mt3) increases (Figure 8F). Furthermore, we observed starting at E16 but more clearly around P4-P14 that a second switch towards tanycyte maturation characterized by an increased expression tanycyte specific markers (i.e., Col23a1) and genes involved in the negative regulation of astrocyte differentiation (i.e., Gpr37l1, Mt2) (Figure 8F and Table S5). Finally, similar maturation patterns were found in the ependyma trajectory (Figure S4 and Table S5). Specifically, starting from E16-18 and more clearly during the postnatal time points, ependyma begins to express specific markers such as Foxj1, Cdhr4, Pltp, Tm4sf1, Pcp4l1, Tmem212, Stoml3 and Hdc (Figure S4 and Table S5). These markers were associated with the GO terms glycolipid transport, positive regulation of cholesterol efflux, cilium, and negative regulation of mitotic cell cycle. In contrast, before E16 and along the trajectory from NPCs, we observed the expression of the immature markers Taf10, Kldhc2, Tead2, Nusap1, and Gap43, associated with cell division, radial glial cell differentiation, and embryonic development. Altogether, these results demonstrate that tanycyte-like cells originate from NPCs early during development and mature starting E16.




Figure 8 | Tanycyte and ependyma developmental trajectories. (A) UMAP showing the integrated developmental scRNAseq datasets from hypothalamic and diencephalic explants between E11 and P45 (excluding E10 and P8 datasets) from Kim et al. (26). (B) UMAP showing the subclustering of progenitor cells (NPCs), tanycytes, ependyma, and tanycyte/ependymal cell populations. (C) UMAP plot displaying the pseudotime ependymal and tanycyte trajectories originating from NPCs. (D) Heatmap displaying the first 100 genes expressed in the pseudotime NPC to tanycyte trajectory. (E) UMAP displaying the development of tanycytes and ependymal cells split by age from E11 to P45. (F) UMAP showing features expressed across the developmental trajectory from NPCs to the tanycyte population. See Figure S4.






Discussion

This study shows that neurons, typical ependymal cells, and tanycytes arise at different generation rhythms during embryonic development. Neurons mainly arise at E11-13, typical ependymal cells at E13, and tanycytes display a wider developmental generation from E12-P3 without a clear peak when the different subtypes are not considered. Neuron birthdates differ in time and space in the mediobasal hypothalamus, defining a lateral-to-medial gradient for the VMH and a slight rostral-to-caudal gradient for the ARH and DMH. Furthermore, the ependyma arises with an outside-in dorsoventral gradient (i.e., typical ependymal cells and β tanycytes are generated before α tanycytes), as well as a marked rostral-to-caudal gradient for α1 et α2 tanycyte populations.

During embryonic development, neural cells originate from radial glial cells (37, 38), which display numerous cell functions such as (1) neurogenic (13, 37, 39) and gliogenic (40–42) competences, (2) helping migration of newborn neurons, and (3) monitoring gyrification of the cerebral cortex (43). First, in agreement with our results, it has been largely described that neurogenesis occurs from E10 to E16 in rodents, peaking between E12 and E14 in the mediobasal hypothalamic regions (8, 19, 24, 44, 45). Basically, it is usually established that hypothalamic neurogenesis peaks at E12-14 in mice and E13-15 in rats (46). Additionally, numerous studies −using the BrdU approach or others− observed a lateral-to-medial gradient in neuron generation that first occurs in the lateral hypothalamus around E11 and finish in the medial hypothalamic nucleus at E13 (8, 44, 45), although some did not find any variations in the timing and the neuroanatomical distribution (47). Here, we confirmed a lateral-to-medial gradient in the generation of the VMH. Additionally, our results showed a slight rostral-to-caudal gradient for neuronal generation in the ARH and DMH. In agreement with these results, such a gradient has already been described (19, 45). Notably, a study demonstrated that neuron birthdate first occurs at E11 in mid-rostral and ventral regions, followed by caudal regions at E14 (20). The authors found that mid-rostral neurons were mainly growth-releasing hormone (GRH)-neurons in the ARH region in rats. Such neuroanatomical generative gradients participate in hypothalamic regionalization and functions (26). Finally, our study does not reveal postnatal neurogenesis while it was already reported in the mediobasal hypothalamus (4). The difference is likely due to the approach we used (i.e., single BrdU injection) that does not allow the visualization of low-rate neurogenesis.

In mice and rats, typical ependymal cells and tanycytes also originate from radial glial cells (13, 43). In the rat, typical ependymal cells are mainly generated from E16 to E18, whereas tanycytes are generated from the last two days of gestation and during the first postnatal week (19). Besides, ependymal cell birthdate precedes tanycyte generation (19, 21, 22), and α2 tanycytes precede α1 tanycyte development (13). Similar developmental birthdates were found in primates where tanycyte differentiation occurs mid-gestation (23). Our results demonstrate a similar chronology with the generation of ependymal cells, followed by β tanycytes and α tanycytes. However, the ependyma generation appears early in mice, starting at E12. Additionally, our data reveal a robust rostral-to-caudal developmental gradient for α tanycytes, with more prominent activity in the caudal region. Altman and Bayer also defined the latest tanycyte generation in the caudal region, extending up to P8 in rats (19). These developmental gradients are also consistent with the fact that, among tanycyte subpopulations, the most dorsal α tanycytes are the last to reach maturity (48). Alternatively, it is worth noticing that a slight caudal-to-rostral gradient is present in the generation of β2 and ventral β1 tanycytes, suggesting a different developmental pattern in the median eminence, but without additional clues in the literature. Finally, comparing tanycyte subtype generative activity over the whole period revealed that α tanycyte generation is more prominent than β subpopulations. Interestingly, α tanycytes are the main subtype maintaining neurogenic competence in the postnatal brain (4, 29) and adulthood (49, 50). Therefore, BrdU incorporation in this subpopulation up to P8 may indirectly be linked to their stem cell properties in postnatal brains. Finally, we propose here the existence of a developmental “outside-in” dorsoventral gradient of generation, by which cells situated in the top (i.e., typical ependymal cells) and bottom of the ventricle (i.e., β tanycytes) generate the first together, followed by cells in the central regions (i.e., α tanycytes). Nothing to our knowledge was previously described in the literature regarding such an unusual dorsoventral gradient along the third ventricle. However, it may also rely on the limited area we analyzed (i.e., the mediobasal hypothalamus) and the way we cut the brain tissue (i.e., 2d coronal sections). Further studies are needed to reconstruct the genesis of the whole third ventricle and obtain a tridimensional picture of ependymal generation gradients.

To understand the temporal and spatial heterogeneity in the generation of the mediobasal 3V ependyma, we used a publicly available molecular atlas of the developing mouse hypothalamus, generated using diencephalic and hypothalamic explants across embryonic and postnatal time points (26). In this study, the authors identified the transcriptional divergence between tanycytes and typical ependymal cells at E13, with the differential expression of cell-type-specific markers such as Rax and Foxj1, respectively. Consistently, our BrdU analysis highlighted the peak of typical ependymal cell generation at E13. Using the same scRNAseq dataset, we also identified the appearance of tanycyte-like (Rax-positive) clusters starting at E14: however, a mature transcriptional profile is more clearly observed during the postnatal developmental time points P4-14, as reported by others (4). Indeed, between P4 and P14, tanycytes increase the expression of numerous markers described in adult cells, such as glucose (i.e., Slc2a1, Slc2a2) and glutamatergic transporters (i.e., Slc1a2, Slc1a3) (51–53) and growth factor receptors (i.e., Fgfr1, Igf1) (54–59). These observations suggest that tanycytes are mature enough between P4 and P14 to respond to variations in energy availability. Using a different approach, Mirzadeh et al. (60) estimated the maturation of tanycytes later by examining the postnatal expression of Nestin, a marker for radial glia (61), and GFAP. Over the first ten days postnatally, the authors observed a decrease in nestin expression and an increase in GFAP expression (60), suggesting that tanycyte maturation continues up to P10. Consistently, morphological and histological studies in the rat and mice have demonstrated that tanycytes begin to fully mature during the first month of life (19, 48, 62). Further studies integrating additional time points during postnatal development would be helpful to expand our knowledge about tanycytes maturation.

The molecular atlas of the developing mouse hypothalamus generated by Kim et al. also allowed us to infer the transcriptional trajectory of ependymal cells during development. Within the tanycyte developmental pseudotime trajectory, we identified E16 as another critical time point for the differentiation of tanycytes. At this point, the expression of specific genes increases, particularly Nfia, Nfib, and Nfix, known as negative regulators of neurogenesis in tanycyte populations (4). Indeed, a study showed recently that tanycyte-specific disruption of the NFI family of transcription factors robustly stimulates tanycyte dedifferentiation, proliferation, and neurogenesis (29). Interestingly, regarding our BrdU analysis, this increased expression of negative regulators of neurogenesis at E16 is concomitant with the end of the neuronal birth and the burst of α tanycytes generation in the mediobasal hypothalamus. Other transcription factors (i.e., Hes1, Notch2, Egr1, Id4) and genes (i.e., Apoe, Cd63, Cnih2, Arxes2) have also been identified during tanycyte differentiation (starting E16) and maturation (starting P4), and constitute excellent candidates for controlling the specification of these peculiar hypothalamic cell types. Interestingly, the helix-loop-helix gene Hes1, together with Notch1, responds to Rax to promote Muller glia cell differentiation (63). Further exploration of these candidates is needed to understand their role in tanycyte development better.

In conclusion, the ontogeny of ependymoglial cells diverges according to cell type, time, and neuroanatomical distribution. Our original cellular and molecular approach allowed us to demonstrate that tanycytes originate around E13, start to differentiate as early as E16, and reach full maturation during early postnatal development (P4-14). Globally, our data allowed us to generate a comprehensive spatiotemporal atlas of tanycyte birth and development and identify molecular candidates involved in the development of tanycytes.
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Introduction

Vasopressin (AVP) and oxytocin (OXT) are neuropeptides produced by magnocellular neurons (MCNs) of the hypothalamus and secreted through neurohypophysis to defend mammals against dehydration. It was recently demonstrated that MCNs also project to limbic structures, modulating several behavioral responses.



Methods and Results

We found that 24 h of water deprivation (WD) or salt loading (SL) did not change exploration or anxiety-like behaviors in the elevated plus maze (EPM) test. However, rats deprived of water for 48 h showed reduced exploration of open field and the closed arms of EPM, indicating hypoactivity during night time. We evaluated mRNA expression of glutamate decarboxylase 1 (Gad1), vesicular glutamate transporter 2 (Slc17a6), AVP (Avpr1a) and OXT (Oxtr) receptors in the lateral habenula (LHb), basolateral (BLA) and central (CeA) amygdala after 48 h of WD or SL. WD, but not SL, increased Oxtr mRNA expression in the CeA. Bilateral pharmacological inhibition of OXTR function in the CeA with the OXTR antagonist L-371,257 was performed to evaluate its possible role in regulating the EPM exploration or water intake induced by WD. The blockade of OXTR in the CeA did not reverse the hypoactivity response in the EPM, nor did it change water intake induced in 48-h water-deprived rats.



Discussion

We found that WD modulates exploratory activity in rats, but this response is not mediated by oxytocin receptor signaling to the CeA, despite the upregulated Oxtr mRNA expression in that structure after WD for 48 h.
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1 Introduction

Water and sodium balance in vertebrates involves several neuroendocrine systems that are finely orchestrated to maintain the extracellular fluid (ECF) osmolality and volume within a narrow range of variation. One of the essential responses to this regulation is the development of thirst, which motivates animals to seek and drink water (1). The hypothalamic-neurohypophysial system (HNS) is key to the plasma osmolality control. It is composed of osmosensory magnocellular neurons (MCNs) located at the paraventricular (PVN) and supraoptic (SON) hypothalamic nuclei, and is responsible for producing and secreting the neuropeptides arginine vasopressin (AVP) and oxytocin (OXT) to the blood through neurohypophysis to control kidney function (1). Recent neuroanatomical studies have consistently demonstrated that AVP and OXT MCNs from both PVN and SON send their main axonal projection to the neurohypophysis and also send dense collateral axons to extra-neurohypophyseal brain regions that control anxiety-like behavior, including, among others, the amygdala and lateral habenula (2–5).

Challenges to nutritional homeostasis, such as water deprivation (WD), motivate behaviors related to thirst sensation. Moreover, recent studies of rodents have demonstrated the relationship between body water and sodium balance on the one hand and exploratory behaviors, anxiety and fear response on the other (6–9). Those findings strongly suggest that mechanisms controlling body fluid homeostasis may modulate neuronal circuitries, including the limbic system, related to anxiety and other behavioral responses during dehydration (6). In addition, it has been demonstrated that AVP and OXT MCNs send collateral projections to the basolateral and central amygdala (BLA and CeA, respectively) (4, 5). Furthermore, MCNs AVPergic projections to the lateral habenula (LHb) have also been observed (6). BLA, CeA and LHb have distinct populations of glutamatergic and GABAergic neurons. The balance of their activity is crucial to the final modulation response of those limbic structures at the behavioral level (10, 11). Furthermore, the activation of AVP and OXT receptors produces different physiological responses, with Avpr1a inducing an anxiogenic response and Oxtr inducing an anxiolytic one (5, 12–14). Hence, it is possible that the imbalance between AVP and OXT contributes to the underlying mechanism of motivated exploratory behaviors in dehydration conditions.

Hyperosmolality is the main stimulus that activates the hypothalamic MCNs, and it can be experimentally induced by WD, inducing both extra- and intracellular dehydration associated with peripheral renin-angiotensin system (RAS) activation, or by salt loading (SL), which induces intra- but not extracellular dehydration, associated with peripheral RAS inhibition (1, 15). Since the RAS has also been found to play an important role in controlling anxiety levels (16), it is possible that the behavioral responses are differentially expressed in WD and SL animals. Therefore, recruitment of RAS, AVPergic and OXTergic systems is an efficient homeostasis regulatory mechanism for coupling hydromineral balance and anxiety-like behaviors.

This study aimed to investigate whether dehydration modulates the exploratory or anxiety-like behaviors at night, the regular activity period of rats. Therefore, we investigated the behavioral responses of rats submitted WD or SL when exposed to the elevated plus maze (EPM) or the open field (OF). We also analyzed Avpr1a, Oxtr, glutamate decarboxylase 1 (Gad1), and vesicular glutamate transporter 2 (Slc17a6) mRNA expression in the BLA, CeA and LHb in both hyperosmolality models to elucidate possible plastic molecular responses. Finally, bilateral pharmacological inhibition of OXTR signaling in the CeA was applied to evaluate its potential role in regulating nocturnal exploratory behaviors in rats submitted to WD.



2 Materials and methods


2.1 Animals

Male Wistar rats (~290g) were obtained from the Animal Facility of the Department of Physiological Sciences, Institute of Biological and Health Sciences, Federal Rural University of Rio de Janeiro (UFRRJ), or from the Center for the Development of Experimental Models for Biology and Medicine (CEDEME) Federal University of São Paulo (UNIFESP). The rats were housed under controlled conditions of temperature (22 ± 2 °C) and 12/12 hours light-dark cycle (lights on at 6 a.m.). All procedures performed were in accordance with current Brazilian legislation and the “Guide for the Care and Use of Laboratory Animals” (17) and were evaluated and approved by the ethical committees for animal use of Federal Rural University of Rio de Janeiro (CEUA-ICBS, protocol number 001/2017) and Federal University of São Paulo (CEUA-UNIFESP, protocol number 7236281119, ID 009443, 2019).



2.2 Experimental protocols

Figure 1 illustrates the experimental procedures performed in this work. A first set of rats was randomly separated into the following groups: control (CT) which had free access to filtered water and standard chow (1% w/v NaCl, Rhoster, São Paulo, Brazil); WD group, in which water was removed for 24 or 48 hours with free access to standard chow; and SL group, in which the only fluid available was 1.8% NaCl solution for 24 or 48 hours, also with free access to standard chow. The exploratory and anxiety-like behaviors were evaluated via 5 minutes of exposure to the elevated plus maze (EPM) test. A different set of animals of control, 48h WD and 48 SL groups were tested for 10 min in the open field test. The behavioral tests were performed at night (7:00 to 11:00 p.m.) because the dark period is the normal activity period of rats (18) and also because Martelli et al., 2012 (9) observed that changes in the locomotor behaviors occur during the dark but not during the light period in water deprived rats. Immediately after the EPM test, the animals were euthanized and blood was collected to determine the hematocrit and plasma osmolality.




Figure 1 | Experimental procedures. Schematic illustration representing the experimental designs and basic procedures employed in the present study. “EPM”, elevated plus maze; “OF”, open field; “LHb”, Lateral habenula; “BLA”, basolateral amygdala; “CeA”, Central amygdala; “OXTR”, oxytocin receptor.



A third set of rats was submitted to the control procedure, 48h WD or 48h SL and euthanized at night (7:00 to 11:00 p.m.) for gene expression evaluation by qPCR. The brains were rapidly removed from the skull, frozen with dry ice, and stored at −80°C.

Additionally, to investigate the contribution of OXTR signaling to the WD induced hypoactivity, a fourth set of rats was used to test whether the microinjection of OXTR antagonist in the CeA would be able to alter the dehydration-induced hypoactivity observed in the 48-h WD rats when tested in the EPM. So, 7 days after CeA cannulation, the rats were submitted to a control procedure or 48 h of WD and on day 9 received the OXTR antagonist or vehicle microinjection 30 min before EPM testing. At the end of the test, the rats were returned to their home cages and were allowed to drink water freely. The water consumption, measured in grams, was recorded at 30 and 120 minutes.



2.3 Elevated plus maze test

The EPM was employed to analyze the exploratory and anxiety-like behavior in rats (19). This apparatus consists of two opposed open arms (50 × 10 cm each), and two opposed closed arms of the same size with 40 cm high sidewalls, connected by a central area (10 × 10 cm) and raised 50 cm from the ground. Rats were placed into the center area of the apparatus facing a closed arm. Each animal was tested in the EPM for 5 minutes and the apparatus was cleaned between one rat and another with a 10% ethanol solution. The EPM is used to evaluate anxiety-like behavior in rodents. The number of arm entries reflects the locomotion of the animal and the open arm exploration reflects the anxiety-like behaviors. Thus, increased exploration of open arms is associated with decreases in anxiety levels. In addition, the ethological parameter head dipping was evaluated to support the assessment of emotional reactivity. The entries in closed arms and rearing indicate horizontal and vertical exploratory activity, respectively. The time in the center area and the episodes of stretch-attend posture are associated with decision making (19, 20).



2.4 Open field test

The open field test was carried out as previously described (21) to confirm that 48 h of WD induced changes in exploratory activity. Each rat was placed individually in the periphery area at the beginning of the test and allowed to explore it freely for 10 min. The arena was cleaned between one rat and another with a 10% ethanol solution. Total, peripheric and central distance travelled and percentage of time spent in the central area were subsequently analyzed using the video-tracking software EthoVision 8.5 (Noldus Information Technology, Leesburg, VA, USA).



2.5 Hydromineral parameters

Trunk blood was collected in heparinized tubes and centrifuged (20 min, 3000 rpm at 4 °C), after which plasma osmolality was measured in 10 μl aliquots by using a benchtop osmometer (model 5005, Precision Systems, Natick, MA, USA), based on the freezing-point method. For hematocrit determination, the blood was placed into heparinized capillaries and centrifuged at 2000 rpm for five minutes. Next, a microhematocrit scale was used to determine the percentage of blood composed of erythrocytes.



2.6 Microdissection, RNA extraction and cDNA synthesis

Immediately after the EPM test, rats were decapitated and their brains were frozen on dry ice and stored at −80°C. The brains were cut into 60 μm coronal sections using a cryostat (Leica Biosystems, CM 1860, Wetzlar, Germany), and the brain nuclei were identified and delimited according to the rat brain atlas (22). A 1 mm diameter micropunch needle (Fine Science Tools) was used to bilaterally collect LHb (coordinates from Bregma −2.30 to −4.70 mm), BLA (coordinated from Bregma −1.80 to −3.80 mm) and CeA (coordinated from Bregma -1.80 to -3.30 mm). The micropunch material was immediately placed in microtubes containing TRIzol® reagent (Life Technologies, Waltham, MA, USA) and stored at −80°C. Sections were mounted on glass slides and stained with 0.1% toluidine blue to confirm the location of the punches using a light microscope. Micropunches from incorrect dissection were not used. Total RNA was extracted from punch samples using TRIzol® reagent as recommended by the manufacturer, and was quantified in a nanospectrophotometer (DS-11® Denovix Inc. Wilmington, DE, USA). Samples presenting a ratio of optical density (OD) 260/280 in the 1.8-2.1 range were used for reverse transcription. The synthesis of cDNA was performed using the QuantiTect Reverse Transcription Kit (Qiagen) with 500 ng of total RNA. The cDNA obtained was diluted in a proportion of 1:3 and stored at –20°C.



2.7 Quantitative real-time polymerase chain reaction

The qPCR was performed in duplicate or triplicate using SYBR green (Applied Biosystems) or Taqman Universal PCR Master Mix kit (Carlsbad, CA, USA). The qPCR was performed with the QuantStudio 3® system (ThermoFisher Scientific). With the SYBR green, the following primers (Applied Biosystems) were used: Avpr1a (5′-ATCTGCTACCACATCTGGCG-3′ and 5′-TTATGAAAGGGACCCACGGC-3′), Oxtr (5′-CTTCATCCAACCCTGGGGAC-3′ and 5′-CTTGAAGCTGATGAGGCCG–3′), and Rpl19 (5′-GCGTCTGCAGCCATGAGTA-3′ and 5′-TGGCATTGGCGATTTCGTTG-3′) as the endogenous control gene. With the Taqman Gene Expression Assays (Applied Biosystems), the following probes were used: Gad1 (Rn00690300_m1), Slc17a6 (Rn00584780_m1), and Actb (Rn00667869_m1) as endogenous control. The reactions were performed using an ABI 7500 Sequence Detection System (ABI, Warrington, UK), with universal cycling conditions carried out according to the manufacturer’s instructions. The genes RPL19 and β-Actin give highly reproducible and stable expression measurements between different physiological challenges within the CeA, BLA and LHb. For relative quantification of gene expression, the 2−ΔΔCT method was employed (23).



2.8 The OXTR antagonist microinjection in the CeA

Rats were anesthetized with ketamine (100 mg/Kg; i.p.) and xylazine (10 mg/Kg; i.p.). After the onset of anesthesia, animals received ketoprofen (3 mg/kg; s.c.) as analgesic, pentobiotic (30000 I.U./Kg; i.m.) as antibiotic, polyacrylic acid as eye lubricant and lidocaine 0.5% as local anesthetic in ears and at the incision site. A 23 G and 14 mm length cannula was implanted bilaterally using the following stereotaxic coordinates relative to the bregma: posterior −2.2 mm, lateral ± 4.3 mm and ventral −7.6 mm. A stylet was inserted into the guide cannula for obturation. The cannula guide and the stylet were fixed with dental cement. Twenty-four hours after surgery, the ketoprofen injection was repeated. Rats were allowed to recover for one week after the surgical procedure. Two hours before the EPM test, rats were individually placed in standard polyethylene cages and the stylet was removed from the guide cannula. Thirty minutes before the EPM test, a 32 G needle connected to a polyethylene tube (PE 10), which in turn was connected to a 1 µL syringe (Hamilton) was inserted and extended 0.2 mm from the end of the cannula guide. Then, 0.4 µl of the OXTR antagonist L-371,257 (Santa Cruz Biotechnology, Inc., Dallas, TX, 1; sc-204038; 4 µM in 0.9% saline-10% DMSO) or vehicle (0.9% saline-10% DMSO) was manually infused during 1 min. The needle was left for 1 additional minute to allow the complete diffusion of the drug and then it was removed. The antagonist dose was chosen based on the literature (4, 24).

In order to verify the right infusion site at the CeA (Supplementary Figures 1 and 2), at the end of the experiment the rats were administrated identically as described above with 0.4 µl of 0.2% Evans blue, anesthetized with isoflurane and decapitated. Then the brains were removed and fixed by placing them into a solution of 4% paraformaldehyde in 0.1 M phosphate buffer for two days. Fixed brains were sliced into 60 µm coronal sections with a cryostat (Leica Microsystems CM1850 Cryostat; Wetzlar, Germany) and light microscopy was used to confirm the infusion site according to the Paxinos atlas (22). Data from rats with one or two misplaced cannulas were not included in the analyses.



2.9 Statistical analysis

All values are presented as means ± SD. Data from hematocrit, plasma osmolarity, EPM, OF and qPCR with normal distribution (depending on the Shapiro–Wilk test) were subjected to 1-way analysis of variance (ANOVA; the value of the F-statistic is reported) with 3 levels: control, WD and SL. Significant differences between groups were further analyzed through the Tukey post hoc test. When these variables were not normally distributed, data were subjected to the Kruskal-Wallis test (the value of the H-statistic is reported) with three levels: control, WD and SL. Significant differences between groups were further analyzed through Dunn’s multiple comparisons test. Data from OXTR antagonist were submitted to 2-way ANOVA with the hydration status factor having two levels (control and WD) and the drug administration factor also with two levels (vehicle or OXTR antagonist). The values of stretch-attend posture and rearing in EPM did not have normal distribution and were rank transformed before statistical analysis according to Hora and Conover, 1984 (25). All statistical analyses were conducted with the GraphPad Prism software (version 8, San Diego, USA). In all cases, p-values smaller than 0.05 were considered to indicate a significant effect.




3 Results


3.1 Effects of dehydration on the plasma osmolality and hematocrit

In order to validate our dehydration models (WD and SL), we evaluated the plasma osmolality and the hematocrit (Figure 2 and Supplementary Table 1). As expected, osmolality was significantly affected by dehydration protocols after 24 [H=6.051; df=2; p=0.0485; Figure 2B] and 48 hours [H=10.94; df=2; p=0.0042; Figure 2D]. The hematocrit was affected by 48 h of WD [F(2,25)=12.86; p=0.0001] since rats submitted to 48 h of WD showed higher hematocrit values than the control and the SL groups (p=0.0003 and p=0.0019; respectively; Figure 2C). These results demonstrated that after 48 h, both WD and SL increased the plasma osmolality, thus validating our dehydration models.




Figure 2 | Effects of (A, B) 24 h or (C, D) 48 h of dehydration in male adult rats on (A, C) hematocrit and (B, D) plasma osmolality. Values are mean ± SD. The number of animals used per group was: Control = 9; 24 h WD = 11; 24 h SL = 10; 48 h WD = 11; 48 h SL = 9. Hematocrit data were submitted to one-way ANOVA followed by the Tukey post hoc test. Osmolality data were analyzed by the Kruskal-Wallis test followed by Dunn’s post hoc test. *p<0.05, **p<0.01 and ***p<0.001 compared to control groups; ##p<0.01 compared to the WD group.





3.2 Effects of WD and SL on the anxiety-like and locomotory behaviors

We carried out the EPM test to assess whether dehydration triggered by WD and SL influences anxiety-like behavior and/or locomotion (Figure 3 and Supplementary Table 2). Figure 3A–F shows that 24 h of WD or SL did not alter rats’ behavior in the EPM test. However, after 48 h of dehydration (Figure 3G), we found a significant effect on closed arm entries [F(2,33)=6.192; p=0.0052], with WD rats entering less in the closed arms than the control (p=0.0085) and SL rats (p=0.0185). The other parameters assessed were not altered by 48 h of WD or SL (Figures 3G–L). These results suggest that 48 h of WD induces hypolocomotion in EPM without affecting anxiety-like behavior.




Figure 3 | Effects of (A–F) 24 h or (G–L) 48 h of dehydration in male adult rats on (A, G) number of entries into closed arms, (B, H) percentage of entries into open arms, (C, I) percentage of time spent in open arms, (D, J) percentage of time spent in the central area, (E, K) number of head dipping episodes, and (F, L) number of stretch-attend postures during 5 min of evaluation in the elevated plus maze apparatus. Values are mean ± SD. The number of animals used per group was: 24 h Control = 11; 24 h WD = 10; 24 h SL = 10; 48 h Control = 12; 48 h WD = 12; 48 h SL = 12. Data were submitted to one-way ANOVA followed by the Tukey post hoc test, except for the percentage of time spent in the open arms after 24 h of dehydration and the number of stretch-attend postures after 48 h of dehydration, in which the Kruskal-Wallis test was used. **p<0.01 compared to control group; #p<0.05 compared to the WD group.



Additionally, the open field test (Figure 4 and Supplementary Table 3) showed a decrease in total (Figure 4A) and peripheral (Figure 4B) exploration of 48 h WD group [F(2,12)=5.05; p=0.0256 and H=8.42; p=0.0068; d.f. = 12; respectively]. On the other hand, the distance traveled and time spent in the central area were not affected by WD or SL, confirming that 48 h reduced nocturnal exploratory behavior without significantly affecting the anxiety-like behaviors.




Figure 4 | Effects of 48 h of dehydration in male adult rats on (A) total locomotion, (B) locomotion in the peripheral area, (C) locomotion in the central area, and (D) percentage the time spent in the central area during 10 min of evaluation in the open field test. Values are mean ± SD of 5 animals per group. Data were submitted to one-way ANOVA followed by the Tukey post hoc test, except for the distance traveled in the peripheral area, in which the Kruskal-Wallis test was used, followed by Dunn’s post hoc test. *p<0.05 compared to the control group.





3.3 Effects of WD and SL on the gene expression in LHb, BLA, and CeA

Dehydration activates the MCNs, increasing AVP and OXT synthesis and secretion (1). In addition to their classical osmoregulation function, these neuropeptides have key roles in modulating anxiety-like and locomotory behaviors (6, 9). For this reason, we investigated the gene expression of AVP and OXT receptors in the CeA, BLA and LHb, limbic structures known to regulate anxiety-like and locomotory behaviors and to receive projections from MCNs (2, 5, 6). Additionally, we measured the mRNA expression of gene markers of GABAergic (Gad1) or glutamatergic (Slc17a6) neurons to infer whether the dehydration could modulate the level of excitation or inhibition of the neurons of the structures mentioned above (Figure 5 and Supplementary Table 4).




Figure 5 | Effects of 48 h of dehydration in male adult rats on relative mRNA expression of (A, E, I) the Vesicular Glutamate Transporter 2 (Slc17a6), (B, F, J) the Glutamate Decarboxylase 1 (Gad1), (C, G, K) the Arginine Vasopressin Receptor 1A (Avpr1a), and (D, H, L) the Oxytocin Receptor (Oxtr) in the (A–D) lateral habenula, (E–H) the basolateral amygdala (BLA), and (I-L) the central amygdala (CeA). Values are mean ± SD of 6 animals per group. Data of gene expression in BLA as well as Oxtr mRNA expression in CeA were analyzed by one-way ANOVA followed by the Tukey post hoc test. The other data were submitted to the Kruskal-Wallis test. *p<0.05 compared to the control group.



While dehydration did not change the expression of these genes in the LHb (Figures 5A–D) and BLA (Figures 5E–H), it altered Oxtr gene expression in CeA [F(2,15)=5.994; p=0.0122]. Our data showed that rats submitted to 48 h of WD had higher Oxtr gene expression levels in CeA compared to controls (p=0.0103; Figure 5L). The gene expression values of Slc17a6, Gad1 and Avpr1a in CeA were not altered by the dehydration model (Figures 5I–K). Thus, we investigated whether OXTR in CeA can modulate the locomotor response of rats.



3.4 Effect of OXTR antagonist microinjection in CeA

To further investigate whether OXTR signaling in the CeA mediates the behavioral alteration observed in WD rats, we injected the OXTR antagonist L-371,257 into the CeA of rats after 48 h of WD. Twenty minutes later, the animals were submitted to the EPM test (Figure 6 and Supplementary Table 5). Figure 6A shows that rats submitted to 48 h of WD entered the closed arms less than the control rats (not water deprived) [F(1,32)=8.154; p=0.0075]. However, the OXTR antagonist used failed to reverse the reduction of closed arm exploration in water-deprived rats. Open arm entries and time in the center area, head dipping and stretch-attend posture episodes (Figures 6B–F) were not affected by the OXTR antagonist or by WD. Note that these data match those presented in Figure 3. There was a significant effect of antagonist administration on reduction of rearing episodes [F(1,32)=5.670; p=0.0234], demonstrating the efficiency of the oxytocin receptor antagonist used (Supplementary Figure 3 and Supplementary table 5).




Figure 6 | Effects of oxytocin receptor antagonist microinjection in the central amygdala of 48-h water-deprived male adult rats on (A) number of entries into closed arms, (B) percentage of entries into open arms, (C) percentage of time spent in open arms, (D) percentage of time spent in the central area, (E) number of head dipping episodes, and (F) number of stretch-attend postures during 5 min of evaluation in the elevated plus maze apparatus. Values are mean ± SD. The number of animals used per group was: Control + vehicle = 8; Control + antagonist = 10; 48 h WD + vehicle = 9; 48 h WD + antagonist = 9. Data were submitted to two-way ANOVA. The values of the number of stretch-attend postures were transformed to ranks before ANOVA. **p<0.01 comparing Water Deprived vs. Control groups.



At the end of the plus maze test, animals were allowed to drink water freely, and the respective intakes at 30 and 120 minutes (Figures 7A, B and Supplementary Table 6) were recorded. As expected, water-deprived rats drank more water than the control animals at 30 and at 120 minutes [F(1,33)=504.8; p<0.0001 and F(1,33)=521.4; p<0.0001; respectively]. However, the oxytocin receptor antagonist had no effect on the water drank by the rats (Figures 7A, B).




Figure 7 | Effects of oxytocin receptor antagonist microinjection in the central amygdala of 48 h water-deprived male adult rats on water intake during (A) 30 and (B) 120 minutes. Values are mean ± SD. The number of animals used per group was: Control + vehicle = 8; Control + antagonist = 10; 48 h WD + vehicle = 9; 48 h WD + antagonist = 9. Data were submitted to two-way ANOVA.






4 Discussion

It has been suggested that homeostatic signals, such as thirst, can modulate emotion, motivation, and motor functions (6). Here we used two dehydration models to induce thirst and activate the MCNs of PVN and SON: WD and SL (1). As we expected, both protocols increased plasma osmolarity, agreeing with previous results using mice (26) and rats (27), and validating our models. Additionally, WD increased the hematocrit, as was also expected, coinciding with the previously mentioned results of Fujio et al., 2006 (27).

Our results support the notion that locomotor alterations occur in response to WD. A previous study (9) showed a decrease in locomotion of water-deprived rats within their home cage only during the dark period. Our results corroborate and extend those of Martelli et al., 2012 (9), since we demonstrated that locomotion is also impaired in novel environments. Interestingly, hyperosmotic thirst induced by SL does not produce alterations in locomotion even though both kinds of thirst activate hypothalamic MCNs (1, 28, 29). Although both models induce dehydration, they have several differences (29). While plasma osmolality is progressively increased following WD and SL, urinary osmolality only increases with WD. In addition, WD reduces food intake by approximately 50% compared to SL. AVP and OXT levels are increased in both models compared to controls. However, the AVP level is lower, but the OXT level is higher in the WD compared to SL. It is likely that the physiological and behavioral discrepancies in response to WD and SL result from different central activation of several brain nuclei in each model. Indeed, transcriptome analysis of SON after SL or WD revealed 7060 genes are regulated by WD but not by SL (29). On the other hand, the anxiety-like behavior evaluated in the EPM was not affected by any of the thirst models used. In contrast, Zhang et al. (2016) found a decrease in the open arm exploration after 24 h of WD (6). In that work, rats were evaluated during the light period of the light/dark cycle. Probably evaluating animals during the normally non-active period and under an aversive stimulus such as light affected their behavior, explaining the differences with our results.

In the cited work of Zhang et al. (2016), increased activation (assessed by Fos-immunoreactivity) of GABAergic neurons of the LHb was found (6). The authors suggested that the habenula may link the forebrain with midbrain structures that regulate emotional behavior, since habenula lesions resulted in stress, anxiety, reward and motor dysfunctions (30). For example, habenular lesions prompted animals to increase anxiety-like behavior in the EPM test and increased locomotion in the open field test (31, 32). The amygdala participates in the fluid intake regulation (33). Additionally, it has already been shown that WD increases Fos expression in the CeA (34) and it is well established that BLA (35, 36) and CeA (37, 38) mediate anxiety-like behavior. However, our data show that Gad1, Slc17a6, Avpr1a and Oxtr mRNA expression are not changed in LHb or BLA after 48 h of WD or SL. Therefore, the observed changes found in the locomotion of rats submitted to 48 h of WD were not mediated by expression levels of these genes in the LHb or BLA. However, we cannot discard that the protein expression and/or post-transcriptional modifications may result in functional alterations of oxytocin and/or vasopressin type 1a receptors, as well as glutamatergic and/or GABAergic signaling in those brain areas.

Regarding the CeA, we found an increase in the Oxtr mRNA expression. This brain structure has a large number of oxytocin receptors involved, among others, in fear behavior inhibition (2, 39) and stress-coping behavior (40). Moreover, subcutaneous (41) and intracerebroventricular (42) oxytocin administration reduces anxiety-like behavior in rats. Also, Windle et al., 1997 (42) reported a reduction of rearing by i.c.v. administration of oxytocin. Since the CeA has oxytocin receptors, whose activation regulates several behaviors, we investigated the possibility that OXT acting on the CeA could regulate locomotion in rats. To determine whether oxytocin receptors were involved in the locomotor alteration of water-deprived rats observed in the EPM, we administrated an oxytocin receptor antagonist in the CeA. The results showed that the OXTR antagonist did not reverse the exploratory reduction of 48-h water-deprived rats or change water intake of those rats. On the other hand, the OXTR antagonist decreased vertical exploration (assessed as rearing episodes in the EPM test) independently of the hydration state of the animal. In addition to demonstrating that oxytocin receptor blockade was efficient, this result indicates that although the general action of oxytocin on the central nervous system can decrease exploration (41, 43), the activation of CeA oxytocin receptors seems to stimulate exploration, since their blocked reduced rearing. On the other hand, the WD-induced alteration in locomotory activity may involve other brain nuclei. In the present work, we focus on limbic structures involved in anxiety-like and exploratory behaviors. In future works, it would be interesting to study gene expression in brain nuclei that control voluntary motricity. Of particular interest may be the caudate-putamen, a mesolimbic structure involved in motor activity and motivation behaviors (44), which also participates in thirst regulation (45) and expresses oxytocin receptors (46).

The present study provides evidence that WD modulates the exploratory activity and upregulates Oxtr expression in the CeA. However, our work has some limitations to consider. First, to dissolve the OXT antagonist, we had to use 10% DMSO. This compound can affect the excitability of neurons, having a considerable inhibitory effect (47). Although the antagonist-treated groups were compared to vehicle-treated groups that also received 10% DMSO, future works using other antagonists or solvents are needed. Secondly, this work would benefit from others that confirm the changes observed here in the Oxtr expression through different techniques, such as RNAscope, to add information on the cellular location of the Oxtr whose expression was altered. Finally, considering that plasma levels of angiotensin II are increased by WD and decreased by SL (29), it might be interesting to study the gene expression of the RAS components in the brain areas regulating exploratory behavior, such as the amygdaloid complex. It has been found that the microinjection of a selective AT1 antagonist into the amygdala induces an anxiolytic-like effect in rats, increasing the time spent in the EPM open arms and the total of entries (48). On the other hand, the microinjection of PD123319, a selective AT2 antagonist, into the medial amygdala of rats increased anxiety-like behavior assessed in EPM (49). These data indicate that the differential levels of angiotensin II at the circulation or in the brain, or even changes in its signaling mechanisms, might contribute to locomotor activity changes observed in rats submitted to WD but not to SL. Thus, future studies might address the role of the RAS in the nocturnal hypoactivity induced by WD in rats.

In summary, we found dehydration-induced hypoactivity and increased levels of Oxtr mRNA expression in the CeA after 48 h of WD. However, after blockade of the OXTR signaling to the CeA of WD rats, we found no significant changes on the nocturnal exploration in the EPM, indicating that OXTR signaling to the CeA does not mediate dehydration-induced hypoactivity in male rats.
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Supplementary Figure 1 | Histological location at −2.16 mm posterior to bregma of the cannulas implanted in CeA are shown for control rats administered with vehicle (blue circles) or OXTR antagonist (green circles) and 48-h water-deprived rats administered with vehicle (pink circles) or OXTR antagonist (violet circles).

Supplementary Figure 2 | Drawing of a coronal section of rat brain at bregma -2.16 mm, and representative microphotograph at 4x showing the microinjection site in the central amygdala. “CeA”, central amygdala; “opt”, optic tract; “ec”, external capsule; and “I.S.”, injection site.

Supplementary Figure 3 | Effects of oxytocin receptor antagonist microinjection in the central amygdala of 48-h water-deprived male adult rats on rearing episodes during 5 min of evaluation in the elevated plus maze apparatus. Values are mean ± SD. The number of animals used per group was: Control + vehicle = 8; Control + antagonist = 10; 48 h WD + vehicle = 9; 48 h WD + antagonist = 9. Data were submitted to two-way ANOVA. The values were transformed to ranks before submission to two-way ANOVA. *p<0.05 comparing rats receiving OXTR antagonist vs. rats receiving vehicle.
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Introduction

Polycystic ovary syndrome (PCOS) is the most common infertility disorder worldwide, typically characterised by high circulating androgen levels, oligo- or anovulation, and polycystic ovarian morphology. Sexual dysfunction, including decreased sexual desire and increased sexual dissatisfaction, is also reported by women with PCOS. The origins of these sexual difficulties remain largely unidentified. To investigate potential biological origins of sexual dysfunction in PCOS patients, we asked whether the well-characterized, prenatally androgenized (PNA) mouse model of PCOS exhibits modified sex behaviours and whether central brain circuits associated with female sex behaviour are differentially regulated. As a male equivalent of PCOS is reported in the brothers of women with PCOS, we also investigated the impact of maternal androgen excess on the sex behaviour of male siblings.



Methods

Adult male and female offspring of dams exposed to dihydrotestosterone (PNAM/PNAF) or an oil vehicle (VEH) from gestational days 16 to 18 were tested for a suite of sex-specific behaviours. 



Results

PNAM showed a reduction in their mounting capabilities, however, most of PNAM where able to reach ejaculation by the end of the test similar to the VEH control males. In contrast, PNAF exhibited a significant impairment in the female-typical sexual behaviour, lordosis. Interestingly, while neuronal activation was largely similar between PNAF and VEH females, impaired lordosis behaviour in PNAF was unexpectedly associated with decreased neuronal activation in the dorsomedial hypothalamic nucleus (DMH). 



Conclusion

Taken together, these data link prenatal androgen exposure that drives a PCOS-like phenotype with altered sexual behaviours in both sexes.
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Introduction

Fertility and sexuality are controlled by the brain and dependent upon complex neuronal circuits that are organized early in life and then activated by sex steroid hormones in adulthood. Prenatal exposure to testosterone, aromatized into oestradiol in the brain, is required for the development of male-typical brain circuitry and behaviors in rodents (1). Over the last 10 years, the dogma that the female brain develops by default in the absence of sex steroids has been challenged with the discovery that peri-pubertal oestradiol and progesterone are also required for feminization of the brain and sexual behaviors (2–5). Noteworthy, the role of androgen signaling through androgen receptor (AR) on the development of the brain and behavior has been recently highlighted in the male through the study of the neural deletion of AR in male mice showing a central role for AR in the development of proper male copulatory behaviors (6, 7). However, the role of AR-mediated signaling remains poorly investigated in the female despite AR being present in the developing female brain and behavior (8). In addition, very little is currently understood about male- and female-typical sexual behaviors that are programmed by in utero androgen excess states such as in PCOS (9, 10), congenital adrenal hyperplasia (CAH) (11, 12) and in the case of environmental exposure to androgenic compounds (13–15).

Polycystic ovary syndrome (PCOS) is a common endocrine disorder characterized by androgen excess. PCOS affects roughly 1 in 8 women of reproductive age and is the most common form of anovulatory infertility (16). In addition to hyperandrogenism, PCOS is characterized by menstrual irregularities and polycystic ovarian morphology (16–18) and is associated with a wide range of comorbidities, including obesity, diabetes and cardiovascular disease (16). The hypothalamo-pituitary-gonadal (HPG) axis, that controls fertility and reproductive behavior, is disrupted in many women with PCOS. In particular, luteinizing hormone (LH) pulse frequency, which mirrors gonadotropin-releasing hormone (GnRH) neuron activity and secretion, is significantly elevated. An elevated LH to follicle stimulating hormone (FSH) ratio contributes downstream to polycystic ovarian morphology, elevated androgen production and infertility (19, 20). Steroid hormone feedback to the HPG axis, that would ordinarily slow GnRH/LH secretion is diminished in PCOS patients, suggesting that PCOS originates from a miscommunication between the brain and the ovaries (20–22).

The etiopathogenesis of PCOS is most likely multifactorial with genetic susceptibility and environmental exposure playing predominant roles (9). In line with this, recent studies in men suggest the existence of a male PCOS equivalent in the brothers of women with PCOS (23–26). These men share common endocrine, metabolic and cardiovascular comorbidities with their sisters such as an elevated free androgen index, a low level of FSH leading to an elevated LH/FSH ratio, insulin resistance, type II diabetes and hypertension (23, 25, 26). Among the current hypotheses of PCOS origins, in utero androgen excess has been highlighted by human and animal-based study as a substantial contributor (9, 27). Indeed, pregnant women with PCOS show high levels of circulating androgens during gestation, and this is correlated with an increased likelihood of having a daughter diagnosed with PCOS (28). Maternal androgen excess has also been linked to the development of PCOS-like features in a wide range of female mammalian species (27). For example, exposure of female mice to elevated levels of the non-aromatisable androgen dihydrotestosterone (DHT) during late gestation programs the development of hyperandrogenism, irregular oestrous cycles and theca cell hyperplasia (29). These prenatally-androgenized (PNA) female mice exhibit impaired steroid hormone feedback associated with reduced progesterone receptor (PR) expression, elevated LH pulse frequency (29, 30) and elevated GnRH neuronal activity (31), associated with programmed changes in the GnRH neuronal network (29–33). There is some evidence indicating that prenatal androgen excess also alters reproductive function in males. Rams born to mothers exposed to testosterone propionate or dihydrotestosterone exhibit altered testicular function and disrupted neuroendocrine axis function in adulthood (34–38). However, similar disruptions do not appear to be evident in the male siblings of PNA mice modeling PCOS (39).

Epidemiological studies indicate that women with PCOS are more likely to experience sexual dysfunction, including low sex drive and sexual dissatisfaction, that can negatively impact their quality of life (40–48). Interestingly, men diagnosed with early onset androgenetic alopecia (AGA), now considered as a clinical sign of male PCOS equivalent (23, 24, 26), also indicate experiencing sexual dysfunction (49, 50). In women, the cause of PCOS-related sexual dysfunction is frequently attributed to psychological factors, including reduced self-esteem related to hirsutism and/or obesity, a higher prevalence of anxiety, depression and mood disorders and decreased interest in sexual activities due to infertility issues (40–42, 44–46, 48, 51–56). Similarly, in men with AGA, the early onset of baldness is also often discussed in epidemiological studies as a potential factor for sexual dysfunction (49, 50). However, it is not unreasonable to imagine that prenatal androgen exposure that is associated with the programming of PCOS-like reproductive features also might impact the development of male and female sexual behaviors. Obviously, human sexual behavior is incredibly complex and difficult to model, however, the PNA mouse model of PCOS, exposed to the non-aromatisable androgen dihydrotestosterone, provides a powerful reductionist approach to tease apart whether prenatal androgen exposure is associated with changes in sex behavior in male and female mice. To investigate how prenatal androgen excess impacts adult sexual behaviors in female and male mice, we performed a series of sexual behavior tests in PNA male (PNAM) and female (PNAF) mice. Finding a significant impairment in PNAF mice, we then further investigated the potential neural substrates involved in the PNA-related female sexual dysfunction.



Materials and methods


Animals

Male and female C57BL/6J mice were generated and housed in the Otago Biomedical Research Facility at the University of Otago until adulthood. Mice were kept under a 12 h light/dark cycle with food and water ad libitum. All mice were kept in same-sex housing from weaning and hence were not exposed to the opposite sex before sexual behavior testing. Adult mice were moved to the Otago Behavioural Phenotyping Unit (BPU) for subsequent behavioral testing. In the BPU, mice were kept under a 12 h reverse light/dark cycle with food and water ad libitum. Sodium lamps permitted observation of the mice during the dark phase. All protocols were approved by the University of Otago Animal Ethics Committee.



Generation of prenatally-androgenized mice modeling PCOS

Control (VEH) and prenatally-androgenized (PNA) male and female mice were generated using the well-characterized prenatally androgenized (PNA) mouse model protocol (29–33, 57). Adult male and female C57BL/6J mice were paired overnight on the day of proestrus. Gestational day 1 was recorded as the following day after overnight mating and the male was removed from the cage. Females were then monitored for signs of pregnancy such as increased body weight and increased belly circumference. From gestational day 16-19, pregnant dams received a daily subcutaneous (s.c.) injection in the nape of the neck of either 100 µL dihydrotestosterone (DHT, 250 µg/100µL) in sesame oil as the PNA treatment or 100 µL of sesame oil only as the vehicle control. This window of prenatal androgen exposure has been shown to lead to PCOS-like features in mice and largely avoid the critical period for the differentiation of external genitalia (29–33, 57).The male (M) and female (F) offspring of dams injected with DHT (PNAM or PNAF) and vehicle control (VEH) mice were studied from adulthood (postnatal day (PND) 60 onward) in the following experimental protocols. Oestrous cyclicity of VEH and PNA female mice was assessed to establish the expected loss of oestrous cyclicity in PNA mice by collecting daily vaginal smears over a 20-day period (PND 60–80) (Figure S1) as previously described (29–31, 33, 58).



Experiment 1: Phenotyping male and female-typical sexual behaviors in prenatally-androgenized mice

A cohort of C57Bl6 male (n=9-12/group) and female (n=6-11/group) control and prenatally-androgenized (PNA) mice underwent the following behavioral tests as previously described (3–5) (Figure 1).




Figure 1 | Experimental design to study the effect of prenatal DHT exposure on sexual behaviors in male and female mice. In this study, we used two batches of mice. (A) The first batch of mice was used to determine if male and female-typical sexual behaviors could be affected by prenatal androgen exposure (experiment 1 and 2). Dams were treated with either dihydrotestosterone (DHT) or oil vehicle (VEH) at gestational day (GD) 16, 17 and 18. After birth, the male and female offspring entered the experimental protocol at adulthood around postnatal day 60 (PND60). PNAF and VEH females (magenta line) were ovariectomized and implanted with a silastic capsule containing estradiol in order to normalize hormonal status and artificially induced receptivity (OVX+E2). PNAM and VEH male mice (blue line) were left intact. Then, the animals entered a series of behavioral procedures to test their anxiety-like behavior and locomotion within an open-field (OPF) and an elevated-plus maze (EPM) tests, their abilities to discriminate a sexual partner within a three-compartments box partner preference test (3CB) and their typical sexual behavior (SB, i.e. lordosis behavior for female over 6 consecutive weeks and male copulatory behavior within 2 consecutive weeks). Finally, the PNAF and VEH female mice had their estradiol implant replaced by an implant containing testosterone (OVX+T) in order to activate and therefore test male-like sexual behavior (MSB) and verify if prenatal DHT exposure could have led to masculinization of the brain. (B) The second batch of mice was used to identify the neural target of prenatal androgen in female mice associated with impaired lordosis behavior. Only the female offsprings were used in this experiment 3. The PNAF and VEH female mice underwent ovariectomies and implantation of a silastic capsule of estradiol followed by 6 consecutive weeks of lordosis behavior testing. At the last test, PNAF and VEH female mice were euthanized 90 min after the beginning of the test in order to study neural activation induced by lordosis behavior. VEH, control male; PNAF, prenatally androgenized female; PNAM, prenatally androgenized male; PND, postnatal day; OPF, open-field test; EPM, elevated plus-maze; 3CB, three-chamber test; SB, sexual behavior test; MSB, male-like sexual behavior.





Anxiety and locomotion tests

Male and female-typical sexual behavior in mice are highly impacted by anxiety and dependant upon locomotor activity. Since previous studies in the PNA mouse model highlighted anxiety-like behaviors during the diurnal/inactive phase (59–61), we decided to test the basal level of anxiety and locomotion in PNA mice under the same conditions used for testing sexual behavior: during the nocturnal/active phase and under a sodium light imperceptible by mice. Mice were tested in Open-field tests and Elevated-plus maze tests to determine basal locomotor activity and anxiety as detailed below.

Open-field test: Mice were placed in the center of a plexiglass aquarium (40 x 40 x 30 cm) under sodium lamps and their movements were recorded for 10 min. Between each animal, the aquarium was cleaned using 10% ethanol. Video recordings were analyzed using TopScan® software. Two virtual zones of the aquarium floor were demarcated: the center zone (60% of the total floor area) and the periphery zone (surrounding area). TopScan® recorded the distance travelled by the mice and the amount of time mice spent in each zone over 10 min (600 s). Locomotion was measured as the distance travelled (mm). Anxiety behavior was determined by comparing the time (s) spent in the center versus peripheral zone, with less time in the center reflecting heightened anxiety.

Elevated-plus maze: The maze apparatus was comprised of four arms (30 cm long, 5 cm wide) elevated 40 cm above the ground by metal legs and arranged in a plus shape. Two arms were open without walls and two arms were enclosed by high walls (15 cm). Mice were placed at the junction of the four arms (center) and their movements were recorded for 10 min. Between each animal, the maze was cleaned using 10% ethanol. Video recordings were analyzed using TopScan®. Each of the four arms and the center zone were virtually demarcated. The distance travelled by the mice and the amount of time spent in each arm and center over the 10 min (600 s) period was traced and recorded. Locomotion was measured as the distance travelled (mm) and anxiety behavior was measured by the time (s) spent in the center, the open arms and the closed arms, with less time in the open arms reflecting heightened anxiety.



Ovariectomies and hormones replacement for induction of female receptivity

All female mice in this study were ovariectomized and implanted with a silastic capsule of oestradiol as previously described (3–5). This ensures uniform hormone concentrations across females and mimics an oestrus hormonal level of estradiol in order to artificially trigger receptivity (3–5). Briefly, all females were bilaterally ovariectomized under general anaesthesia with isofluorane. At the same time, a 5-mm-long Silastic capsule (inner diameter: 1.57 mm; outer diameter: 2.41 mm) containing crystalline 17β-oestradiol (E2758, Sigma-Aldrich, USA) (diluted 1:1 with cholesterol (C8667, Sigma-Aldrich, USA)) was inserted under the skin at the nape of the neck to induce oestrous levels of oestradiol. Mice received Carprofen (5 mg/kg) and were allowed to recover for two weeks before the onset of behavioral tests. On the day of testing, the females (either tests or stimuli) were administered progesterone (P) (P0130, Sigma-Aldrich, USA) (500 µg/mL, s.c.) 3 hours prior to test commencement.



Male and female partner discrimination test

Three-Chambers Box Partner preference: A partner preference test was carried out in virgin animals prior to sexual behavior experiments. Partner preference testing was conducted in a plexiglass box divided into three compartments (60 x 13 x 30 cm) by opaque partitions with fenestrations that allow for odours to diffuse throughout the arena. The day before testing, test females were allowed to habituate in the central compartment for 10 min. On the day of testing, females were administered P (500 µg/mL s.c.) 3 h prior to test commencement. For the test, two other mice, an intact sexually experienced stimulus male and an oestrous stimulus female (OVX + E2 female injected with P 3 h prior to the experiment, OVX+E+P) were placed in the two lateral compartments with their own bedding in order to make their respective compartments as odorous as possible. The test animal (PNAM/PNAF or VEH counterpart), was then placed in the middle compartment containing no bedding and observed for 10 min (the experimenter was blinded to group at the time of experiment). The time (s) that the test female spent actively sniffing each partition was recorded with a stopwatch. Between each test, the middle compartment was cleaned using 10% ethanol to eliminate the previous test subject’s odours. A preference score was calculated by dividing the time spent investigating the male compartment minus the time spent investigating the female compartment by the total time spent investigating both compartments. A positive value of the preference score indicates a partner preference toward the stimulus male, whereas a negative value of the preference score indicates a partner preference toward the stimulus female.



Male sexual behaviors

All male mice were gonadally intact and sexual behavior tests were conducted in a transparent plexiglass aquarium (35 x 25 x 19 cm) filled with a layer of fresh sawdust as previously described (3–5). At the beginning of each test, the male was placed alone in the cage and allowed to adapt for 15 min. A receptive female (OVX+E+P) was then introduced into the cage and the latencies to the first mount and intromission, the latency to ejaculate, as well as the number of mounts, intromissions, and pelvic thrusts, were recorded. The test lasted until ejaculation occurred or 30 min if no ejaculation was achieved. If a male never displayed a certain behavior within the 30 min test, the latency was scored as 1800 s.



Female sexual behaviors

Female typical lordosis behavior: The lordosis behavior test was carried out over six consecutive weeks allowing seven days of rest between each test. Lordosis behavior testing was conducted in the same Plexiglas aquarium as described above. For the test, a sexually experienced male was placed in the aquarium and allowed to habituate for 15 min. Subsequently, a test female was introduced to the aquarium and the pair was observed. The number of mounts exhibited by the male and the number of lordosis behavior displays exhibited by the female was recorded for 15 min. The lordosis quotient corresponds to the number of lordosis postures recorded following a trial mount by the male, divided by the number of mounts attempted by the male throughout the duration of the test, and multiplied by 100 (i.e. (number of lordosis/numbers of male mount trials) * 100).

Anogenital sniffing/aggressive behaviors: During all lordosis behavior tests, bouts of anogenital investigation and aggressive behavior toward the male were counted. Bouts of anogenital sniffing was recorded every time the female nose was in contact with the male genitalia. Bouts of aggressive behaviors were recorded every time the female attempted to kick or to bite the male.



Experiment 2: Determining if prenatal androgen excess drives masculinized sex behavior

Following the female typical sexual behavior tests, a random subset of VEH female (n = 6) and PNAF (n = 5) mice were anesthetized again with isofluorane in order to remove the oestradiol implant, and replaced it with a testosterone implant as previously described (4). The testosterone implant was made of a 5-mm-long Silastic capsule (inner diameter: 1.57 mm; outer diameter: 2.41 mm) filled with crystalline testosterone (T1875, Sigma-Aldrich, USA) diluted 1:1 with cholesterol (C8667, Sigma-Aldrich, USA). This procedure mimics typical testosterone levels of adult male mice by 2 weeks and can induce male-like sexual behavior in female mouse (4). Mice received Carprofen (5mg/kg) and were allowed to recover for 10 days before additional behavior testing. Following recovery, male-like sexual behavior (i.e. mounting, intromission and pelvic thrust) was tested in a plexiglass aquarium (35 x 25 x 19 cm) filled with a layer of fresh sawdust as previously described (62). Briefly, a test female (PNAF or VEH) was placed alone in the aquarium to habituate for 15 min. Subsequently, an oestrous stimulus female (OVX + E + P) was introduced to the aquarium and the pair was observed. The initial latency to mount, number of mounts and number of pelvic thrusting movements shown by the test female (PNAF or VEH) were scored over 30 min.



Experiment 3: Mapping sex behavior-related neuronal activation in prenatally-androgenized mice

A second cohort of VEH female (n=5) and PNAF (n=5) mice were tested for lordosis behavior as described above over 6 consecutive weeks. After the last lordosis test, i.e. week 6, female mice were euthanized 90 minutes after the beginning of the lordosis test in order to study neuronal activation following lordosis behavior. In addition, we also euthanized a group of adult females C57Bl6 mice (Basal n=3-4) who went through the same procedure as the VEH and PNAF mice except that no male stimulus was introduced into the aquarium for the last lordosis behavior test. This basal group allowed us to determine the basal neural activation without lordosis behavior.



Tissue processing for immunostaining

Upon completion of all behavioral tests, female mice were anesthetized with a lethal i.p. injection of pentobarbital (150 mg/kg/mice) and perfused transcardially with 4% cold paraformaldehyde. Brains were removed and post-fixed in 4% paraformaldehyde overnight. Brains were then cryoprotected in 30% sucrose/tris-buffered saline (TBS) solution over 72 h. Free-floating brain sections were cut at 30µm-thickness on a freezing microtome and collected in cryoprotectant. Forebrains were cut coronally from the rostral telencephalon to the posterior hypothalamus. Sections were collected in four different series and stored at -20°C until immunostaining.



Immunohistochemistry procedures

All the following immunohistochemistry procedures were performed on brain sections from the second cohort of female VEH (n=5) and PNAF (n=5) mice after lordosis behavioral testing. One set of sections (i.e every fourth section) was rinsed for 10 minutes in TBS six times to remove cryoprotectant. Sections were then treated with 3%H2O2 and 40% methanol in TBS for 10 minutes to quench endogenous peroxidases, and then washed a further three times in TBS. Sections were incubated in blocking solution with 2% normal donkey/goat serum and 1% bovine serum albumin in TBST (TBS + 0.3% Triton-X) for 1 hour. Sections were then incubated with primary antibodies against Kisspeptin, Progesterone Receptor and cFOS (Table 1) for 96 hours at 4 degrees. Then, the sections were washed again three times 10 minutes before incubation with IgG biotinylated secondary antibodies (donkey anti-sheep IgG biotinylated/goat anti-rabbit IgG biotinylated) diluted in blocking solution for 90 minutes at room temperature. Sections were then washed before being incubated with the avidin-biotin complex diluted in TBST (1/200, ABC, Vector Laboratory, Burlingham, CA). To finish, after rinsing, sections were reacted with 3,3’diaminobenzidine tetrahydrochloride in TBS with nickel ammonium sulfate and glucose oxidase. After a last wash, the sections were mounted onto gelatin-coated slides, dried for 48h, dehydrated in ethanol followed by xylene and then coverslipped with DPX.


Table 1 | Primary antibodies used.





Image analysis

Photomicrographs of cFOS and PR immunohistochemistry in different brain regions were captured using a 20x objective on a bright field microscope (Olympus BX51). The representative images of each brain region analyzed were identified using the mouse brain atlas from Paxinos and Franklin, 3rd Edition. An experimenter blinded to treatment counted the number of cFOS- and PR-immunoreactive nuclei using Image J software®.

For the kisspeptin immunohistochemistry, photomicrographs of the anteroventral periventricular nucleus (AVPV) were captured using a Nikon Eclipse TiE2 inverted microscope at x20 magnification. Z-stacks of 1um focal thickness were captured across three representative sections of the AVPV. The images were then analyzed by a blinded experimenter using the NIS-element software (RRID : SCR_014329). The experimenter counted the number of kisspeptin immunoreactive cells on three representative sections of the AVPV.



Statistical analysis

Statistical analysis was performed with PRISM® software 9.0 (Graph Pad Prism, RRID:scr_002798). Normal distribution and homogeneity of variance were determined using a Shapiro-Wilk test and Fisher’s test, respectively. The percentage of animals performing either male sexual behaviors or female typical lordosis behavior were compared by a Fisher exact tests. All data are represented as the mean +/- SEM. Analysis of lordosis, investigative and aggressive behaviors was performed by a 2-way ANOVA mixed models for repeated measures. All other data were analyzed by an unpaired Students t-tests when the normal distribution and variance homogeneity parameters were met. Otherwise, a Mann-Whitney test was used. A p-value < 0.05 was considered statistically significant and a p-value <0.07 was considered a tendency.




Results


Experiment 1: Male and female-typical sexual behaviors are impaired in prenatally-androgenized mice


Male sexual behavior is slightly altered by prenatal androgen exposure

Locomotion was not affected by prenatal androgen excess in male, indicated by both the open-field test (10155 +/- 652.8 mm for VEH and 9318 +/- 554.4 mm for PNAM; t=0.98, df=19, p=0.34) and the elevated-plus maze test (6663 +/- 367.9 mm for VEH and 7004+/-279.6 for PNAM; U=52, p=0.92). Basal anxiety was also not affected by prenatal DHT exposure, as indicated by the percentage of time spend in the center of the open-field (Figure 2A; t=0.697, df=19, p=0.49) and in the open-arm of the elevated plus maze (Figure 2B; U=52, p=0.92).




Figure 2 | Prenatal DHT exposure modifies male-typical sexual behavior. (A, B) Histogram representing the percentage of time spent in the center zone of the Open-field test (A) and the percentage of time spent in the open arms of the Elevated-plus maze (B) for the VEH male (black bar) and PNAM (dark blue bar). (C, D) Histograms representing the percentage of animals performing each component of male copulatory behavior (mount, intromission, pelvic thrusts and ejaculation) while naive (C) (i.e. during the first test) or experienced (D) (i.e. during the second test) for the VEH male (black bars) and PNAM (dark blue bars). (E, F) Histograms representing the latencies to first mount, first intromission and ejaculation while naive (E) (i.e. during the first test) or experienced (F) (i.e. during the second test) for the VEH male (black bars) and PNAM (dark blue bars). (G, H) Histograms representing the intromission rate, corresponding to the number of mounts with intromission divided by the total number of mount trial, while naive (C) (i.e. during the first test) or experienced (D) (i.e. during the second test) for the VEH male (black bar) and PNAM (dark blue bar). (I) Histograms representing the percentage of time spent sniffing either the male of the female compartment in the three-compartment box partner preference test for the VEH male (black bars) and PNAM (dark blue bars). **p<0.01, *p<0.05, #p<0.07. VEH, control male; PNAM, prenatally androgenized male, s, seconds. Mean +/- SEM.



Two sexual behavior tests were performed because male sexual behavior is subject to learning with an increase in sexual behavior efficiency after a first experience (63, 64). In the first test, 55% of VEH males exhibited complete sexual behavior with mounting, intromission, pelvic thrust and ejaculation (Figure 2C). In contrast, only 25% of PNAM exhibited complete sexual behavior (Figure 2C). Significantly fewer PNAM performed mounting (p=0.02) or thrusts (p=0.03) compared to VEH males (Figure 2C), while the percentage of animals performing intromission (p=0.08) and ejaculating (p=0.20) by the end of the first test was not statistically different (Figure 2C). After sexual experience, in test 2, 55% of VEH males and 33% of PNAM exhibited complete sexual behavior (Figure 2D). While the percentage of PNAM performing mounting behavior remained significantly reduced compared to VEH males (p=0.0046, Figure 2D), the percentage of animals exhibiting intromission (p=0.08), thrusts (p=0.08) and ejaculation (p=0.39) were not different between PNAM and VEH during the second test.

To further investigate the effect of prenatal DHT exposure on male sexual behavior, we analyzed different components of male typical sexual behavior such as the latencies to perform (Figures 2E, F) and numbers (Table 2) of each behavior were also measured. In the first test, we observed that the latency to first intromission increased significantly for the PNAM compare to the VEH (Figure 2E; t=2.68, df=19, p=0.03). In addition, we observed a tendency to an increase latency to mount (t= 1.704, df=19, p=0.07) and to ejaculate (t=1.841, df=19, p=0.07) for the PNAM compared to their VEH counterparts (Figure 2E). These increased latencies are associated with significantly fewer mounts with intromission (U=27, p=0.0467) and fewer pelvic thrusts (U=25, p=0.0251) in PNAM compared to VEH males (Table 2). In addition, the intromission rate of the PNAM tended toward being decreased compare with VEH males (Figure 2G; U=28.5, p=0.057). During the second test, only the latency to first mount was significantly increased for the PNAM compared to the VEH males (Figure 2F; t=3.972, df=19, p=0.001). PNAM and VEH had the same latencies to first intromission (t=1.621, df=19, p=0.13) and ejaculation (t=0.08, df=19, p=0.65) during the second test. Interestingly, PNAM displayed significantly fewer mounts (U=13, p=0.0018), mounts with intromission (U=23, p=0.0185) and pelvic thrusts (U= 24, p=0.0233) compared to the VEH males (Table 2) which was also associated with a trend toward a lower intromission rate (Figure 2H; U=28, P=0.052) during the second test.


Table 2 | Prenatal DHT exposure affect the number of different parameters of male copulatroy behvaiour in the adult male mice. PNAM, prenatally-androgenized male. Mean +/- SEM.





Male partner discrimination is not affected by prenatal androgen exposure

Male sexual behavior is dependent upon the odor recognition of a partner. Therefore, the ability of male mice to recognize a female was assessed using the three compartments box partner preference tests. PNAM and VEH male mice spent a similar percentage of time sniffing the male (p=0.4117) and the female (p=0.4116) compartments (Figure 2I). Noteworthy, the total time spent sniffing both compartments was also not different between PNAM and VEH male mice (413 +/- 10.45 s for VEH and 389.25+/- 10.91 s for PNAM; t=1,529, df=19, p=0.22).



Female sexual behavior is significantly impaired by prenatal androgen exposure

Before to test for the female typical sexual behavior, lordosis, we needed to verify that prenatal androgen exposure was not altering locomotion and anxiety in the PNAF compare to control female mice (VEH). Surprisingly, we observed a slight increase of the distance travelled by PNAF compare to VEH female mice in the open-field test (5336 +/- 438.7 mm for VEH and 6923 +/- 944.7 mm for PNAF; U=13, p=0.048) while no effect of prenatal DHT exposure on locomotion was observed in the elevated-plus maze test (2199 +/- 151.8 mm for VEH and 2436 +/- 330.4 for PNAF; t=0.75, df=15, p=0.46). Despite this discrepancy in the locomotion, basal anxiety, represented by the percentage of time spend in the center of the open-field (Figure 3A; t=0.44, df=15, p=0.67) and in the open-arm of the elevated plus maze (Figure 3B; U=32, p=0.96), was not affected by prenatal androgen exposure.




Figure 3 | Prenatal DHT exposure significantly impairs female-typical sexual behavior in the prenatally-androgenized female mouse modeling PCOS. (A, B) Histograms representing the percentage of time spent in the center zone of the Open-field test (A) and the percentage of time spent in the open arm of the Elevated-plus maze (B) for the VEH female (black bars) and PNAF (magenta bars). (C) Histograms representing the percentage of animals showing lordosis behavior for the VEH female (black bars) and PNAF (magenta bars) over 6 consecutive weeks of testing. (D) Graphical curve representing the percentage of lordosis quotient, i.e. the number of lordosis behavior divided by the number of male mount trial, over the 6 consecutive weeks of testing for the VEH female (black line) and PNAF (magenta line). (E) Histograms representing the percentage of time spent sniffing either the male or the female compartment in the three-compartment box partner preference test for the VEH female (black bars) and PNAF (magenta bars). #p<0.06, *p<0.05, **p<0.01, ***p<0.001. VEH, control female; PNAF, prenatally androgenized female. Mean +/- SEM.



The female typical sexual behavior, lordosis, is a learned process. Therefore, we tested lordosis behavior over 6 consecutive weeks. As expected, during the first three weeks, the percentage of VEH female mice exhibiting lordosis behavior increased to reach 100% and then remained over 80% until the last week of testing. In contrast, the percentage of PNAF mice showing lordosis behavior remained lower throughout the 6 consecutive weeks of testing compared to VEH females: 16.67% at week 1 and 2, 66.67% at week 3, 50% at week 4 and only 40% at week 5 and 6. The percentage of PNAF displaying lordosis behavior was significantly reduced compare to VEH females at week 2 (p=0.03) and 4 (p=0.03) (Figure 3C). These results were associated with a significant reduction in the lordosis quotient in PNAF mice compared to VEH females (Figure 3D). Statistical analysis with repeated measures mixed model ANOVA revealed a significant effect of the prenatal androgen treatment (F (1,15) = 25.60, p=0.0001). Following post hoc comparisons, the lordosis quotient was significantly reduced in PNAF mice compared to VEH females in week 2 (p=0.0091, t=3.988, df=13.14), week 3 (p=0.002, t=5.731, df=14.99) and week 4 (p=0.0271, t=3.383, df=13.75). For the last test in week 6, the post-hoc comparison detected a trend toward a decreased lordosis quotient in PNAF compared to VEH females (p=0.0583, t=3.016, df=12.95).



Investigative and rejection behaviors during lordosis

Sexual motivation was assessed by quantifying the number of times the female sniffed the anogenital region of the male: anogenital sniffing bouts (Table 3). Prenatal androgen treatment had no significant effect on the number of anogenital sniffing bouts (F(1,15) = 0.01529, p=0.9032).


Table 3 | Prenatal DHT exposure does not affect investigative and aggressive behaviors in the adult female mice. Mean +/- SEM. W, week; PNAF, prenatally-androgenized female. Mean +/- SEM.



Rejection behaviors toward the male were assessed by the number of times the female rejected male approaches by kicking or biting (Table 3). Prenatal androgen treatment was found to have no significant effect on the number of aggressive behavior bouts (F (1,15) = 3.296, p=0.0895).



Female partner discrimination is not affected by prenatal androgen exposure

The female-typical sexual behavior, lordosis behavior is also dependent upon the odor recognition of a male partner. Therefore, the ability of mice to recognize the male was assessed using the three compartments box partner preference tests. PNAF and VEH female mice spent a similar percentage of time sniffing the male (p=0.39) and the female (p=0.39) compartments (Figure 3E). The total time spent sniffing both compartments was not different between PNA and VEH female mice (332.81 +/- 18.16 s for VEH and 328.60 +/- 29.09 s for PNA; U=18, p=0.30).




Experiment 2: Prenatal androgen exposure with DHT, a non-aromatisable androgen, does not masculinize sexual behavior in female mice

To determine whether prenatally androgenized females exhibited masculinized sexual behaviors, adult PNAF and VEH female mice were subjected to elevated testosterone which is triggers male-like sexual behaviors in presence of a receptive stimulus female (Figure 4). The latency to first mount was not different between PNAF (991.4 +/- 346 s) and VEH (726.0 +/-342.4 s) female mice (U=10, p=0.3853) (Figure 4A). The number of mounts performed by the female over an oestrous stimulus female was also not statistically different between PNAF (11.40 +/- 4.95 mounts) and VEH (12.50 +/- 4.24 mounts) female mice (t=0.1699, df=9, p=0.8688) (Figure 4B). Finally, the number of pelvic thrust-like movements performed by the female during mount of the stimulus female was also not different between PNA (58.20 +/- 31.44 pelvic thrusts) and VEH (61.83 +/- 31.42 pelvic thrusts) female mice (t=0.810, df=9, p=0.9372) (Figure 4C).




Figure 4 | Prenatal DHT exposure does not masculinize behavior in the prenatally-androgenized female mouse modeling PCOS. (A) Histogram representing the latency to first mount for VEH female (black bar) and PNAF (magenta bar). (B) Histograms representing the number of mounts for VEH female (black bar) and PNAF (magenta bar). (C) Histograms representing the number of pelvic thrusts for VEH female (black bar) and PNAF (magenta bar). VEH, control female; PNAF, prenatally androgenized female. Mean +/- SEM.





Experiment 3: Identifying female sexual behavior-related neural changes in prenatally-androgenized mice


AVPV Kisspeptin neuron population size is not affected by PNA exposure

AVPV Kisspeptin neurons have been demonstrated to play a major role in the expression of lordosis behavior (65). In addition, AVPV kisspeptin neurons are sexually dimorphic (66) and sensitive to prenatal testosterone rise (67). Here, we found that the number of kisspeptin immunoreactive cells per section of the AVPV was not different between PNA (7.27 +/- 1.35 kisspeptin positive cells) and VEH (8.74 +/- 1.28 kisspeptin positive cells) female mice.



Progesterone receptor immunoreactivity is not different between VEH and PNA female mice after priming with ovarian hormones (OVX+E+P)

In adulthood, lordosis behavior is dependent upon oestradiol and progesterone signaling in the brain (68–70). As reduced PR immunostaining has been reported in intact PNA mice (30), we aimed to determine if reduced lordosis behavior observed in PNA females might correspond with reduced PR expression in brain regions regulating female sexual behavior. PR-positive cells were counted in the anteroventral periventricular nucleus (AVPV), the median arcuate nucleus (mARN) and the ventrolateral part of the vendromedial hypothalamus (VMHvl) (Figures 5A–D). Robust PR-immunoreactivity was observed in both groups throughout the regions analyzed and no differences were found in the number of PR-positive cells in any of the regions analyzed between PNA and VEH mice that had previously been OVX and steroid primed for sexual behavior analysis (Figures 5A–D).




Figure 5 | Prenatal DHT exposure does not alter adult progesterone receptor expression in after hormonal normalization. (A–C) Representative photomicrographs of PR immunoreactivity in the anteroventral part of the periventricular nucleus of the third ventricle (A), the medial arcuate nucleus (B) and the ventrolateral part of the ventromedial hypothalamus (C) in VEH and PNA mice. (D) Histograms representing the number of Progesterone receptor (PR) immunoreactive cells per sections analyzed between ovariectomized and hormone replaced PNAF mice (magenta bars) and VEH female controls (black bars) within the three brain regions analyzed. AVPV, anteroventral part of the periventricular nucleus of the third ventricle; ARN, arcuate nucleus; VMHvl, ventrolateral part of the ventromedial hypothalamus. VEH, control female; PNAF, prenatally androgenized female modeling PCOS. Mean +/- SEM. Scale bar: 100μm.





Neural activation is reduced only in the dorsomedial hypothalamus after lordosis behavior in prenatally-androgenized female mice

In a second cohort of PNA and VEH female mice, that were tested for lordosis behavior again during 6 consecutive weeks, we detected again a significant impairment of lordosis behavior in PNA female mice over the 6 consecutive tests (F (1,8) =13, p=0.0069). Ninety minutes following the last lordosis behavior test, animals were euthanized and neural activation was assessed by cFOS immunostaining in several brain regions known to be implicated in sexual behaviors and/or fertility regulation in female mice (Figures 6A–C). As expected, the number of cFOS-positive cells increased between control females that did not participate in lordosis behavior (Basal, n=3-4) and control females who underwent lordosis behavior tests (VEH, n=5) (Figure 6A). Indeed, a significant increase in the number of cFOS-ir positive cells was observed between the Basal and VEH female mice in the majority of the brain regions analyzed and known to be implicated in the regulation of lordosis behavior: the olfactory tuberal nucleus (TU; p=0.03), the median preoptic area (MnPOA; p=0.03), the posterior median part of the bed nucleus of the stria terminalis (BNSTpm; p=0.0009), the paraventricular nucleus of the hypothalamus (PVN; p=0.01) and the dorsomedian part of the ventromedial hypothalamus (VMHdm; p=0.007) (Figure 6A). In addition, we found a trend toward an increase in cFOS-ir positive cells between Basal and VEH female mice in three other regions: the Piriform Cortex (PirCx; p=0.06), the anteroventral part of the periventricular nucleus of the third ventricle (AVPV; p=0.06) and the periaqueductal gray nucleus (PAG; p=0.067) (Figure 6A). In contrast, the numbers of cFOS-ir positive cells were not different between PNAF and VEH mice in the majority of brain regions analyzed except for the dorsomedial hypothalamus where we counted significantly lower cFOS-ir positive cells in PNAF mice (14.2 +/- 2.25) compared to VEH female mice (41 +/- 14.15) (U=1, p=0.0159) (Figures 6A, C).




Figure 6 | Prenatal DHT exposure decreases neural activation only in the dorsomedial hypothalamus of the PNAF modeling PCOS (A, B) Representative photomicrographs of cFOS immunoreactivity in the ventrolateral part of the ventromedial hypothalamus (VMHvl) (A) and the dorsomedial hypothalamus (DMH) in VEH and PNA mice. (C) Histograms representing the number of cFOS immunoreactive cells per section analyzed for each brain regions studied for Basal female who did not undergo lordosis behavior (grey bars), VEH control females (black bars) and PNAF (magenta bars) who were tested for lordosis behavior during the 6th test. Mean +/- SEM. *p<0.05, Mann-Whitney test. VEH, controls; PNA, prenatally androgenized; Pir Cx, piriform cortex nuclei; Tu, olfactory tuberal nucleus; AcC, Accumbens nucleus core; MnPOA, median preoptic area; AVPV, anteroventral part of the periventricular nucleus of the third ventricle; BNSTpm, posterior median part of the bed nucleus of the stria terminalis; PVN, parventricular nucleus of the hypothalamus; ARN, arcuate nucleus; DMH, dorsomedial hypothalamus; VMHvl, ventrolateral part of the ventromedial hypothalamus; VMHdm, dorsomedian part of the ventromedial hypothalamus, MeA, medial amygdala; VTA, ventral tegmental area; PAG, periaqueductal nucleus. # p<0.07, * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. The grey bars and grey statistical signs represent the differences between the Basal and VEH groups while the black bars and black statistical signs represent the differences between the PNAF and VEH groups. VEH = control female; PNAF= prenatally androgenized female modeling PCOS. Mean +/- SEM. Scale bar: 100μm.







Discussion

This study aimed to investigate how maternal androgen excess impacts adult sexual behavior in male and female offspring. We demonstrate here, that prenatally androgenized female mice that model several PCOS features (29–33, 57–61) and their male siblings exhibit altered adult sexual behaviors. We found that PNAM displayed reduced performance in some components of sexual behavior, mostly the mounting and intromission behavior parameters. However, PNAM were able to perform complete sexual behavior similarly to control males independently of their sexual experience. In contrast, PNAF exhibited impaired lordosis behavior throughout the 6 weeks of testing. In addition, female PNA mice displayed similar male-like sexual behaviors to VEH female mice after hormonal replacement with testosterone to induce male-like sexual behavior. This result demonstrates that the observed sexual dysfunction in PNAF is not likely due to masculinization of the brain. This finding is supported by the AVPV kisspeptin population size remaining unaffected in PNAF mice. These results suggest, instead, a specific impairment in the feminization of the brain in the PNA mouse model of PCOS. Noteworthy, in our study condition with PNA and VEH female mice being ovariectomized and supplemented with artificial high level of oestradiol, the PR expression is similar between the PNAF and VEH in three brain regions known to regulate lordosis behavior. This result suggests that the sexual dysfunction of the PNA female mice could have an organizational origin. Lordosis behavior-induced cFOS expression was largely unchanged, but apparently reduced activation of the DMH suggests potential avenues for future investigation. Interestingly, the sexual dysfunction experienced by women with PCOS and men with AGA has long been dismissed as an unfortunate symptom of impaired body image and self-esteem (42). Our findings suggest an alternative theory regarding the origins of PCOS-related sexual dysfunction. These data in an animal model indicate programming effects of prenatal androgen excess on the regulation of adult sexual behavior. The effect of maternal androgen excess appears to vary from a pernicious effect for the male offspring to a detrimental effect for the female offspring, leading to an inability to copulate with a male. These findings may be applicable beyond PCOS, to other diseases where androgen signaling is enhanced from early life such as in congenital adrenal hyperplasia (CAH) (11, 12). Moreover, exposure to endocrine disrupting chemicals may lead to increased androgen production or androgen receptor activity at early stages of life (13–15).


Prenatal androgen exposure in male mice altered male copulatory behavior but does not alter their fertilization capabilities.

To date, most of the studies on the role of androgens on male copulatory behavior have focused on the role of testosterone, aromatized into estradiol and therefore acting on estradiol receptors for the development but also the activation of male sexual behavior (1). Studies on the role of androgens acting through the androgen receptor remains sparse (6). A set of recent studies using androgen receptor and estradiol receptors deletion within the central nervous system in mice highlighted that neural androgen receptor signaling throughout life is required for the full expression of male copulatory behavior (7, 71, 72). Studies in sheep injected with either testosterone propionate or DHT during gestation indicate that maternal androgen excess compromises the reproductive function of ram offspring (34–38, 73) without altering sexual behavior (38). Here, we investigated for the first time, the effect of prenatal exposure to the non-aromatisable androgen, DHT. We observed an alteration only in certain sexual behaviors parameters. Indeed, naïve and experienced PNAM needed more time to perform their first attempt to mount and intromit the stimulus female. They also performed fewer mount with and without intromission as well as fewer pelvic thrusts. These results could suggest a lack of motivation for socio-sexual interaction which remains to be determined. Interestingly, at the end of both tests, a similar number of PNAM and control males were able to reach ejaculation, the endpoint of male copulatory behavior. In addition, the PNAM were more similar to VEH males after experience with only the mounting behavior remaining significantly reduced during the second test. These findings are aligned with previous work demonstrating no significant impairments in the neuroendocrine hypothalamo-pituitary-gonadal axis in PNAM mice (39). Altogether, these findings suggest that while prenatal DHT exposure disrupts some parameters of adult male copulatory behavior, mostly motivational components, the endpoint capability of the PNAM to fertilize a female mouse is unaffected. Similarly, sexual dysfunction in men with androgenic alopecia, a clinical sign of PCOS equivalent in men, has been also associated with motivation such as decreased desire and decreased sexual arousal without affecting erectile function (50).



Prenatal androgen exposure in mice specifically impairs lordosis behavior

In females, PNA resulted in a sustained impairment in lordosis behavior. In an attempt to decipher the cause of this sexual dysfunction, several behaviors related to sexual behavior that might explain the observed reduction of sexual receptivity in the PNA mouse were also examined. Anxiety and the physical ability to perform sexual behaviors are considered to be potential confounding factors that might influence an animal’s ability to perform normal sexual behaviors. PCOS patients are more likely to develop anxiety and depression which have been shown to negatively impact their quality of life (41, 45, 51–54). It was therefore pertinent to determine changes in anxiety and locomotion evident in the PNAF mouse model. Previous studies have reported anxiety-like behaviors in the PNA mouse model of PCOS (59–61). However, here, no significant differences were detected in anxiety-like behaviors in PNAF mice. This discrepancy is likely to be experimental as the previous studies were performed during the light phase of the light-dark cycle i.e. the inactive phase of the animals. In the present experiment, tests were performed under a sodium lamp, which cannot be seen by mice, during the dark phase of the light-dark cycle i.e. the active phase of the animals. Those conditions are the same conditions that were used to test lordosis behavior, partner preference and male-like sexual behavior. Therefore, the decrease in lordosis behavior observed in the PNAF mice is unlikely to be due to basal anxiety or deficits in locomotion during their naturally active phase. However, we cannot rule out that the introduction of the male stimulus could have triggered an anxiety-like response similar to the one observed when the animals where tested during their inactive phase in the previous studies (59–61).

Like lordosis, male-oriented sexual partner preference is a female-typical. Behavioral tests found no overt difference in the partner preference of the PNAF mice compared to VEH females, suggesting that prenatal androgen does not impact preference for male or female scent. Ano-genital sniffing and defensive behaviors were also unchanged in PNAF, suggesting that reduced sexual motivation and/or an increase in aggression toward the male are unlikely to explain the PNA related sexual dysfunction.

In agreement with other studies, repeated testing of lordosis yielded a steady increase in the lordosis quotient over time in VEH females (3–5). PNAF mice, however, did not exhibit this same increase in lordosis quotient over time. Further investigation is needed to determine if prenatal androgen exposure modifies the neuroplasticity occurring in the brain to learn lordosis behaviors (74, 75) or other cognitive behavioral outcomes such as learning, memory, or social interactions.

Impaired sexual behaviors have also been reported in the female offspring of dams exposed to anti-mullerian hormone (prenatal AMH or PAMH mice) (76), a paradigm that also models PCOS features (77). In addition to impaired lordosis, PAMH females also demonstrated altered partner preference and increased rejection/aggression behaviors (76). Differences in partner preference and aggression behaviors between the two PCOS-like models may reflect the nature of the androgen exposure. PAMH likely drives elevated maternal testosterone, which when aromatized in the fetal brain will result in masculinization (1).



Prenatal DHT does not masculinize the female brain and behavior

How excess non-aromatisable androgens like DHT impact the development of the female brain and behavior remains poorly understood (78) despite androgen receptor being present in the female brain (6). Here, we determined that prenatal androgenization with DHT that models PCOS does not masculinize the female brain or sex behaviors. The levels of three domains of male-like sexual behaviors (latency to mount, mounting behavior and pelvic thrusting) were indistinguishable between PNAF mice and control females. These behavioral findings were supported by anatomical data demonstrating a feminized AVPV kisspeptin population as already described (79). AVPV kisspeptin neurons are a clearly sexually differentiated population in the brain, with the number of neurons decreased by the male-typical prenatal testosterone rise (67).



Organizational versus activational effects of sex steroid hormones?

Oestradiol and progesterone are crucial for the expression of female-typical rodent sexual behavior (69). In PCOS patients, progesterone and estradiol levels can be abnormal in association with impaired folliculogenesis and ovulation. To overcome differences in circulating oestradiol and progesterone levels between PNA and VEH, animals were ovariectomized and the hormones required for lordosis behavior were replaced. This also effectively removed the adult hyperandrogenism observed in this model (29), and allowed us to investigate the potential organizational effects of prenatal exposure to DHT on sexual behaviors. Impaired lordosis in PNA mice following a normalization of circulating steroid hormones, therefore, suggests an earlier, organizational impact of sex steroids or other downstream signals on the neural substrates controlling lordosis behavior. The organizational effect of oestradiol and progesterone for feminization of the brain has been demonstrated to occur during the peripubertal period (3–5). As hormone replacement in the present study occurred in adults, after the expected rise in endogenous testosterone levels in the PNA model (at 40-50 days of age) (33), we cannot rule out an impact of this pubertal rise in androgens on the circuits mediating female-typical sexual behavior.

PCOS is associated with impaired estradiol and progesterone feedback to the reproductive axis to slow GnRH/LH secretion (21, 80, 81), suggesting a central insensitivity to steroid hormone signaling. Knowing that PNA mice also model this impaired steroid hormone feedback to the reproductive axis by exhibiting mainly a reduced number of PR expressing cells in several hypothalamic nuclei (29, 30), we investigated whether impaired lordosis may be the result of an impaired ability to respond to the artificially delivered hormones (implant of estradiol and injection of progesterone). PR was robustly expressed and not different between VEH and PNAF mice in any of the areas investigated, suggesting that exogenous hormone treatment together with the absence of hyperandrogenism can overcome the impaired progesterone feedback observed in the intact PNAF mice (29), and that this is not a likely explanation for impaired lordosis behavior.



Which neural target could explain the lordosis behavior impairment?

In an effort to identify the neural target of prenatal DHT exposure correlated with lordosis behavior impairment, cFos immunoreactivity, a proxy for neural activation, was measured after lordosis behavior in a wide range of brain regions known to be implicated in the neuronal circuitry controlling female sexual behaviors (68). Although cFos expression was significantly elevated in all of the expected regions in mice experiencing lordosis compared to a basal control group, cFos expression patterns were largely unaffected by PNA. In view of the recent evidences highlighting the role of RP3V Kisspeptin and VMHvl nNOS neurons in lordosis behavior in healthy female mice (65) as well as in the PAMH mouse model of PCOS (76), we would have expected some changes in cFOS in the RP3V and VMHvl region. As noted earlier RP3V Kisspeptin neurons remain unchanged in the PNA mice (data showed here and recently published (79). Similarly, a previous study from our group showed no changes in arcuate nucleus nNOS neurons in the PNA mice contrary to the PAMH mouse model (76). Finally, our data showed an absence of cFOS and PR changes in the VMHvl in the PNA mouse model compare to control therefore it is unlikely that VMHvl nNOS neurons could be involved in the sexual dysfunction observed in the PNA mouse model of PCOS. The changes in Kisspeptin and nNOS observed in the PAMH likely results from a masculinization of the brain circuit controlling sexual behavior since prenatal AMH treatment leads to increase testosterone level (77). Noteworthy, our cFOS data highlighted a change in the DMH, with PNAF showing reduced cFOS immunoreactivity compare to controls suggestive of reduced activation in this area. The role of the DMH in female sexual behaviors remains unclear, however, RF-amide related-peptide 3 (RFRP-3) neurons in the DMH have recently been identified as potential novel factors of female sexual motivation and behaviors in addition to their known roles in energy balance and GnRH neuron function (82). Interestingly, recent studies also showed that injection of RPRP-3 leads to suppression of either sexual motivation or receptivity in female hamsters, rats and eusocial mammals (83–85). Thus, further investigation on RFRP-3 in the PNAF mice would be of interest to decipher the potential role of RFRP-3 in the suppression of lordosis behavior.




Conclusion

These new data provide a significant step forward in our knowledge of how prenatal androgenization can influence adult sexual behaviors in male and female mice. These findings are aligned with the “Developmental Origins of Health and Diseases” (DOHaD) hypothesis in which early-life environment can increase sensitivity or risk toward developing adverse outcomes later in life. Combined with evidence that prenatal androgen exposure leads to reproductive disorders in both sexes, these findings suggest a critical sensitive period of development where both the neuroendocrine regulation of reproductive function and behavior are sensitive to androgen specifically through the androgen receptor. The underlying central mechanisms underpinning impaired sexual behavior in PCOS-like female mice and their male siblings remains to be elucidated.
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Supplementary Figure 1 | Androgen excess disrupt oestrous cyclicity. (A,B) Representative examples of oestrous cyclicity of a VEH (A) and PNA (B) mice after 21 days of vaginal smears. (C) Histogram of the frequency of each oestrous cycle phase in VEH and PNAF mice. Mean +/- SEM. ***p<0.001, multiple t-test. VEH = control female, PNAF = prenatally androgenized female mice modeling PCOS.

Supplementary Figure 2 | Characterization of the progesterone receptor antibody Abcam 63605 in the adult female mediobasal hypothalamus. To our knowledge, while this antibody has been used in mouse uterine and ovaries tissues as well as on in vitro GnRH neurons from embryonic mouse explants, it has not yet been characterized in the mouse brain. The specificity of this PR antibody for PR has been demonstrated in uterine tissue lacking PR. The optimal concentration was determined by a dilution series and the sensitivity to detect PR in the mouse brain was demonstrated in brain tissue from mice with increasing circulating levels of oestradiol (OVX, diestrous, OVX+E2, n=2/group), as PR expression in the female brain is dependent upon oestradiol. We observed a slight increase in PR-immunoreactivity between the female mice in diestrous and the female OVX+E2 in hypothalamic brain regions where PR expression is expected (Supplemental Figure). A complete lack of PR-immunoreactivity was observed in OVX mice, consistent with a very low circulating levels of oestradiol. These data together support the specificity and sensitivity of this PR antibody to detect physiological differences in PR expression in the mouse brain. (A) Representative photomicrographs of the PR immunoreactivity in the mediobasal hypothalamus of an adult female mouse on diestrous. (B) Representative photomicrographs of the PR immunoreactivity in the mediobasal hypothalamus of an adult female mouse after at least 2-months of ovariectomy and estradiol replacement. (OVX + E). (C) Representative photomicrographs of the PR immunoreactivity in the mediobasal hypothalamus of an adult female mouse after 2-months of ovariectomy (OVX). Scale bar: Top panels 200 µm; Bottom panels 100 µm.
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Hypopituitarism is defined as a complete or partial deficiency in one or more pituitary hormones. Anterior hypopituitarism includes secondary adrenal insufficiency, central hypothyroidism, hypogonadotropic hypogonadism, growth hormone deficiency and prolactin deficiency. Patients with hypopituitarism suffer from an increased disability and sick days, resulting in lower health status, higher cost of care and an increased mortality. In particular during adulthood, isolated pituitary deficits are not an uncommon finding; their clinical picture is represented by vague symptoms and unclear signs, which can be difficult to properly diagnose. This often becomes a challenge for the physician. Aim of this narrative review is to analyse, for each anterior pituitary deficit, the main related etiologies, the characteristic signs and symptoms, how to properly diagnose them (suggesting an easy and reproducible step-based approach), and eventually the treatment. In adulthood, the vast majority of isolated pituitary deficits are due to pituitary tumours, head trauma, pituitary surgery and brain radiotherapy. Immune-related dysfunctions represent a growing cause of isolated pituitary deficiencies, above all secondary to use of oncological drugs such as immune checkpoint inhibitors. The diagnosis of isolated pituitary deficiencies should be based on baseline hormonal assessments and/or dynamic tests. Establishing a proper diagnosis can be quite challenging: in fact, even if the diagnostic methods are becoming increasingly refined, a considerable proportion of isolated pituitary deficits still remains without a certain cause. While isolated ACTH and TSH deficiencies always require a prompt replacement treatment, gonadal replacement therapy requires a benefit-risk evaluation based on the presence of comorbidities, age and gender of the patient; finally, the need of growth hormone replacement therapies is still a matter of debate. On the other side, prolactin replacement therapy is still not available. In conclusion, our purpose is to offer a broad evaluation from causes to therapies of isolated anterior pituitary deficits in adulthood. This review will also include the evaluation of uncommon symptoms and main etiologies, the elements of suspicion of a genetic cause and protocols for diagnosis, follow-up and treatment.
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1 Background

Hypopituitarism is defined as a complete or partial deficiency in one or more pituitary hormones. It can be a result of diseases that either reduce or abolish the pituitary function or which can interfere with pituitary stalk integrity or the hypothalamic secretion of pituitary-releasing hormones. The prevalence of hypopituitarism is approximately 45 cases per 100.000 and the incidence of about 4 cases per 100.000 per year (1). Anterior hypopituitarism can include central adrenal insufficiency (CAI), central hypothyroidism (CH), hypogonadotropic hypogonadism (HH), growth hormone deficiency (GHD) and seldom hypoprolactinemia. Patients with hypopituitarism suffer from an increased disability and sick days, resulting in lower health status, higher cost of care and an increased mortality (2).

Pituitary deficits usually present as combined; in adulthood, however, it is not uncommon to develop isolated pituitary deficits as well. This often becomes a diagnostic challenge for the physicians due to several reasons: the clinical picture may be vague and baseline and dynamic hormonal assessments may not be fully reliable. For these reasons, a considerable proportion of isolated pituitary deficits still remains without a defined cause and thus precise data on their prevalence and incidence are lacking.

The aim of this narrative review is to analyse the main etiopathogenetic processes that lead to isolated anterior pituitary deficits, focusing on their signs, symptoms, hormonal evaluations, and treatments. It is important to remark that there is a lack of guidelines for the specific management of isolated anterior pituitary deficits; as such, part of the evidence related to diagnosis and management of these conditions derives from current knowledge regarding hypopituitarism.




2 Common and shared causes of isolated pituitary deficiencies

Before discussing the specific causes linked to each anterior pituitary deficit, it is pivotal to describe the most common causes that can induce isolated deficits in adulthood (Table 1). Among them, pituitary region masses (tumors and infiltrative diseases), treatments as neurosurgery and radiotherapy, autoimmune diseases and traumatic brain injuries (TBI) are surely to be considered. Genetic causes generally determine isolated deficits with an onset early in childhood, but HH and CH can be linked to altered genes that can manifest even later in life (3, 4).


Table 1 | Main causes of isolated pituitary deficits.





2.1 Pituitary tumors

Pituitary dysfunction, as a consequence of intrasellar tumor masses originating from the pituitary or Rathke’s pouch, is a well-known problem. Sellar masses are often associated with combined pituitary deficits, and these are induced by the tumor itself or by further damage secondary to surgery, radiotherapy, or medical therapies. However, at diagnosis no hormonal deficits can be reported and they may develop only during the follow-up, generally as a consequence of the tumor growth (5).




2.2 Irradiation

The potential damage induced by radiotherapy is usually confined to the anterior pituitary gland. The sensitivity to radiation is quite different for each hypothalamic-pituitary axis (Figure 1). The GH (growth hormone)-secreting cells are the most sensitive, followed by the FSH (Follicle-Stimulating Hormone)- and LH (Luteinizing Hormone)-secreting cells, while those secreting ACTH (Adrenocorticotropic Hormone) and TSH (Thyroid Stimulating Hormone) are the most resistant (6, 7). In agreement with these observations, a single dose of 3 Gray (Gy) has been reported to impair the in vitro secretion of GH (and prolactin) by pituitary cells, whereas TSH-secreting cells have proven to be resistant to doses higher than 10 Gy (8). Although lower than conventional radiotherapy, the risk of onset of hypopituitarism needs to be considered also in patients undergoing sellar/parasellar post-surgery gamma knife radiosurgery (GKRS), with an approximate incidence rate of hypopituitarism of 18–32% both for non-secreting and secreting adenomas (9, 10). The delayed onset of post-GKRS hypopituitarism has been reported in a few studies, approximately occurring 22–25 months after treatment and with an increased rate over time (11).




Figure 1 | Radiation progressive damage of pituitary function.






2.3 Other than pituitary tumors

Pituitary dysfunction can also be the result of brain damage due to extra-pituitary tumors (and their surgical treatment). For example, an emerging clinical entity is primary lymphoma, localized in the sellar region (12). However, after a long-term disease remission, patients who suffered from lymphoma can experience gradual reverse of hypopituitarism up to a residual isolated pituitary deficit (13). Moreover, chemotherapy (14) or irradiation might cause additional pituitary insufficiencies. In their study, Schneider et al. (15) recorded isolated pituitary hormone deficits in 16.2% of patients diagnosed and treated for an extra-sellar tumor. Endocrine deficiencies may become evident from 3 months to more than 10 years after irradiation (7).




2.4 Infiltrative diseases

Rare causes of hypopituitarism include infiltrative disorders such as neurosarcoidosis, Wegener granulomatosis, hemochromatosis, Langerhans cell histiocytosis and Erdheim–Chester disease. Diabetes insipidus usually represents the onset of these diseases; however, in all unknown cases of anterior hypopituitarism they need to be ruled out (16).




2.5 Autoimmune disease and drug induced autoimmune disorders

Based on histological features, primary hypophysitis is classified as lymphocytic, granulomatous, xanthomatous or necrotizing inflammation (17, 18). Lymphocytic hypophysitis is the most frequent (19) and it is caused by immune-mediated diffuse infiltration of lymphocytes and plasma cells. IgG4-related hypophysitis is a recently discovered subtype of autoimmune disorder associated with multiorgan IgG4-related systemic disease (IgG4-RD). Pituitary involvement of IgG4-RD had initially been considered rare, but more recent studies (20) suggested that its prevalence is underestimated. In these conditions, isolated anterior pituitary hormone deficiencies and/or central diabetes insipidus could be observed. Pituitary inflammation may also be secondary to several kinds of drugs. Although various forms of drug-induced hypophysitis have been reported, with the inclusion of immunotherapy for many types of cancer, immune checkpoint inhibitor (ICPi)-induced hypophysitis has recently emerged as a not uncommon immune-related adverse event. Interestingly, relatively specific hormone deficiency has been detected in these cases, as described in the following paragraphs (21).




2.6 Traumatic brain injuries, vascular damage and infective diseases

Pituitary hormone deficiency is frequent among TBI survivors; in fact, 40–50% of patients studied suffered from some degree of pituitary dysfunction (22–24). In particular Steven et al. (23) reported a prevalence of 51.4% of isolated deficits in TBI patients, while Kelly et al. (24) reported that somatotroph and gonadotroph deficiencies were the most common and that diffuse brain swelling, hypotensive or hypoxic insults, and a relatively low Glasgow Coma Scale (GCS) score were associated with pituitary insufficiency. Because the majority of TBI survivors are young adults with near-normal life expectancy, the implications of undiagnosed post-traumatic pituitary failure can be serious and may contribute to the significant morbidity associated to it.

Among the causes of vascular damage which can potentially lead to pituitary deficits are to be counted subarachnoid haemorrhage (SAH), aneurysms, pituitary apoplexy, Sheehan syndrome and rarer infective causes such as tuberculosis, neurosyphilis, and snake bite (25, 26). In particular, it must be considered that pituitary masses, in particular non-functioning adenomas, are susceptible to haemorrhages and infarction (pituitary apoplexy). This can occur if an imbalance between oxygen or metabolic demand and available supplies happens (27). Surgeries (in particular cardiac and orthopaedic), arterial pressure fluctuations, micro-embolism, cranial trauma, dynamic pituitary testing [in particular insulin tolerance test (ITT), TRH (thyrotropin releasing hormone) and GHRH (Growth Hormone Releasing Hormone) tests], anticoagulant and to a lesser extent dopamine-agonist therapy are the main factors which can predispose to pituitary apoplexy. Hypopituitarism can be an early result of these phenomena in 15 to 85% of patients (28). The Sheehan syndrome represents a particular subtype of pituitary apoplexy; this can occur in pregnant women who suffer from an extensive uterine bleeding during the peri- or post-partum periods. This results in a pituitary infarction that leads to progressive pituitary function deficit up to a definitive hypopituitarism and a radiological “empty sella” (29, 30). It is notable to mention that an increased risk of cerebral and subsequent pituitary haemorrhage can be related to congenital conditions of increased spontaneous bleeding. This being said, hemophilic patients are considered at potential higher risk of pituitary dysfunction (31, 32) due to a significant prevalence of intracranial haemorrhage, particularly in children (33).




2.7 Drugs

Several drugs can lead to transient or permanent hypopituitarism. In some cases, the pituitary deficits can be isolated due to the involvement of a single axis. In fact, physio-pathological mechanisms are different for each drug and for each involved pituitary hormone. A more detailed discussion is present in the dedicated paragraph of the isolated deficit.




2.8 Genetic causes

In embryonic life, pituitary gland development is a result of a specific sequence of genes that express certain transcription factors (34). Particular genetic mutations can lead to a certain degree of hypopituitarism. In particular, each of the isolated pituitary deficits analysed in this review can find in genetics a possible etiology. Considered to be congenital, the clinical picture usually manifests at birth or in early childhood. The clinical phenotype can include also somatic alterations (35). However, we are going to further discuss potentially involved genes in each of the following dedicated sections.





3 Isolated central adrenal insufficiency



3.1 Definition and epidemiology

Isolated central adrenal insufficiency (ICAI) is a rare disorder, first reported by Steinberg in 1954, characterized by low or absent cortisol production and normal secretion of other pituitary hormones (36). The prevalence of CAI, most commonly due to exogenous glucocorticoid administration, is much higher than that of primary adrenal insufficiency (PAI), with an estimate of 150–280 cases per million (37). Due to its rarity, however, epidemiology and etiology of ICAI still remain uncertain.

ICAI is classified into congenital and acquired forms. In neonatal or childhood ICAI a genetic origin may be suspected, while in adults the main cause is the prolonged use of synthetic glucocorticoids (sGC). In fact, sGC are widely used for their anti-inflammatory and immunosuppressive actions and an undesirable effect of sGC treatment is, indeed, suppression of the hypothalamic-pituitary-adrenal (HPA) axis, which can lead to ICAI. A systematic review and meta-analysis found that this is a frequent scenario which could happen in 48.7% of cases, with the highest risk in hematologic patients (60%), in kidney transplant (56.2%), inflammatory bowel disease (52.2%), and rheumatologic disorders (39.4%). Risk factors for sGC-induced ICAI include the duration of glucocorticoid therapy, the dose, potency, route of administration and individual susceptibility (38). Moreover, an emerging cause of ICAI is related to an autoimmune response, due to drugs administration, such as CTLA4 (Cytotoxic T-Lymphocyte Antigen 4) and PD1/PDL1 (Programmed Cell Death Protein 1/Programmed Death Ligand 1) inhibitors. Hypophysitis appears more often in men older than 60 years of age and it is 2–5 times more frequent than in women. The reported incidence is 4%–20% with ipilimumab, 0.6% with nivolumab, 0.7% with pembrolizumab and slightly more commonly (8-10%) with combination ipilimumab and nivolumab (21, 39). Of note, these drugs could also be responsible for PAI with an incidence of less than 1% with monotherapy and 4%–8% with combined immunotherapy (40). In this clinical setting ACTH measurement can be useful for a proper differential diagnosis.

CAI is common in ICPi-related hypophysitis and, while CH and HH may be transient and spontaneously recover, ICPi-related CAI appears to be permanent in most cases resulting as an isolated deficiency.




3.2 When to suspect an isolated central adrenal insufficiency

CAI has several clinical presentations and, if unrecognized, a potentially fatal course. Usually, clinical manifestations of ICAI are similar to those found in pan-hypopituitarism and PAI although, generally less severe (41).

Patients with ICAI usually feel relatively well during unstressed periods until certain events trigger an acute adrenal crisis. This serious condition is characterized by extreme fatigue, severe hypotension and hypoglycemia, fever, acute abdominal pain, nausea, vomiting and diarrhoea and, if not promptly recognized, it may be irreversible and lethal. Except for adrenal crisis, patients with ICAI usually present with non-specific symptoms, such as asthenia, anorexia, unintentional weight loss and tendency to hypoglycemia. Unlike PAI, both hyperpigmentation and symptoms and signs of mineralocorticoid deficiency (e.g., salt-craving, postural hypotension) are absent. Hyponatremia may occasionally occur as the result of the increased antidiuretic hormone secretion, due to higher levels of corticotropin releasing factor (CRF). Under normal circumstances, cortisol suppresses both production of CRF and vasopressin (AVP) in the hypothalamus. In ICAI, persistently low concentrations of cortisol fail to suppress AVP and hyponatremia results from impaired free-water excretion, as it happens in the syndrome of inappropriate antidiuresis (SIAD) (42).

Another interesting clinical scenario of isolated ACTH deficiency is the so-called “critical illness-related corticosteroid insufficiency (CIRCI)” which is a condition that may develop in prolonged critically ill patients. When patients remain dependent on vital organ support for weeks, they are at risk of acquiring ICAI. This situation is determined by the increase in the systemic availability of glucocorticoids, mainly due to the reduction of circulating cortisol-binding proteins; the resulting transient elevation in serum free cortisol values exerts a negative feedback mechanism at the hypothalamus and pituitary level on the HPA axis. Additionally, elevated levels of other glucocorticoid receptor ligands (such as bile acids) and drugs (such as opioids) can further suppress ACTH secretion. The adrenal cortex, deprived for weeks of the trophic stimulus due to the ACTH signalling, can become structurally and functionally impaired, resulting in insufficient cortisol secretion. This HPA axis suppression can be maladaptive and contributes to the persistent need for vasopressors and to the development of encephalopathy, thus reducing the chances of recovery (43).

Besides typical symptoms of CAI, in Literature several cases of atypical ICAI presentation are reported as well, like flexion contractures of the legs (44), severe muscle atrophy (45) and rhabdomyolysis (46). Other unusual presentations are pericardial effusion (47), recurrent syncope (48), cholestatic jaundice (49) and petrified ear auricles (50). These clinical manifestations, though not typical of ICAI, seem to be closely related to the hypoadrenal condition because they disappear upon the start of steroid replacement therapy. Primary infertility (51), Crohn’s disease (52), myasthenia gravis (53), polycystic kidney disease (54), spinocerebellar ataxia type 3 (55), benign endocranic hypertension (56), Down syndrome (57), cognitive impairment and mental health disorders (58, 59), chronic opiate use (60) and haemodialysis (61) have also been reported in conjunction with ICAI, as well as paraneoplastic syndrome (55).

Lastly, ICAI is not infrequent in chronic alcoholism (62) and, as in patients with the above-mentioned disorders, it should be considered if more typical hypoadrenal symptoms are present. Likewise, ICAI should also be kept in mind in patients with other autoimmune diseases: ICAI due to lymphocytic hypophysitis has often been described associated with autoimmune hypothyroidism (63, 64) and, occasionally, with Graves’ disease (65), type 1 diabetes mellitus (66) and polyglandular autoimmune failure (67). Recently Morita et al. described a case of ICAI following immunization with the BNT162b2 SARS-CoV-2 vaccine (68).




3.3 Diagnosis

Guidelines addressing the specific management of ICAI, as of today, are lacking. Despite this, the diagnostic and therapeutic process can be ascribed to the non-isolated form. The diagnosis of CAI is mainly based on measurement of morning serum cortisol. In fact, cortisol level <3 µg/dL is indicative of adrenal insufficiency (AI) and a cortisol level >15 µg/dL likely excludes an AI diagnosis (69). In addition, guidelines suggest performing a corticotropin stimulation test when morning cortisol values are between 3 and 15 µg/dL to diagnose AI. Peak cortisol levels <18.1 µg/dL at 30 or 60 minutes indicates AI. Both 250 µg and 1 µg stimulation tests could be used (70). In fact, since after the injection of 250 µg supra-physiological concentration of corticotrophin is achieved, a stimulation with 1 µg dose was proposed (71). However, In CAI before adrenal atrophy has occurred, the sensitivity of both tests may be low (72). Some Centres propose metyrapone test to evaluate the response to drug-blocking 11 beta hydroxylase. In fact, the administration of metyrapone should cause a reduction in blood cortisol levels, further incrementing ACTH, and finally an increase of adrenal steroids synthesis of 11- deoxycortisol, measured during the test (73). Despite the interesting pathophysiological basis, the analysis of 11-deoxycortisol levels is not available in most laboratories. The Glucagon (GST) test is another alternative. Although it has been used more frequently in the evaluation of GH axis, GST offers an opportunity to assess both the HPA and GH axes, making it an interesting possibility (74). However, the proper establishment of cut-off levels of cortisol is needed to properly interpret the results. The insulin tolerance test (ITT) is another option for CAI diagnosis, although it is contraindicated in some clinical conditions, it is unpleasant for patients, and requires close medical supervision (75). To avoid performing ITT, Gasco et al. in their study aimed to detect the morning serum cortisol cut-off with a specificity or a sensitivity above 95% that could identify those patients who should not be tested with ITT, finding that the cut-off of morning serum cortisol concentration that best predicted a normal response to ITT was >16.11 µg/dL (76). Moreover, a multiparametric score has been recently proposed for the prediction of CAI when morning cortisol is in the grey zone; this score might be helpful for a finer tailoring of the diagnostic process, as it might avoid the execution of a stimulation test in approximately one-fourth of the patients in which morning cortisol values are ‘per se’ non-diagnostic (77). Although the medical history and some symptoms could help the clinician in discerning ICAI from PAI, in dubious cases, ACTH measurement is also recommended (78).

In patients without any pituitary deficit before surgery, it is necessary to assess the HPA axis as early as possible in the post-operative phase, while the evaluation of the other axes (thyroid, gonadal and growth hormone function) can be carried out later. The indications for the diagnosis of ICAI in the early post-pituitary surgery period are slightly different. In this setting, there are not clear recommendations (69); in spite of that it would be cautious to assess adrenal function on the second day after pituitary surgery, using cut-off values that international guidelines suggested for non-stressed conditions (69, 78). In fact, second-day cortisol levels ≤3.2 μg/dL and >14 μg/dL would be diagnostic of ICAI and normal HPA function, respectively (79).

For the diagnosis of sGC-induced ICAI (Figure 2), the indications are, again, different. Since the risk of developing it mainly depends on the molecule and the duration of therapy, the recovery of ICAI should be assessed only in patients taking a prednisolone dose equivalent or inferior to the replacement one (i.e., doses of prednisone no higher than 5 mg a day). Several approaches can be used, but all evaluations require at least a 24-hour wash-out of any sGC therapy in place: the most common strategies include measurement of morning cortisol concentration, synthetic ACTH stimulation tests, metyrapone test and ITT. Recently, Prete and Bancos proposed a risk guided algorithm for the recovery evaluation of HPA axes (80).




Figure 2 | Routes of administration and absorption of the main steroid drugs that can induce isolated adrenal insufficiency.



In general, once the diagnosis of ICAI has been established, a magnetic resonance imaging (MRI) of the hypothalamic-pituitary region is mandatory. In patients with autoimmune endocrine disorders pituitary antibodies should be assessed, especially in case of consistent radiological findings. Genetic testing has so far proven to be of little use in adult ICAI.




3.4 Therapy and follow-up

Before starting a proper replacement therapy, clinicians should carefully assess the presence of ICAI (excluding combined pituitary deficiencies) in order to deliver the most adequate therapy (69). The latest hypopituitarism guidelines recommend using hydrocortisone, usually 15–20 mg total daily dose in single or divided doses as the proper replacement therapy.

It is possible that some patients are suffering from ICAI and epilepsy (or taking preventive anti-epileptic therapy) at the same time (e.g., TBI/SAH); in these patients it is necessary to take into account the possible need for higher doses of hydrocortisone replacement treatment (69).

Clinicians should appropriately warn patients about stress-dose and emergency sGC administration and suggest obtaining an AI emergency card and an emergency kit containing injectable high-dose sGC. Lastly it is advisable not to use fludrocortisone in patients with ICAI (69). As for PAI, guidelines recommend that clinicians treat patients with suspected adrenal crisis due to ICAI with an immediate parenteral injection of 50 –100 mg hydrocortisone.

Once ICAI is diagnosed and replacement treatment is started, the patient’s follow-up includes periodic evaluation of AI symptoms and assessment of serum sodium, potassium and glucose. In the same way, follow-up of patients at risk of developing ICAI over time needs to be more standardized since, in this setting, there are different and not univocal recommendations.

For example, in all patients that previously underwent to brain/pituitary irradiations (cranial RT at doses > 30 Gy) or sellar or suprasellar region surgeries, who are at risk for developing ICAI, an annual evaluation of morning cortisol blood concentration should be performed (81).

In patients with a history of TBI, signs and symptoms possibly related to life-threatening adrenal deficiency must be immediately investigated whenever they become apparent. Alternatively, some authors suggest an endocrine evaluation performed routinely at a period between 6 and 12 months after TBI (82).

During treatment with some CTLA-4/PD-1 blockers, routine monitoring for adrenal dysfunction is controversial. Some authors suggest measuring morning cortisol ± ACTH in patients receiving ipilimumab-based treatment at every cycle (39), while others suggest performing a Synacthen (cosyntropin, 1–24 ACTH) stimulation test when basal cortisol measurements are inconclusive, considering that results may be falsely reassuring in the early phase of ICAI, when the adrenal glands may still respond normally to the stimulation (83).

Patients with sGC-induced ICAI require continuation of GC therapy until such treatment can be tapered to physiologic doses. At that point, testing for functional recovery of the HPA axis should be performed before attempting to stop the substitutive therapy. The optimal time to test for HPA axis recovery following prolonged sGC use remains controversial due to variability of data for timelines of when that occurs. Generally, the recovery of HPA axis has been documented as quick as about four weeks after the stop of a continuous sGCs use. It would be therefore reasonable to plan assessment of the HPA axis around that time and then every one-two months until complete recovery is documented (84). In the meantime, patients are recommended to continue adequate hydrocortisone replacement therapy (80).

Although there are no strong recommendations on how to perform an adequate follow-up, all authors agree on the importance of educating specialists other than endocrinologists and patients at risk of AI to recognize any suggesting symptom in order to obtain an early diagnosis and prompt treatment.

To conclude, it seems useful to periodically assess the presence of ICAI in particular for transient or ambiguous etiologies. In fact, improper replacement therapy leads to inappropriate GC exposure that may have a bearing on a patient’s metabolism. However, nowadays no recommendation is available.





4 Isolated central hypothyroidism



4.1 Definition and epidemiology

CH is a disorder characterized by defective thyroid hormone production and/or secretion, secondary to the insufficient stimulation by TSH of a healthy thyroid gland (4). In most patients, CH occurs in combination with other pituitary hormone deficiencies but occasionally it may present as an isolated deficit (ICH). This condition is mainly the result of anatomic or functional disorders of the pituitary gland (secondary hypothyroidism) or the hypothalamus (tertiary hypothyroidism) (4), although this distinction is no longer in use.

CH is a rare cause of hypothyroidism (about 1 in 1,000 patients with hypothyroidism) with a global prevalence that ranges from 1 in 20,000 to 1 in 80,000 individuals in the general population. It is reported to affect individuals of all ages and both sexes equally (85), although the presence of some X-linked pattern may suggest a male predominance. It is also likely that these data may underestimate the real incidence and prevalence. In fact, most countries perform a TSH-reflex assessment, both for paediatric and adult individuals but this strategy may contribute to missing diagnoses. All this considered, precise data regarding epidemiology of ICH are missing.

Infants and young children are usually affected by genetic and hereditary conditions, while expansive processes in the pituitary/hypothalamic region represent the most common cause of acquired ICH; however, milder genetic mutations can be the underlying cause of ICH with a delayed onset during life (4).

In general, there are different pathological mechanisms accounting for CH: impaired TSH secretion due to reduced hormonal reserve (quantitative, typical of the congenital forms), poor intrinsic biological activity of secreted TSH molecules (qualitative), or both (more common in the acquired cases) (85–87).




4.2 When to suspect an isolated central hypothyroidism and possible confounding factors

Patients with ICH may have a very heterogeneous clinical presentation. Indeed, it is related to several factors such as the etiology of the disorder (congenital ICH is generally more severe than acquired), and the patient’s age at the onset of the disease (85). Signs and symptoms, if any, may be due to the underlying hormonal disturbance and/or the possible mass effect in the case of space-occupying lesions. In the first scenario the clinical picture is usually similar to primary hypothyroidism but typically milder; this includes cold intolerance, asthenia and lethargy, constipation, bradycardia, weight gain, hoarseness of voice, thinning of hair and dry skin (85–88). Conversely, goitre is rarely present, since it is secondary to the trophic action of TSH on the thyrocytes, which in the presence of CH results, by definition, blunted. In the second case, headache, dizziness, or visual field defects are the most frequently encountered alterations (85).

Nonetheless, when a clear clinical picture is missing, people usually refer to an endocrinologist after performing routine biochemical evaluations with their general practitioner: they typically show a low-normal TSH and a low fT4 (free thyroxine); fT3 (free triiodothyronine), conversely, is usually normal in mild and moderate forms (85). Moreover, there may be several cases which go undetected since the general screening for thyroid disease is based on a cascade mechanism that starts from the detection of an altered TSH (the so-called TSH-reflex strategy). Diagnosis may be further complicated when fT4 concentration is around the lower limit of the reference range (by definition, a reference range usually comprises only 95% of a reference population and so 2.5% of healthy individuals have an fT4 below the reference interval) (89). Similarly, euthyroid patients can have up to 10% variation in fT4 levels, which is still considered normal (90). Consequently, in patients followed-up for hypothalamic-pituitary disease, a decrease in circulating fT4 levels of more than 20%, even if the values are still within the normal range, has been proposed as suggestive of CH (4, 85, 91).

Generally, it is always essential to confirm this biochemical finding on two occasions before proceeding with further analyses and with an MRI of the hypothalamic-pituitary region.

Dynamic tests using the TRH stimulation (92, 93) were more commonly used in the past but they have shown some utility even today especially in doubtful cases in which TSH values are not markedly reduced and fT4 is in the medium-low range of normality (94).

For the diagnosis of CH, it is important to exclude other confounding factors such as iodine deficiency (95) (iodine supplementation before retesting may be useful) and interfering drugs (96). Indeed, many drugs, such as bexarotene (97), mitotane (98) and immune checkpoint inhibitors (99) may alter the thyrotropic cell activity of TSH production or release determining, in general, permanent CH (96). Other drugs, like glucocorticoids, dopamine/dopamine-agonists, somatostatin analogues, metformin (100) as well as some antipsychotic and antidepressant medications (101), may exert a mild suppressive effect on TSH release without appreciably affecting circulating fT4 levels and hence without a real clinical significance (96). Finally, certain antiepileptic medications, including carbamazepine, oxcarbamazepine, valproic acid and phenytoin along with salsalate may determine falsely low levels of fT4 (secondary to pre-analytical variability due to sample dilution) and normal TSH levels in clinically euthyroid patients, mimicking the biochemical picture of ICH (96, 102, 103).

To conclude, during severe intercurrent events (organic as well as psychiatric), physiological adaptation mechanisms of the hypothalamus-pituitary-thyroid axis are involved, which can determine a biochemical picture comparable to that of ICH (this condition is called non-thyroidal illness syndrome or euthyroid sick syndrome) (104). In consideration of a reduced peripheral deiodinase activity (105), the latter condition differs from ICH because the values of fT3 are generally reduced, but a re-evaluation once the acute picture is overcome may be useful in dubious cases.

Once that CH has been diagnosed, other concomitant pituitary deficits must be assessed; in particular, it is always mandatory to exclude possible concomitant CAI that, if present, must be treated in advance to avoid triggering an adrenal crisis.



4.2.1 Hereditary and congenital forms and role of genetic analysis

As of today, five genes related to ICH have been identified (89): TRHR (TRH receptor) and TSHB with an autosomal recessive inheritance and the more recently identified IGSF1, TBL1X and IRS4 with an X-linked pathway transmission (Table 2).


Table 2 | Genetic etiologies in Isolated Central Hypothyroidism.



Mutations in TSHB, which encodes for the β subunit of TSH (TSHβ), constitute the most frequent cause of inheritable ICH (85, 106–108). Typically, the genetic forms manifest at birth or in the first weeks of life but mutations in the TRHR gene for example, described so far only in a few families, can determine a completely asymptomatic phenotype with only growth retardation found during puberty. Congenital hypothyroidism is one of the pathologies for which there is a newborn screening (NBS) program in many countries of the world. Unfortunately, as the main objective of these programs is the detection of the much more common condition of primary hypothyroidism (approximately only 1 in 30-40 newborns with congenital hypothyroidism has CH) (109), the vast majority of NBS are TSH-based with a cascade mechanism of dosing fT4 that starts from the detection of an altered TSH. For this reason, as often TSH may not be frankly reduced, many cases of congenital CH may go undetected and recognized only later in life resulting in possible ICH of the adulthood (109).

According to the European Guidelines, it is recommended to perform a genetic analysis in congenital cases and in cases of CH onset at any age in childhood or when the etiology is otherwise unexplained (4). Furthermore, a genetic analysis is useful as a confirmation test for conditions where fT4 may be in the low quartile of normality range interval, such as rare cases of idiopathic mild CH.

The operative method to carry out such analysis is to directly sequence a panel of candidate genes, chosen on the basis of the patient’s phenotype. In the case that this test is negative, the evaluation can be expanded to the whole genome. After the successful identification of a causative mutation related to the phenotype in the index case, the genetic analyses should be subsequently extended to all the first-degree relatives of the patient for the purposes of early diagnosis or to detect any healthy carrier of the mutation (4).





4.3 Therapy and follow-up

Treatment of ICH aims to restore and maintain euthyroidism and levothyroxine (LT4) is the mainstay of pharmacological therapy, since there is no evidence for the use of a combined treatment with liothyronine which is burdened, conversely, by a higher risk of overtreatment (4, 85, 88).

The replacement dose of LT4 in ICH is approximately 1.6 µg/kg of bodyweight/day, similar to primary hypothyroidism replacement therapy (110). Appropriate LT4 dose varies depending on sex (higher in women), age (lower after menopause) and concomitant treatment (such as oestrogens); similarly, younger people often require higher dosages (111). Children and young adults can generally start a full replacement dose of LT4 when commencing the treatment, while in the elderly it may be safer to start with low doses (e.g., 25-50 µg/day) to increase with caution (4).

As of today, the proper assessment of the adequacy of LT4 therapy in patients with CH and subsequently for ICH still remains an object of debate. Indeed, TSH serum levels are not fully reliable to monitor replacement therapy like in primary hypothyroidism, because they appear to be suppressed even during low-dose LT4 treatment. All this considered, it is safe to ascertain that TSH levels above 0.5-1.0 mU/L should be considered as a sign of insufficient replacement in such class of patients (4, 85). Over the last years, increasing evidence investigating the efficacy of LT4 replacement therapy shows that patients with CH have significantly lower levels of fT4 with respect to patients with primary hypothyroidism adequately treated; therefore, subjects with CH are often left untreated, thus increasing their long-life cardiovascular risk (90, 110). For these reasons, in the context of ICH, the best markers to properly set the adequate therapy are fT4 and fT3, aiming at bringing fT4 values in the upper range of normality and fT3 in the normal range of population (4, 109).

The first evaluation after starting the treatment should occur after 6-8 weeks and the measurement of fT4 should anticipate the assumption of LT4 therapy. Once reaching the aforementioned biochemical target and obtaining the concomitant resolution of the symptoms, if present, thyroid function can be checked periodically, at least annually (4, 90).





5 Isolated hypogonadotropic hypogonadism



5.1 Definition and epidemiology

Isolated hypogonadotropic hypogonadism (IHH) is defined as a condition of secondary hypogonadism not associated with other pituitary deficits. It can manifest as a congenital (CIHH) or acquired (AIHH) disruption of the hypothalamic-pituitary-gonadal (HPG) axis (112). Despite lack of definite data, IHH can be considered an infrequent condition as a whole: for CIHH, a male predominance is reported (2-5 males to 1 female) with an estimated prevalence between 1/10,000 and 1/86,000 in males, while no piece of information is available about CIHH in females (113). Furthermore, AIHH has still no clear evidence about incidence or prevalence, probably due to the wide number of involved etiologies and due to the variability of the definition of this condition between studies and over time.

CIHH is mostly related to a genetic alteration and among 50% to 60% of the patients have an associated olfactory dysfunction (anosmia or hyposmia), defining Kallmann syndrome (114).

AIHH presents when a disruption of the hypothalamus or the hypophysis alters the release of gonadotropin-releasing hormone (GnRH) or of LH and FSH, leaving untouched the release of the other pituitary hormones.

The clinical signs can be present early during life, from childhood and in particular puberty, when IHH can manifest with delayed or absent pubertal development until clinical pictures characterised by infertility and hypogonadism in adulthood. Therapies are available to accomplish an eugonadal state and, whether possible, fertility.

After this glimpse, we will further describe these sections hereafter.



5.1.1 Etiopathogenesis

The etiology of IHH is mostly related to the time of onset of the clinical picture. Talking about CIHH, this condition is mainly linked to genetic causes, thus familial history can insinuate the doubt. The primarily involved genes are associated with GnRH, which regulates the release of LH and FSH by the pituitary gland. The majority of hypothalamic GnRH neurons originates in the olfactory placode around the 5th gestational week and migrates alongside the olfactory, vomeronasal and terminal nerves until arrives at mediobasal hypothalamus, infundibulum and periventricular region (115). CIHH is a result of the failure of GnRH neurons to differentiate, develop or function properly or, in a subgroup of patients, there may be a GnRH resistance in pituitary gonadotropic cells (e.g., loss of function mutations in the GnRH receptor) (114). The olfactory defects can occur as a result of the close link between GnRH neurons and olfactory axons; in fact, an embryonal abnormal migration of GnRH neurons and olfactory fibres from their origin in the olfactory placode to the forebrain can result in a hypoplasia or aplasia of the olfactory tract/bulbs associated to GnRH deficiency, that is usually described in CIHH as Kallmann Syndrome (116).

Many genes have been pointed out in the pathogenesis, including X-linked recessive (such as ANOS1, formerly known as KAL1), autosomal dominant (e.g., FGFR1), and autosomal recessive genes (like KISS1-KISS1R, GNRHR); even oligogenic (caused by more than one gene defect) and sporadic forms have been described (114). Mutations in ANOS1 occur in approximately 4.5% of all CIHH patients (117–122), with an important olfactory and reproductive phenotype. FGFR1 mutations are the most commonly known molecular cause of CIHH that may cause isolated defects in GnRH neuronal proliferation and migration without necessarily affecting olfactory bulbs and function (123, 124). Kisspeptin produced by periventricular and arcuate nuclei, is a pivotal regulator of GnRH neurons. Mutations in Kisspeptin, encoded by the KISS1 gene, or of its receptor encoded by KISS1R and expressed in the surface of the GnRH secreting neurons, are linked with patients with normosmic CIHH (125). Eventually, GnRH receptor (GNRHR) mutations have been shown to be responsible for a significant proportion of normosmic CIHH cases, associated with a broad phenotypic reproductive spectrum, varying from partial to complete GnRH resistance (126–128).

AIHH is related to defects of the hypothalamus or of the pituitary gland, such as trauma, inflammation, infiltrative diseases, and tumors (Table 1) (129). These conditions can manifest both in early and adult life. A certain percentage of AIHH may present with a genetic alteration, that seems to be associated with a mild pattern of pubertal delay, suggesting a possible underlying pre-existing slight impairment of HPG axis (117, 130, 131); moreover, a part of AIHH patients present characteristics of classical CIHH of pre-pubertal onset, including anomalous olfactory bulbs and sulci on MRI (132).





5.2 When to suspect an isolated hypogonadotropic hypogonadism

Clinical pictures can be heterogeneous, ranging from clear manifestations in newborn (such as cryptorchidism and micropenis in males, while in females there are not clear signs) to nuanced manifestations in adults. Moreover, some genetic defects may manifest with alterations in other organs such as olfactory deficit, cleft lip or palate, dental agenesis, ear anomalies, congenital hearing loss, renal agenesis, mirror movements (bimanual synkinesis) or skeletal anomalies. Moreover, acquired conditions can be associated with other symptoms, related to the causing condition (132–134).

Puberty development: puberty is a pivotal phase where suspicions for IHH can arise, in particular for CIHH: there can be no puberty or just the first signs, with a partial development. Girls may have an initial breast development associated with primary amenorrhea (only a few shows a couple of menstrual bleedings) associated with a variable pubarche; boys usually present no (the majority, around ⅔) or only initial testicular development (testicular size > 4 mL, a milestone of male puberty) with no further increase. Eunuchoid proportions (arm spans exceeding by 5 cm the height) are a typical presentation, due to delayed epiphyseal closure (116).

Adult: in adult life, men with IHH can present with signs and symptoms of hypogonadism such as loss of libido, erectile dysfunction, loss of body hair growth, fatigue, reduced bone mass, muscles hypotrophy, low mood. Normal sized genitalia (penis and testicles with a normal or slightly reduced volume), a normal stature and a low-pitched voice should be present, due to the normal pubertal development and androgenization that occurred (112). Women can complain of secondary oligo-amenorrhea up to amenorrhea, flushing, fatigue, loss of libido, reduced bone mass, low mood. In these patients, the presence of hyperandrogenism (such as acne, alopecia, hirsutism, clitoromegaly) should be assessed, to exclude androgen-excess related amenorrhea (135).

When CIHH is suspected, clinicians should investigate the sense of smell in order to find hypo-anosmia (113). On the other hand, if an AIHH is suspected, it is useful to investigate conditions that may impair HPG axis, asking about e.g., headache, visual impairment, breast tenderness and discharge.




5.3 Diagnosis

In this section we are going to focus on the adolescent-adult diagnosis to remain faithful to the aim of this paper. For a more punctual reading about infant diagnosis, we suggest referring to dedicated articles. A proper anamnesis should be collected, in order to evaluate familial pattern of this condition and to collect information about general health status, including potential exposition to endocrine disrupting chemicals (136).

In puberty, a growth delay is challenging to distinguish between IHH and constitutional delay of growth (CDGP) and puberty. After a clinical evaluation, initial assessments should comprehend the evaluation of HPG axis: gonadotropins (LH, FSH) associated with total testosterone (TT), in boys and with estradiol (E2) in girls. IHH is characterised by low gonadotropins and low levels of TT or E2. When the suspicion between IHH and CDGP exists, no gold standard evaluation is recommended to dispel this uncertainty, thus a GnRH stimulation test is the one proposed, but it lacks reliability (137). Adjunctive assessments that may help in the diagnosis are inhibin B and Anti-Müllerian Hormone (AMH). Inhibin B is a glycoprotein produced by Sertoli cells and it correlates with spermatogonia function and status. Its serum levels rise with the onset of puberty and tend to be very low in patients with CIHH (138). The FSH-stimulated inhibin B has shown to correctly differentiate pubertal delay from HH; however further studies are needed to confirm this finding (139). In adults who went through puberty, the assessment of inhibin B may not be reliable to further point out IHH. In fact, these men are supposed to have developed a normal testicular volume (underlying a proper germ cell proliferation) and consequently potentially normal inhibin B levels. Moreover, AMH, a hormone released by Sertoli cells and granulosa cells, could be a useful tool in pre-pubertal boys. In fact, in CIHH boys serum AMH tends to remain elevated for age (due to lack of down regulation mediated by testosterone rising), but lower than expected for the patient’s Tanner stage (due to the lack of FSH feedback that induces an elevation of AMH) (140). In adults, if the clinical picture is consistent with IHH, serum LH, FSH associated with TT, sex-hormone-binding globulin (SHBG), and albumin to evaluate calculated free testosterone (CFT) in men, and associated with E2 in women should be evaluated. CFT is a particularly useful assessment in those conditions that may raise SHBG (e.g., liver dysfunction, obesity, HIV) and in which the evaluation of lone TT may improperly diagnose hypogonadism. Sense of smell assessed by a formal smell test should be addressed to help in the diagnosis (141).

Through an extensive anamnesis, it is important to exclude functional hypogonadism in these men; this is a potentially reversible condition, with a hormonal pattern similar to IHH but with no link with a direct disruption of HPG axis. It is rather related to an impairment of general health condition (diabetes, metabolic syndrome, multiple comorbidities, acute disease, sleep apnoea, HIV, and energy imbalance that can result from a strenuous physical activity e.g., endurance sports) or drug induced (opioids, corticosteroids, androgenic/anabolic androgenic therapies, GnRH analogues, psychotropic treatments) (129, 142). Notably, the abuse of anabolic-androgenic steroids has been growing exponentially among elite and amateur athletes, of both genders (143). The use of aromatizable steroids, the imbalance between testosterone and estradiol serum levels, and their withdrawal after long-term use seem to represent the main reasons for men to incur an anabolic steroid-induced hypogonadism (ASIH) (144), which may not properly recover over time (129).

In women presenting with amenorrhea, pregnancy must be firstly excluded by evaluating serum β-hCG (human chorionic gonadotropin). Then, hormonal levels should be evaluated after a progesterone challenge test (e.g., using a medroxyprogesterone acetate for 10 days and after the withdrawal of the drug check for menstrual bleeding), within a week from the start of the bleeding, in order to proper interpret the assessment and to exclude other conditions that may mime a secondary hypogonadism. If signs of clinical hyperandrogenism are present, it is useful to assess serum androgens (mainly TT) and evaluation of free androgen index (FAI) using SHBG (145), but also 17-hydroxyprogesterone (17-OHP) and dehydroepiandrosterone sulphate (DHEA-s) could be useful to exclude other conditions (such as polycystic ovary syndrome) that may elicit this menstrual pattern. Adjunctive evaluations should exclude hyperprolactinemia, severe hypothyroidism, and the presence of functional amenorrhea (a form of chronic anovulation that is not due to identifiable organic cause and usually related to excessive energy expenditure). A gynaecological evaluation should be performed especially in younger women (135). Adjunctive assessments, such as AMH, are unfortunately not useful to further address the diagnosis, yet. In fact, in females with IHH, AMH can be either low, normal, or high (146).

After assessing HH, a second blood test should be performed to confirm the results. Then, it is appropriate to evaluate the whole anterior pituitary function to exclude other associated abnormalities and to properly diagnose IHH. Eventually, an MRI should be performed to evaluate the hypothalamic-pituitary area, the olfactory bulbs, and to investigate the possible etiologies of AIHH above mentioned. A formal smell test can be ordered to find alterations (113). It is interesting to highlight that even some AIHH patients also show alterations of olfactory bulbs on MRI that are commonly associated with classical CIHH (132).

When the diagnosis has been made, a genetic counselling should be offered accordingly. The current increased use of next generation sequencing (targeted exome) in clinical practice allows the identification of causative genes without necessarily completing an exhaustive search for associated signs (147).




5.4 Therapy and follow-up

Once IHH has been diagnosed, a proper treatment, in accordance with the age of the person, should be offered. During childhood, an early diagnosis can provide better outcomes in terms of puberty development, to best benefit for sexual, bone and metabolic health, and help minimize some of the possible psychological effects (116). In general, in CIHH the proper age to start puberty treatments should be individualised and the aim is to obtain a final endocrine environment with gradual increase of doses to mimic physiological pubertal development (148). In boys there are two main therapeutic approaches: induction of virilization by testosterone injection (which has more efficacy and a more robust body of literature) or transdermal gel (it could be more physiological but scarce data are available) in order to reduce sexual infantilism and psychological distress (low doses if started at about 12 years of age and subsequently titrated or higher doses if started in later adolescence or early adulthood) (148). Another possible approach is the use of pulsatile GnRH or gonadotrophin therapy (hCG ± FSH) resulting in an endogenous increase of serum TT (even intratesticular) that results in improving testicular growth. This approach seems to grant better responses of sperm retrieval, in particular in men with cryptorchidism that have poorer fertility prognosis (116). A growing body of evidence suggests that the combination therapy with recombinant FSH, especially before adding hCG, is significantly more effective than hCG alone both for inducing spermatogenesis and increasing testicular volume (117, 149–151). After pubertal induction, boys can continue these treatments or switch to testosterone replacement therapy, which can be made of mild or long-term intramuscular injections, transdermal gel or patches, tablets, intranasal and subcutaneous implants (Table 3). When men desire fertility, they stop assuming testosterone and can start a treatment with gonadotropins (hCG + FSH) or pulsatile GnRH therapy in order to induce spermatogenesis (113).


Table 3 | Summary of treatment options in male adult affected by Isolated Hypogonadotropic Hypogonadism.



Data about puberty induction in girls with IHH are scanty. An incremental dose, by 11-13 years of age, is recommended over a period of 2–3 years to reach a proper adult dose (148). This slow progression is pivotal to avoid a negative impact on breast development or growth (152). If the diagnosis is made in late adolescence, clinicians may start with higher doses. Bioidentical human estrogens (estradiol/17β-estradiol) are the preferred formulations that can be used orally or transdermally. The metabolic effects of transdermal and oral routes did not show differences in fibrinogen and antithrombin activity, glucose and insulin, liver enzymes activity, lipids concentration, plasma renin, as well as insulin growth factor 1 (IGF-I) levels (153). After at least 2 years of treatment with estradiol for puberty induction, progesterone should be started after breakthrough bleeding, to avoid the risk of endometrial hyperplasia (148). No preferred routes are currently known, and progesterone can be delivered orally, vaginally, transdermally, intranasally or intramuscularly, with a 10-day cycling treatment. After about 3 years of pubertal induction, girls should have reached adult doses of estrogen therapy (transdermal or oral routes are suggested) always associated with a cyclic therapy with progesterone (Table 4). Unlike boys, there is no specific data about the need of gonadotropin therapy during adolescence in girls. However, when the fertility desire comes, the available treatment is the use of exogenous gonadotropins, and clinicians should modulate hCG and FSH resembling the various phases of the menstrual cycle (Table 4). To induce fertility, gonadotropin therapy is effective, but is much more likely to be complicated by multiple pregnancy and ovarian hyperstimulation due to lack of the protective HPG feedback that normally would lead to selection of the dominant follicle (154). Women with secondary hypogonadism seem to have a very narrow gonadotropin therapeutic window between low and excessive response, with a potential high number of responsive follicles (146).


Table 4 | Summary of treatment options in female adult affected by Isolated Hypogonadotropic Hypogonadism.



IHH, in particular CIHH, has been traditionally considered a permanent condition. Patients typically require lifelong treatment and monitoring in order to maintain sexual function, fertility and secondary sexual characteristics, although 5-20% of male patients (3, 149, 155–158) exhibit a spontaneous recovery (permanent or transient) of gonadal function. Moreover, some men seem to sustain reversal of the disease after discontinuation of hormonal therapy (no clear connection with genetic defects or clinical presentations are currently known). Reversal should be suspected if testicular volume increases during testosterone administration or in cases of spontaneous fertility in IHH patients (114). Conversely, there are no cases of documented reversal of IHH in women. It is reasonable to think that, in the case of AIHH, when the subsequent cause has been underlined and treated, hypothalamic-pituitary function may be restored. Progressively lowering hormone replacement therapy until withdrawing it for a certain period, could be a useful approach to evaluate symptoms and signs reported by the patient and to perform hormonal assessment to definitively ascertain HPG recovery.





6 Isolated growth hormone deficiency



6.1 Definition and epidemiology

GHD results from a decrease in GH secretion by the pituitary gland, leading to a reduction of IGF-I. Although GHD usually represents the first pituitary deficit to appear in combination with others, rarely it may present as an isolated deficit (159).

Isolated GHD (IGHD) is widely studied in infants and childhood population as a result of genetic disorders and anatomical abnormalities. In these cases, GHD syndrome, clinically characterized by short length, recurrent hypoglycemia, and severe dwarfism, is easily suspected; in adulthood instead, the lack of pathognomonic signs and the overlap with other clinical conditions, makes the diagnosis more challenging. However, the interest on GHD diagnosis in adulthood has grown during the last decades thanks to the availability of different dynamic tests and positive data of rhGH (recombinant human growth hormone) treatment.

Incidence and prevalence of adult-onset GHD (AO-GHD) are difficult to estimate. Sassolas G et al. in 1999 conducted an epidemiological study to evaluate the frequency of this syndrome in the French population; they analyzed data from 1652 patients with a history of hypothalamic-pituitary damage and they found an incidence of 12 GHD per million of adults and a prevalence of 46 per million (160). Another nation-wide cohort study in Denmark reported an incidence of 1 per 100.000 people yearly and 2 per 100.000 when childhood onset GHD (CO-GHD) were included, with approximately 15-20% of cases being transition of CO-GHD into adulthood (161, 162). Combining both AO-GHD and CO-GHD yields an overall prevalence of 2 to 3 per 10.000 population (163). Specific epidemiological data of isolated GHD, however, are not available.




6.2 Etiopathogenesis

About 15-20% of cases of adult IGHD are transitions of CO-GHD (161). In this context, the most common cause is idiopathic deficit followed by genetic syndromes (Table 5).


Table 5 | Genetic etiologies and their clinical and biochemical phenotype in Isolated Growth Hormone Deficiency (164).



Childhood idiopathic IGHD is a well-recognized form, characterized by growth failure due to the lack of GH action in absence of both organic lesions and genetic mutations (167). Still, the majority of these patients undergo subsequent recovery of the somatotropic axis during transitional age (168, 169), resulting in only a small fraction of them still having GHD in adulthood. The definition of idiopathic GHD in adulthood, therefore, remains controversial: Melmed described it as a rare condition in which rigorous criteria must be applied, excluding all known common organic causes (170).

Conversely, when there are specifically genetic mutations responsible for GHD, patients CO-GHD remain always adult IGHD. A mutation responsible for the condition has been identified in up to 11% of isolated CO-GHD; GH1, GHRH, SOX3 are the most studied genes with four types of genetic forms recognized (IA autosomal recessive, IB autosomal recessive, II autosomal dominant, III X-linked) (159).

As previously pointed out, GH-axis is the most vulnerable axis to pathological insult to the pituitary gland; therefore, GHD can be the first detectable deficit (171, 172).

Apart from known genetic syndromes, identifying IGHD in adults is not easy because the majority of studies does not differentiate between GHD in combination with other pituitary deficits (multiple pituitary hormone deficiency, MPHD) from isolated forms. To our knowledge, only one study focused on the comparison between IGHD and MPHD in adults. In this study, a sub-analysis of KIMS database (Pfizer International Growth Study Database) conducted by Roger Abs et al. (166), no significant difference regarding causes was found, and hypothalamic-pituitary tumors and/or their treatment regimens constitute the most frequent causes for both groups IGHD and MPHD. Despite not being statistically significant, it was observed a higher rate of other sellar tumors (germ cell tumor, hamartoma, chordoma, glioma, meningioma, cyst) in IGHD (166). While macroadenomas are more likely associated with MPHD (165), small pituitary lesions, in particular non-functioning adenomas, may present with only IGHD (42).

Moreover, partial or complete hypopituitarism is often a consequence of pituitary surgery, but unlike other pituitary deficits that may recover over time, the somatotropic axis represents the one with the lowest probability to be reacquired (173).

Bearing in mind the consequences of the treatment of pituitary lesions, radiotherapy plays an important role in the onset of IGHD. As previously pointed out, GH-axis cells seem to be more radiosensitive, with damage tending to be irreversible even at very low doses (174). Specifically, in adults, the risk of GHD is dose and time related and continues to increase during time with a median onset latency of 27 months (175).

While doses of up to 18 Gy result in a rapid onset of IGHD, lower doses (≤ 10 Gy) could cause a late-onset damage, with a cumulative risk that increases with longer follow-up (176, 177), making therefore important investigating previous history of RT in childhood, both for sellar and non sellar tumors (178).

IGHD is also related to TBI (even mild) and SAH with a frequency at 3 months from the event that can be up to the 30% of the cases; anyway, in these situations IGHD is frequently transient, with a complete axis recovery by 12 months (22, 179, 180). An interesting review conducted by Gasco et al. has recently analyzed the literature data on hypopituitarism and GHD related to TBI. The pathophysiological mechanisms involved include neurotransmitter-mediated excitotoxicity, secondary ischemia and inflammatory response. Particularly, long hypophyseal portal vessels represent the only supply to the lateral portion of the gland and to the pars tuberalis, mostly populated by GH, PRL and FSH/LH secreting cells, subjected to a higher risk of damage. GHD is common both in the acute stage of TBI (first two weeks) and in the chronic phase (3 months after TBI) with a severe impact on the rehabilitation post-TBI (181).

A peculiar cause of TBI-induced pituitary dysfunction is represented by sport injuries. It was observed that amateur boxing and kickboxing, as a consequence of chronic and repetitive head trauma, may both cause IGHD (182, 183). Nervous system infections (25, 184, 185) and ischemic stroke (186–188) are other rarely reported causes of GHD. Anyway, these data are derived from broader studies on hypopituitarism and are not specific to IGHD.

Finally, GHD may be the possible consequence of ICPi but data on the isolated form are not available; as a matter of fact, in this clinical context somatotropic axis is surely less studied because potential substitutive therapy would be contraindicated from the oncological point of view (99).




6.3 When to suspect an isolated growth hormone deficiency

Nowadays, GHD is a well-recognized syndrome characterized by increased fat body mass and decreased lean one, osteoporosis and augmented fracture risk, hypertension, abdominal obesity, diabetes mellitus (DM), dyslipidemia and enhanced thrombotic factors with an increased global cardiovascular risk. Reduced vitality, muscle strength and early exhaustion are the most reported symptoms (189). Rogers et Arm (166) showed no statistically significant differences in clinical presentation between IGHD and MPHD, supporting the thesis that GHD alone is responsible for all metabolic aspects. Because of the high frequency of these signs and symptoms in the general population, clinicians are usually not able to clinically suspect IGHD. This aspect explains why GH-stimulation tests are generally performed only in patients with a suggestive clinical context and with a history of possible pituitary damage.

In the presence of documented genetic alteration, re-testing in transition age is unnecessary. In idiopathic CO-GHD, conversely, patients with low-normal (between 0 to -2DS) or low (< -2DS) serum IGF-I levels, re-testing after at least 1 month withdrawal of rhGH is mandatory (159).

Recent guidelines have focused on the need to test for GHD only patients who may actually be treated if the biochemical diagnosis is confirmed (159). The Food and Drug Administration approval of rhGH replacement therapy for adults lists active malignancy as a contraindication, considering the known growth-promoting effects of GH and IGF-I. Several studies demonstrated the safety of rhGH on tumor regrowth or recurrence after surgery in patients with pituitary tumors or craniopharingiomas making IGHD diagnosis still recommended in these cases (190–197).

IGHD should definitely be suspected in patients with previous history of TBI or SAH because of the high frequency of the condition in this setting, and considering the positive effect of therapy on the reduction of post-TBI sequelae and subsequent rehabilitation (181). Indications for testing are: moderate/severe TBI based on GCS score or mild complicated TBI (i.e., those who need hospitalisation, neurosurgical intervention, monitoring in Intensive Care Units or present anatomical changes on computed tomography scan, always on a risk/benefit ratio (181).




6.4 Diagnosis

GH secretion is pulsatile; thus, random GH levels have no diagnostic value in the evaluation of GHD. The measurement of serum IGF-I alone does not allow to properly identify GHD; indeed, many physiological and pathological conditions, such as older age, DM, malnutrition, chronic liver disease and renal failure may lower serum IGF-I levels in adults, making the definition of a threshold challenging. Moreover, it is possible to assess normal IGF-I levels even in patients with GHD diagnosis. For example, an interesting study conducted by Yuen at al (159). has shown that patients with clinically non-functioning microadenomas may have normal serum IGF-I but biochemical evidence of incomplete response to GHRH-arginine test. For all these reasons, in case of strong suspicion of GHD, a stimulation test (ITT test, GHRH+arginine test, glucagon stimulation test, macimorelin stimulation test) is mandatory to confirm the diagnosis.

Furthermore, several studies have demonstrated that IGF-I levels are significantly higher in IGHD than in MPHD patients; similarly, these patients show a tendency for a higher GH response to stimulation tests than people with MPHD (166, 198). Again, a strong negative correlation between baseline IGF-I and the number of additional hormone deficiencies has been reported (199). Therefore, in patients with no other hormonal deficit, some authors suggest performing two tests in order to confirm the IGHD diagnosis (166, 200).

ITT still remains the gold standard. However, because of safety concerns, other tests are more widely performed in clinical practice, such as GHRH+arginine and GST. Furthermore, the identification of GH cut-offs is a widely debated issue because of the variability related to factors such as body mass index (BMI) and age. Diagnostic cut-offs for GHD generally recognized for the various possible tests are summarized in Table 6 (159, 201). As of today, regarding ITT, the diagnostic criteria do not correlate with BMI or age. A first attempt to integrate these data has been performed by Gasco et al, who have identified through ROC curves the best cut-off BMI-related to avoid false positive results (≤ 3.5 μg/L if BMI<25 Kg/m2, ≤ 1.3 μg/L if BMI≥25 Kg/m2) (202).


Table 6 | Growth Hormone Deficiency diagnostic cut-offs with different tests.



The best test and the correct timing to perform it has to be chosen taking into account the clinical history. Regarding this, no specific guidelines are available. Anyway, the evaluation of GH-axis with dynamic tests should be carried out after having properly corrected other concomitant pituitary hormone deficits.

As far as TBI is involved, it is recommended to test somatotropic axis at least six months after post-acute phase (203), even though other Authors proposed to postpone the evaluation until one year after TBI (204). Moreover, ITT is often considered unsafe in these patients because of the possible contraindications (i.e., seizure, cardiac disease). In the same way, in the post-surgery and SAH context, an early evaluation is not recommended because of the possibility of subsequent recovery over time. In patients with a previous history of radiotherapy, considering the possibility of late onset of IGHD and hypopituitarism, a longer follow-up should be scheduled, although no data regarding actual duration are available. Moreover, in previous cranial irradiation GHRH + Arginine is not recommended (190), because of the possibility of coexisting hypothalamic defect (cause of false negative outcomes).




6.5 Treatment and follow-up

GHD therapy is based on the hormone replacement with rhGH. Many commercial products are available and there is no evidence about the superiority of one on another. RhGH therapy has shown to be of benefit for body mass composition, skeletal integrity, lipid profile and muscle performance, although an improvement in overall cardiovascular mortality has not been demonstrated.

RhGH therapy is contraindicated in presence of an active malignancy, severe illness or advanced non-proliferative diabetic retinopathy. Individual patient characteristics should be taken into account when choosing the starting dose: 0.1 to 0.2 mg/day in patients with concurrent DM, obesity or age>60 years, 0.2-0.3 mg/day in 30-60 years, 0.4-0.5 mg/day in age < 30 years. Starting doses may be higher for patients transitioning from pediatric treatment (159). An evaluation every 1-2 months is suggested to properly titrate rhGH dose based on clinical response, side effects and individual consideration. Serum IGF-I levels and subjective perception of symptoms with validated quality of life questionnaires (QoL-AGHDA) (205) are the best markers to monitor the ongoing therapy. When maintenance rhGH doses are achieved, serum IGF-I, fasting glucose, glycosylated hemoglobin, lipidic profile, BMI, waist circumference and waist-to-hip ratio may be assessed at 6 to 12-months intervals and bone mineralization dual x-ray absorptiometry every 24 months (159).

It is important to remember that the initiation of replacement therapy can unmask the presence of other hormonal deficits but, at the same time, that GHD may simply be the first of several hormonal axes deficits to appear. It is therefore necessary to periodically monitor the remaining anterior-pituitary function. In particular, we need to consider that any clinical deterioration not otherwise explained may be related to the onset of other pituitary deficits, like CAI (69). For this reason, Guidelines suggest checking serum fT4 and the HPA axis annually, either by morning cortisol measurement or cosyntropin-stimulation test (159).

A review from Cerbone M. and Dattani M.T. focused on the risk factors for progression from IGHD to MPHD, identifying absent pituitary stalk, ectopic posterior pituitary, abnormal corpus callosum, empty sella, septo-optic dysplasia, longer duration of follow-up and genetic defects as risk factors for progression, with strong evidence (206).

No differences on therapy response were observed between MPHD and IGHD (166).





7 Isolated prolactin deficiency



7.1 Definition and epidemiology

Prolactin (PRL) deficiency is a condition characterized by low or undetectable PRL levels, as a potential consequence of the aforementioned causes of anterior pituitary dysfunction (Table 1). It usually presents in association with other hormonal insufficiencies and in this context, it has been reported as a marker for a more severe degree of hypopituitarism (207). Isolated PRL deficiency (IPRLD), conversely, is an extremely rare condition and up to now only few cases have been reported in literature (208–213). IPRLD is generally considered idiopathic; however, in some cases a potential genetic etiology can be speculated. In fact, in literature familial cases of hypoprolactinemia (e.g., mother and daughter) associated with puerperal alactogenesis are reported (210) and an autosomal recessive inheritance has been hypothesized (212). However, no genetic investigations were performed in the described cases and, to date, a specific gene for IPRLD has never been discovered. Finally, in one patient an autoimmune disorder selectively affecting the lactotroph cells has been outlined (212).

The most frequent cause of IPRLD is iatrogenic. Dopamine agonists (DA) are commonly used in clinical practice to treat PRL-secreting tumors and the chronic administration of these molecules (cabergoline, bromocriptine, quinagolide or pergolide) can sometimes lead to an inhibition of circulating PRL levels (214). In fact, lower PRL levels during DA are associated with long-term recovery in patients with prolactinomas (215). Even aripiprazole, an atypical antipsychotic agent with a partial agonist activity on dopamine receptors (D2), could determine a reduction and suppression of PRL levels when administered at higher doses than 5 mg/day (216).

Moreover, hypoprolactinemia has been described in patients with hemochromatosis (217) and in patients with pseudohypoparathyroidism, a rare genetic disorder characterized by a resistance to parathyroid hormone (PTH) caused by GNAS (guanine nucleotide binding protein, alpha stimulating) mutations. In pseudohypoparathyroidism lactotroph cells has shown a lack of responsivity to PTH, that normally increases plasma PRL in adults (218).




7.2 When to suspect an isolated prolactin deficiency and diagnosis

All reported cases of IPRLD described in literature concerned women, and the condition was revealed by a lactation failure occurring after delivery (puerperal alactogenesis). To date, in men and in non-lactating and non-pregnant women, PRL deficiency has no clinical implications, even if recent data have demonstrated an apparent impaired sexual functioning, reduced wellbeing and increased cardiometabolic risk in patients with iatrogenic IPRLD (219).

In IPRLD women, usually no alteration of menses was reported. However, some women suffered from oligomenorrhea (209, 211) while some others reported a delayed ovulation (209) and a woman reported the necessity to be treated with clomiphene citrate in order to conceive (209). Due to the paucity of data, no cause-and-effect correlation can be determined between these conditions and hypoprolactinemia.

The diagnosis of IPRLD is established in the context of a normal pituitary function with the evidence of low or undetectable PRL levels and failure to increase after administration of TRH or antidopaminergic medications (e.g., metoclopramide or chlorpromazine) (212, 220).




7.3 Therapy and follow up

As of today, it is still not clear how to treat women with hypoprolactinemia and with the consequent inability to breastfeed. Lactation has been shown to be positively affected by human recombinant prolactin (R-hPRL), which is able to increase serum PRL levels and milk volume in PRL-deficient women (221). Nevertheless, no further studies were published after 2011 about this topic, and R-hPRL is not commercially available nor routinely used in clinical practice.

It has been suggested to use a dopamine antagonist (such as domperidone or metoclopramide) in order to increase PRL levels and favour lactation. These drugs, however, are considered off-label and no recommendation regarding their routine use is available yet (222).

In general, given the low impact of this condition on the general health status, there are no further indications about the follow up.





8 Conclusions

As emerged from this review, the knowledge regarding isolated hormonal deficits of anterior pituitary gland is still lacking a full and wide characterization, from an epidemiological, etiological and therapeutical point of view. Although some deficits present a characteristic clinical picture that allows the clinicians to raise a prompt diagnostic suspicion (e.g., ICAI and IHH), other deficits present non-specific signs and symptoms leading to potential underdiagnosed conditions. This can result in a lower detection rate and underestimated incidence and prevalence. Furthermore, little is known about the possible causes of the alterations (e.g., genetic or environmental) that may be responsible for a late onset disease. Eventually, considering that some deficits can be life threatening or at least can lead to a worse quality of life, more awareness is needed to make a diagnosis and to start a proper treatment as early as possible.
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Introduction: In type 2 diabetes mellitus (T2DM), the antidiuretic system participates in the adaptation to osmotic diuresis further increasing urinary osmolality by reducing the electrolyte-free water clearance. Sodium glucose co-transporter type 2 inhibitors (SGLT2i) emphasize this mechanism, promoting persistent glycosuria and natriuresis, but also induce a greater reduction of interstitial fluids than traditional diuretics. The preservation of osmotic homeostasis is the main task of the antidiuretic system and, in turn, intracellular dehydration the main drive to vasopressin (AVP) secretion. Copeptin is a stable fragment of the AVP precursor co-secreted with AVP in an equimolar amount.

Aim: To investigate the copeptin adaptive response to SGLT2i, as well as the induced changes in body fluid distribution in T2DM patients.

Methods: The GliRACo study was a prospective, multicenter, observational research. Twenty-six consecutive adult patients with T2DM were recruited and randomly assigned to empagliflozin or dapagliflozin treatment. Copeptin, plasma renin activity, aldosterone and natriuretic peptides were evaluated at baseline (T0) and then 30 (T30) and 90 days (T90) after SGLT2i starting. Bioelectrical impedance vector analysis (BIVA) and ambulatory blood pressure monitoring were performed at T0 and T90.

Results: Among endocrine biomarkers, only copeptin increased at T30, showing subsequent stability (7.5 pmol/L at T0, 9.8 pmol/L at T30, 9.5 pmol/L at T90; p = 0.001). BIVA recorded an overall tendency to dehydration at T90 with a stable proportion between extra- and intracellular fluid volumes. Twelve patients (46.1%) had a BIVA overhydration pattern at baseline and 7 of them (58.3%) resolved this condition at T90. Total body water content, extra and intracellular fluid changes were significantly affected by the underlying overhydration condition (p < 0.001), while copeptin did not.

Conclusion: In patients with T2DM, SGLT2i promote the release of AVP, thus compensating for persistent osmotic diuresis. This mainly occurs because of a proportional dehydration process between intra and extracellular fluid (i.e., intracellular dehydration rather than extracellular dehydration). The extent of fluid reduction, but not the copeptin response, is affected by the patient’s baseline volume conditions.

Clinical trial registration: Clinicaltrials.gov, identifier NCT03917758.
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arginine-vasopressin, sodium glucose co-transporter type 2 inhibitors, osmotic homeostasis, extracellular fluid, bioelectrical impedance vector analysis, renin-angiotensin-aldosterone system


Introduction

Copeptin, the C-terminal fragment of pre-provasopressin (CT-proAVP), represents a reliable biomarker of the activity of the antidiuretic system, being secreted by magnocellular hypothalamic neurons in equimolar amount with arginine-vasopressin (AVP) in response to osmotic, hemodynamic and stressful stimuli (Christ-Crain, 2019). The main task of AVP is to maintain osmotic homeostasis, promoting the passive reabsorption of water in the renal collecting ducts by activating the V2 receptors (V2R) located on the basal membrane of the principal cells.

It was shown that even in type 2 diabetes mellitus (T2DM) the antidiuretic system participates in the adaptation to osmotic diuresis, further increasing urinary osmolality by reducing the electrolyte-free water (EFW) clearance (Marton et al., 2021); in this context, sodium glucose co-transporter type 2 inhibitors (SGLT2i) appear to emphasize this mechanism, promoting persistent glycosuria and natriuresis.

In recent years, both empagliflozin (EMPA) and dapagliflozin (DAPA) have gained indication in the treatment not only of T2DM, but also of chronic heart failure (HF) with reduced ejection fraction and chronic kidney disease (CKD), thanks to their ability to reduce disease progression and exacerbations, together with overall cardiovascular mortality (Zinman et al., 2015; Wanner et al., 2016; McMurray et al., 2019; Wiviott et al., 2019).

The pathophysiological basis of these favorable effects is not yet fully understood, but one of the hypotheses is that SGLT2i could induce a greater reduction of interstitial fluids (ISF) than traditional diuretics, thus avoiding hypovolemia and acute kidney injury due to intravascular volume depletion (Lambers Heerspink et al., 2013; Hallow et al., 2018).

Indeed, significant losses of isotonic fluid able to reduce the effective circulating volume (ECV) cannot be immediately replaced by the water present in the interstitial space, since these two compartments share the same osmotic pressure. This process, called extracellular dehydration, leads to extensive neurohormonal activation, in turn associated with known harmful effects on the cardiovascular system when persisting for a long time (Cheuvront and Kenefick, 2014).

Conversely, hypotonic or electrolyte-free water losses are responsible for a mainly intracellular dehydration process, associated with a lower activation of the renin-angiotensin-aldosterone system (RAAS) and the sympathetic nervous system, in favor of an isolated osmotic response of the antidiuretic system (Cheuvront and Kenefick, 2014).

The aim of this proof-of-concept study was to investigate the copeptin adaptive response to persistent osmotic diuresis due to SGLT2i administration, as well as the induced changes in body fluid distribution, in T2DM.



Materials and methods


Design, population, observation times, and study setting

The GliRACo study was a prospective, multicenter research involving the Division of Endocrinology, Diabetes and Metabolism of the University Hospital “Città della Salute e della Scienza di Torino” in Turin, and the Division of Endocrinology of the University Hospital “Maggiore della Carità” in Novara. Both Local Ethics Committees of the two University Hospitals approved the study protocol (Turin: protocol n. D026280; Novara: protocol n. CE76/19) and the clinical research was conducted in accordance with the principles of Declaration of Helsinki.

Sixty-eight consecutive patients with T2DM (Figure 1) were evaluated at the Diabetic Outpatient Clinic of each Center for the following inclusion criteria: (1) age ≥18 years; (2) clinical indication for starting SGLT2i treatment, (3) written informed consent. Exclusion criteria were as follow: (1) past medical history positive for any disease able to alter RAAS or the antidiuretic system (i.e., primary aldosteronism, HF, CKD, liver cirrhosis, diabetes insipidus, syndrome of inappropriate antidiuresis–SIAD, adrenal insufficiency, Cushing syndrome); (2) impossibility to suspend any ongoing treatment known to alter copeptin levels or to interfere with the RAAS activity; (3) body mass index (BMI) ≥ 40 Kg/m2; (4) HbA1c ≥ 86 mmol/mol or clinical signs suspected of poor glycaemic control (polyuria, weight loss, visual alteration); (5) any other ongoing antihyperglycemic treatment except for metformin.
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FIGURE 1
Recruitment process flow-chart.


Since recruitment, any antihypertensive treatment potentially interfering with RAAS or antidiuretic system was discontinued (i.e., angiotensin converting enzyme inhibitors–ACEi, angiotensin receptor blockers - ARB, beta-blockers, diuretics) and substituted with alfa-blockers and/or calcium channel blockers. At the same time, all patients were instructed to follow controlled diet with 3–5 g of salt and up to 2 L of water per day.

Twenty days later, patients were randomly assigned to EMPA (10 or 25 mg/die, based on diabetic disease control) or DAPA (10 mg/die) alone or in addition to an ongoing metformin treatment. The day before SGLT2i starting (T0) and then at 30 (T30) and 90 days (T90) of treatment, a comprehensive fasting physical and biochemical evaluation (i.e., copeptin, plasma renin activity–PRA, aldosterone, NT-proBNP and MR-proANP) was performed; moreover, patients were instructed to avoid caffeine or nicotine on the day of study visit. In addition, at T0 and T90, all patients underwent to bioelectrical impedance vector analysis (BIVA) and 24-h ambulatory blood-pressure monitoring (ABPM).



Analytical methods

All the biochemical analysis were performed with automated assays in the same laboratory (Clinical Biochemistry Laboratory, “Città della Salute e della Scienza” University Hospital, Turin, Italy).

As previously reported (Pasero et al., 2020), copeptin and MR-proANP concentrations (pmol/L) were determined by the B.R.A.H.A.M.S. KRYPTOR compact PLUS (Thermo Fisher Scientific, Hennigsdorf, Germany) automated method using the TRACE (Time-Resolved Amplified Cryptate Emission) technique. The detection limit of the assay was 0.9 pmol/L for copeptin and 0.05 pmol/L for MR-proANP; intra and interassay coefficients of variation were, respectively, <7 and <12% for copeptin, <4 and <11% for MR-proANP.

Plasma samples for NT-proBNP determination were processed on Cobas e602 automated platform (Roche Diagnostics) by sandwich immunoassay with two monoclonal antibodies directed against N-terminal portion (1–76) of proBNP molecule (Elecsys proBNP II), using electrochemiluminescence analysis. The limit of detection was 5 pg/mL (0.6 pmol/L), with a 5–35,000 pg/ml (0.6–4,130 pmol/L) dynamic range, as well as intra and interassay coefficients of variation < 5% at three different concentrations (46, 125 and 14, 150 pg/ml).

Serum aldosterone levels were measured by liquid chromatography coupled to mass spectrometry (LC-MS) assays. LC-MS analyses were conducted employing the MassChrom Steroids in serum/plasma kit (Chromsystems Instruments and Chemicals GmbH, Gräfelfing, Germany) on a Nexera X2 LC system (Shimadzu, Tokyo, Japan) coupled to a Triple Quad 4500MD MS (AB Sciex, Toronto, Canada). The lower limit of quantification of the method was 14 pg/ml; the intra and interassay coefficient of variation ranges from 0.9 to 1.9% and from 3.9 to 5.9%, respectively. As previously described (Parasiliti-Caprino et al., 2020), PRA (ng/ml/h) was assessed by RIA RENCTK kit (DiaSorin, Saluggia, Italy). The sensitivity of the assay was 0.20 ng/ml; the intra and interassay coefficient of variation ranges from 5.4 to 9.9% and from 7.7 to 11.5%, respectively. We decided to adopt LC-MS method for aldosterone measurement and RIA for PRA determination, because these methods have been considered the most accurate for the expected hormone range values.

Sodium fractional excretion (FENa), solute-free water (SFW) and EFW clearance have been calculated according to the following formulas: FENa = s-creatinine × u-Na/s-Na × u-creatinine × 100; SFW clearance = 24 h urine volume × [1–(u-Osm/p-Osm)]; EFW clearance = 24 h urine volume × [1–(u-Na + u-K/s-Na)].



BIVA

Body fluid composition was evaluated by an impedance vector analyzer with measurement frequency of 50 kHz ± 1% (BIA101BIVA®, Akern, Loc. Montacchiello, Pisa, Italy). Both bioimpedance parameters (resistance–Rz, and reactance–Xc) were normalized according to the patients’ height (H) and plotted on a Rz/H and Xc/H graph (Biavector, Bodygram Plus® version 1.31). This technique allows a reliable and reproducible assessment of the distribution of body fluids in several clinical settings (Lukaski et al., 2019), Rz reflecting conductivity through ionic solutions, Xc the impedance due to the membrane capacitance of metabolically active cells and, finally, phase angle (PhA) representing a derived parameter, which expresses the ratio between intracellular fluid (ICF) and extracellular fluid (ECF) volumes. Moreover, Biavector allows to compare the variations between repeated measurements on the same subject with the normal sex-specific ellipses of the general healthy population (Piccoli et al., 1995). Reliable thresholds for both overhydration and dehydration conditions have been previously identified at the lower and upper poles of the 75th sex-specific tolerance ellipse, respectively, (Piccoli et al., 1995).



ABPM

Ambulatory blood-pressure monitoring were performed using an automated, non-invasive oscillometric device (TM-2430; Intermed s.r.l., Milan, Italy). Recordings were made every 15′ for the daytime and every 20′ for the night-time. Valid 24-h ABPM had to have recorded >80% of successful measurements. Controlled ambulatory BP was defined according to current guidelines (Williams et al., 2018). Heart rate (HR) variability (HRV) was determined as the standard deviation (SD) of daytime, night-time and 24-h HR. For the assessment of the nocturnal BP profile, we considered reverse dipping when night-time BP was higher than daytime, reduced dipping a night reduction of 0–10%, normal dipping a night reduction of 10–20% and extreme dipping a night reduction >20%.



Statistical methods

Continuous variables were expressed as mean and SD or median and interquartile range (IQR) depending on their distribution; categorical variables were expressed as number and percentage. Normality was assessed using the Shapiro–Wilk test. Between-group comparisons for continuous variables were performed with the Student t-test or the Mann–Whitney U-test; repeated measures ANOVA or the Friedman test were used to identify longitudinal differences over time. Correlation between categorical variables were identified by the Chi-square test or Fisher’s exact test, as appropriate. Multivariable linear regression models with stepwise backward variable selection were adopted to assess the relationship between continuous variables during treatment with SGLT2i. With respect to BIVA, mean vectors from independent groups were compared with the two-sample Hotelling’s T2 test, while mean Biavectors’ displacement between T0 and T90 was evaluated with the paired one-sample Hotelling’s T2 test (Piccoli and Pastori, 2002).

The calculation of the sample size was based on the results reported in a recent study by Lytvyn et al. (2020), conducted in a population of 40 young type 1 diabetic subjects treated with EMPA 25 mg/die for 8 weeks, in which the authors observed a mean increase in copeptin levels equal to 1 pmol/L in normoglycemic state (i.e., 72–108 mg/dL) and 2.3 pmol/L in hyperglycemic condition (i.e., 172–198 mg/dl). Based on these data, in our analysis conducted in a real-life outpatient setting, an expected mean copeptin increase of 1.5 pmol/L in response to SGLT2i treatment was hypothesized. The expected SD was estimated to be equal to 2.2 pmol/L based on the results of the reference study (Lytvyn et al., 2020). A sample size of at least 25 patients was thus needed to obtain a statistical power of 90% (beta error 0.1) with an alpha error of 0.05.

Statistical analysis was performed using MedCalc® version 20 (MedCalc Software Ltd, Ostend, Belgium).




Results


Study population

Among the 68 patients with T2DM evaluated to enter the study, 32 did not meet the inclusion criteria, while 36 were finally enrolled (Figure 1) and randomized to EMPA (10 mg/day in 12 patients and 25 mg/day in other 12) or DAPA (10 mg/day, 12 patients). A complete urinalysis was performed at each scheduled visit to confirm SGLT2i intake based on the presence of marked glucosuria without significant hyperglycemia. Four patients prematurely discontinued SGLT2i treatment due to symptomatic urinary infections, and six additional patients were lost at follow-up because they missed some scheduled visits; the remaining 26 patients (16 males and 10 females; age, mean ± SD, 60.9 ± 11.1 years) completed the study protocol (eight EMPA 10 mg/day, nine EMPA 25 mg/day and nine DAPA 10 mg/day).

Considering only patients who completed the study protocol, 20 were already assuming metformin [median duration of disease 6.5 (IQR 1.7–11) years]; at T0, HbA1c was ≥75 mmol/mol in three patients and fasting glucose levels were >180 mg/dl in five. Fourteen patients were already on antihypertensive treatment (mean duration of disease 9.0 ± 4.5 years), while in seven others a first diagnosis of arterial hypertension was made at T0. Among hypertensive patients, all drugs potentially interfering with the RAAS or the antidiuretic system were stopped at least 20 days before T0 (eight patients stopped ACEi or ARB, three beta-blockers and six thiazides) and an acceptable control of blood pressure levels was achieved using alpha-blockers and/or calcium channel blockers (Table 1).


TABLE 1    Ambulatory blood pressure monitoring (ABPM) data at baseline and at the end of the study.

[image: Table 1]



Anthropometric and metabolic variables

An early reduction in body weight was observed at T30 (82.3 Kg at T0 vs. 81.5 Kg at T0; p = 0.004) with subsequent stability. Fasting glucose, but not HbA1c, resulted significantly lower at T90 (122 mg/dl at T0 vs. 115.5 mg/dl at T90; p = 0.041). Both absolute urinary albumin (14.9 mg/die at T0 vs. 26.7 mg/die at T90; p = 0.032) and urine albumin to creatinine ratio (ACR) on spot urine collection (10.5 μg/mg at T0 vs. 23.6 μg/mg at T90; p = 0.046) increased at T90 (Table 2).


TABLE 2    Changes in anthropometric, metabolic, hydro-electrolyte, and hormonal variables during the study protocol.
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Hydro-electrolyte balance

As expected, during SGLT2i treatment u-Osm showed an early growth (522 mOsm/Kg at T0 vs. 734 mOsm/Kg at T30; p = 0.001), while SFW clearance further decreased (−1.8 L/die at T0 vs. −3.3 L/die at T30; p = 0.0002), with subsequent stability of both. Just transient increases in daily diuresis (2.0 L/die at T0 vs. 2.5 L/die at T30; p = 0.001) as well as in FENa were observed at T30 (0.76% at T0 vs. 0.84% at T30; p = 0.015), not associated to significant modification in absolute u-Na values. EFW clearance showed a slight upward trend at T30 (0.1 L/die at T0 vs. 0.38 L/die at T30; p = 0.044) and serum electrolytes remained stable. Of note, a significant increase in hematocrit (HCT) was recorded at T90 (42.5% at T0 vs. 46.3% at T90; p < 0.0001), without any significant change in p-Osm (Table 2).



Endocrine systems

Copeptin levels increased at T30, showing subsequent stability (7.5 pmol/L at T0, 9.8 pmol/L at T30 and 9.5 pmol/L at T90; p = 0.001). At all observation times p-Osm resulted a significant predictor of copeptin values (coefficient 0.06, standard error (SE) 0.03; p = 0.022), particularly at T30 (coefficient 0.08, SE 0.02; p = 0.0002) (Figure 2). Finally, at T90, copeptin was confirmed a significant predictor of log-normalized albuminuria, even if corrected for creatinine clearance or the presence of leukocyturia (coefficient 0.06, SE 0.02; p = 0.009). All other endocrine biomarkers remained essentially stable, in the absence of relevant clinical or biochemical signs of hypovolemia (Table 2).
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FIGURE 2
Correlation between plasma copeptin (p-copeptin) and plasma osmolality levels (p-Osm) the day before the start of SGLT2i (T0) and then at 30 (T30) and 90 (T90) treatment days (locally weighted scattered-pot smoother (LOESS) with a span of 80%).




ABPM

At T90, ABPM revealed an increase in daytime HRV (10.3 bpm at T0 vs. 11.8 bpm at T90; p = 0.006) together with a slight decrease in mean night HR (71.9 bpm at T0 vs. 69.2 bpm at T90; p = 0.023). Conversely, BP did not change significantly, as reported in Table 1.



BIVA

Bioelectrical impedance vector analysis recorded a tendency to dehydration at T90, estimating a prevailing reduction of the ECF (22.2 L at T0 vs. 21.2 L at T90; p = 0.018), although in the presence of normal and stable PhA (Table 3). Twelve patients (46.1%) had a BIVA overhydration pattern (p < 0.0001, Figure 3) at T0 and 7 of them (58.3%) resolved this condition at T90. At the same time, in overhydrated patients both Xc and Rz increased significantly (p < 0.02), while ECF and total body water (TBW) decreased (p < 0.02). Conversely, in normohydrated diabetic patients, none of these variables changed remarkably. Finally, a significant displacement of the Biavector was confirmed at T90 only in subjects overhydrated at T0 (p < 0.001) (Figure 4). Repeated measures ANOVA confirmed that all volume changes (ECF, TBW, and ICF) were significantly affected by the underlying overhydration condition (p < 0.001), while copeptin levels and daytime HRV did not.


TABLE 3    Measured bioimpedance parameters and estimated body fluid composition at both baseline and end of study in all patients and, particularly, in those who achieved significant resolution of overhydration condition on Biavector.
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FIGURE 3
Mean Biavectors from overhydrated (red ellipse) and normohydrated patients (black ellipse), recorded the day before the start of SGLT2i (T0), compared with the two-sample Hotelling’s T2 test (p < 0.0001).
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FIGURE 4
Mean Biavectors’ displacement, between the day before the start of SGLT2i (T0) and 90 treatment days (T90), from overhydrated (red ellipse, p < 0.001) and normohydrated patients (black ellipse, not significant), compared with the paired one-sample Hotelling’s T2 test.




Drugs

As attended, no significant differences in endocrine and hydro-electrolyte balance variables were detected between the three different arms of treatment. No treatment was significantly associated to over-hydration resolution at T90.




Discussion

Our results confirm an isolated response of the antidiuretic system to the administration of SGLT2i in patients with T2DM. In particular, the increase in copeptin levels seems attributable to a prevalent intracellular dehydration phenomenon, in the absence of evident signs of hypovolemia or a wide neurohormonal activation. Moreover, the dehydration process due to SGLT2i treatment led to remarkable changes in body fluid distribution only in basally overhydrated patients.

SGLT2i represent new euglycemic drugs able to induce sustained glycosuria by the inhibition of glucose reabsorption in the renal proximal tubule. SGLT2i proved to be effective in reducing cardiovascular risk in patients with T2DM beyond glycemic control, even preventing HF exacerbation and CKD progression (Zinman et al., 2015; Wanner et al., 2016; Neal et al., 2017; Wiviott et al., 2019). Moreover, regardless of T2DM, SGLT2i treatment seems able to improve all hydro-retention states such as HF, liver cirrhosis, CKD and even the syndrome of inappropriate antidiuresis (Saffo and Taddei, 2018; McMurray et al., 2019; Refardt et al., 2020; Bioletto et al., 2023). So far, several hypotheses have been formulated to explain at least some of the unexpected pleiotropic effects associated with the administration of SGLT2i, some authors arguing that these drugs can allow effective drainage of interstitial fluid (ISF), thus avoiding hypovolemia and acute kidney injury (Lambers Heerspink et al., 2013; Hallow et al., 2018).

Indeed, consistent losses of body water and electrolytes, as observed during secretory diarrhea or loop diuretics administration, may be responsible for large ECF volume contraction, primarily involving the intravascular volume. In similar conditions of marked extracellular dehydration, the activation of baroreceptors determines a reduction in the tonic inhibition exerted on the release of AVP (Cheuvront and Kenefick, 2014). Furthermore, the baroreceptor reflex itself, together with the strong stimulation of AVP 1a receptors (V1aR) by the hypothalamic nonapeptide, induces the activation of the sympathetic nervous system and the RAAS, aiming to restore the ECV both through arterial vasoconstriction and through the reabsorption of sodium (Na+) and water from the kidney. Unfortunately, a similar persistent neurohormonal activation also leads to harmful cardiovascular effects and cardiac remodeling, at least in part attributable to chronic water retention and the combined profibrotic action exerted by AVP, angiotensin II and aldosterone (Szczepanska-Sadowska et al., 2018).

Conversely, intracellular dehydration occurs during prevailing losses of electrolyte-free water. This condition produces a consequent flow of water from the ICF to the ECF and is detected by both the central and peripheral osmoreceptors, in turn responsible for an isolated stimulus to the release of AVP from the hypothalamus (Cheuvront and Kenefick, 2014).

Copeptin is co-secreted by the neurohypophysis in an equimolar proportion with AVP and in response to the same stimuli, being mainly osmoregulated. Due to low pre-analytical variability and reliable automated testing, copeptin levels are strongly correlated with p-Osm in healthy subjects, even better than AVP itself (Balanescu et al., 2011).

Copeptin levels were found slightly higher in patients with both type 1 and T2DM than in healthy individuals (Roussel et al., 2017; Jensen et al., 2019) and, in this regard, an acceleration in the turnover of body fluids due to glycosuria, as well as a reset of the osmostat have been hypothesized (Marton et al., 2021). Nevertheless, a definitive justification for this endocrine adaptation has not yet been provided (Bankir et al., 2001).

Furthermore, a modest increase in copeptin was previously observed even after a few weeks of treatment with SGLT2i (Heerspink et al., 2019; Lytvyn et al., 2020); thus, further supporting the theory of a compensatory mechanism to limit volume depletion in response to osmotic diuresis, but also of a possible adaptive mechanism alteration of the AVP-renal axis.

In this context, our results show for the first time that copeptin adaptation to SGLT2i in diabetic patients persists for over 3 months and that its levels remain strongly associated with p-Osm even during long-term treatment. Most importantly, BIVA recorded a proportional dehydration process between ECF and ICF; this phenomenon was associated with a condition of basal hyperhydration, in the absence of significant RAAS activation.

These data support the hypothesis of a progressive and coupled reduction of both ECF and ICF, as observed in the process of intracellular dehydration, able to counteract ECF overload without inducing hypovolemia.

Indeed, our results confirm that treatment with SGLT2i in well-controlled diabetic subjects increases u-Osm inducing glycosuria, with only a transient increase in total daily diuresis and natriuresis.

A possible explanation for these findings is the unique mechanism of action of SGLT2i. As known, the natriuretic effect of SGLT2i is exerted by the selective inhibition of Na+ reabsorption in the proximal tubule, with consequent increase of the luminal Na+ content in the distal convoluted tubule and in the collecting duct. Increased luminal Na+ and flow rate result in increased Na+ reabsorption in the aldosterone-sensitive distal nephron via epithelial Na+ channels (ENaC), thereby reducing effective Na+ losses (Szczepanska-Sadowska et al., 2018). Finally, it should be considered that an increase in AVP release would further improve both ENaC and Na+/K+-ATPase activity in the kidney (Nicco et al., 2001; Mordasini et al., 2005).

On the other hand, in physiological conditions (i.e., euglycemic state), serum glucose substantially represents an ineffective osmole, due to its presence both in the extracellular and intracellular compartment (Verbalis, 2003); conversely, in severe hyperglycemic state, glucose significantly increases effective p-Osm by attracting water from the ICF.

The result of the sum of these combined effects is that, in a population of diabetic subjects not severely hyperglycemic, but affected by ECF overload, SGLT2i would favor a progressive loss of substantially hypotonic fluids compared to plasma; thus, determining a prevalent phenomenon of intracellular dehydration (Figure 5).
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FIGURE 5
Schematic summary of the hypothesized response of osmoreceptors to water flow across cell membranes due to persistent osmotic diuresis during treatment with SGLT2i (AVP, arginine-vasopressin; EFW, electrolyte-free water; u-Osm, urine osmolality).


Noteworthy, our results also confirm an evident increase in HCT a few months after treatment with SGLT2i. Although HTC levels are reliable indicators of a prevalent extracellular dehydration phenomenon, several evidence gathered in recent years supports the hypothesis that this new class of drugs directly and indirectly improves erythropoietin production (Marathias et al., 2020; Kanbay et al., 2022).

We also found a significant increase in HRV in our population, accompanied by a reduction in mean nocturnal HR (Table 2), apparently not associated with resolution of fluid overload, as well as copeptin response.

Consistently, a recent Japanese study identified during SGLT2i administration a significant reduction in HR at rest, another well-known indicator of the autonomic nervous system activity (Sano, 2018). Taken together, these observations could suggest a beneficial reduction in sympathetic tone and an improvement in the function of the autonomic nervous system, notoriously impaired in diabetic subjects; although this constitutes a research area yet to be explored (Spallone et al., 2011). Conversely, ABPM did not show significant blood pressure variation during SGLT2i treatment, except for small reduction in diurnal values, of the order of 2–3 mmHg, in agreement with the results of other groups (Baker et al., 2017).

Finally, recent evidence, collected from large observational studies conducted on diabetic patients, has shown a clear association between the values of copeptin and albuminuria (Velho et al., 2013; Roussel et al., 2017). In our population, administration of SGLT2i led to a subclinical increase in both albuminuria and ACR, regardless of any sign of lower urinary tract infection (Table 1). Although there is evidence of a possible adverse effect of elevated circulating AVP levels on the degree of albuminuria, possibly mediated by V2R activation, a clear pathophysiological explanation for this phenomenon has not yet been provided (Bankir et al., 2001; Roussel et al., 2017). Most of all our patients were no longer receiving RAAS inhibitors at least 3 weeks prior to the initiation of SGLT2i and this could represent an explanation for a partially increased glomerular filtration pressure.

No variables among copeptin, HVR, TBW, ECF, and ICF were significantly associated with the arms of treatment in our population. Although the number of subjects required for our study was calculated to find a significant difference in copeptin levels before and after SGLT2i treatment, these data support the hypothesis of a class effect; furthermore, a low dose of EMPA may be sufficient to achieve the same beneficial draining effect of ECF, as hypothesized based on other previous studies (Zinman et al., 2015).

The main strengths of our study are the prospective design, the outpatient population enrolled in real life and the extensive analysis conducted on the endocrine regulation of water and electrolyte balance. On the other hand, the absence of a control group and the small sample size certainly represent the main limitations of this research. Furthermore, there is a complex relationship between AVP and glucose metabolism, as V1aR activation induces both glycogenolysis and gluconeogenesis in the liver (Whitton et al., 1978; Keppens and de Wulf, 1979) and diabetic patients also exhibit an apparent enhanced AVP response to various stimuli (Bankir et al., 2001). In addition, previous studies have shown that AVP increases the release of insulin and glucagon by acting directly on pancreatic beta and alpha cells, in a glucose-dependent manner (Abu-Basha et al., 2002); whereas insulin may be able to reduce urinary Na+ excretion, due to its ability to promote the adenylate cyclase system in the thick ascending limb of the nephron (Mandon et al., 1993).

Also for this reason we enrolled patients in good glycemic control to evaluate the copeptin response to SGLT2i; on the other hand this implies that our results are not applicable to a poorly controlled diabetic patient population.



Conclusion

In patients with T2DM, SGLT2i induces the release of AVP, thus compensating for persistent osmotic diuresis. This mainly occurs because of a proportional dehydration process between ECF and ICF (i.e., intracellular dehydration rather than extracellular dehydration). The extent of fluid reduction, but not the copeptin response, is affected by the patient’s baseline volume conditions. In view of the known association between T2DM, essential arterial hypertension and volume overload, even in the absence of HF, our results offer some new insight into the pleiotropic benefits derived from SGLT2i treatment in patients with T2DM.
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Introduction

Estrogenic endocrine disrupting chemicals (EDCs) such as diethylstilbestrol (DES) are known to alter the timing of puberty onset and reproductive function in females. Accumulating evidence suggests that steroid synthesis inhibitors such as ketoconazole (KTZ) or phthalates may also affect female reproductive health, however their mode of action is poorly understood. Because hypothalamic activity is very sensitive to sex steroids, we aimed at determining whether and how EDCs with different mode of action can alter the hypothalamic transcriptome and GnRH release in female rats.





Design

Female rats were exposed to KTZ or DES during perinatal (DES 3-6-12μg/kg.d; KTZ 3-6-12mg/kg.d), pubertal or adult periods (DES 3-12-48μg/kg.d; KTZ 3-12-48mg/kg.d).





Results

Ex vivo study of GnRH pulsatility revealed that perinatal exposure to the highest doses of KTZ and DES delayed maturation of GnRH secretion before puberty, whereas pubertal or adult exposure had no effect on GnRH pulsatility. Hypothalamic transcriptome, studied by RNAsequencing in the preoptic area and in the mediobasal hypothalamus, was found to be very sensitive to perinatal exposure to all doses of KTZ before puberty with effects persisting until adulthood. Bioinformatic analysis with Ingenuity Pathway Analysis predicted “Creb signaling in Neurons” and “IGF-1 signaling” among the most downregulated pathways by all doses of KTZ and DES before puberty, and “PPARg” as a common upstream regulator driving gene expression changes. Deeper screening ofRNAseq datasets indicated that a high number of genes regulating the activity of the extrinsic GnRH pulse generator were consistently affected by all the doses of DES and KTZ before puberty. Several, including MKRN3, DNMT3 or Cbx7, showed similar alterations in expression at adulthood.





Conclusion

nRH secretion and the hypothalamic transcriptome are highly sensitive to perinatal exposure to both DES and KTZ. The identified pathways should be exploredfurther to identify biomarkers for future testing strategies for EDC identification and when enhancing the current standard information requirements in regulation.





Keywords: endocrine disrupting chemicals (EDCs), hypothalamus, puberty, transcriptome, reproduction




1 Introduction

Age distribution of pubertal signs in humans has been changing over the last decades. It is characterized by an extended distribution towards earliness for initial pubertal stages and towards lateness for final pubertal stages (1). This phenomenon is concomitant with an increased incidence rate in reproductive disorders (1, 2). Such rapid trends suggest that environmental factors play a causal role. Indeed, the programming of pubertal maturation and fertility is finely tuned by sex steroids and highly sensitive to environmental factors (3, 4). A growing body of evidence points towards an association between exposure to endocrine disrupting chemicals (EDCs) and recent changes in pubertal timing or reproductive health (5). While initial studies reported an impact of such environmental factors on male fertility (6), epidemiological data, together with animal models, now indicate that female reproductive health is also sensitive to environmental chemicals (7–10). Epidemiological studies reported associations between prenatal or childhood exposure to estrogenic EDCs such as dichlorodiphenyltrichloroethane (DDT) or bisphenol A with early or late puberty in girls (11–13). Impaired fecundity or premature menopause have also been reported after exposure to diethylstilbestrol (DES) (14, 15), PCOS after exposure to bisphenol A (16), and premature ovarian failure after exposure to perfluoroalkyl chemicals (17). Following such observations, initial animal studies focused on modeling effects of developmental and adult exposure to estrogenic EDCs on pubertal development, ovulation, and fertility. Estrogenic EDCs such as DES, bisphenol A and dichlorodiphenyltrichloroethane have been shown to alter the timing of vaginal opening or first estrus (18–22); reviewed in (1) and disrupt the preovulatory luteinizing hormone (LH) surge, ovarian follicle maturation and fertility in rodents (23–25). In addition, steroid synthesis inhibitors such as phthalates and the fungicide ketoconazole (KTZ) which are known to alter male reproductive function (26–28), have been recently described to impair female reproductive health (29, 30).

We recently showed that perinatal exposure to KTZ and DES delays vaginal opening in female rats without affecting bodyweight (21). This opened up the question of possible effects on central regulation of puberty onset. In the present study, we investigate the brain from the same animal litters to explore hypothalamic mechanisms potentially involved in the disruption of puberty. The reproductive organs have long been considered the major target of EDCs, but brain structures such as the hypothalamus, also appear to be highly sensitive to EDCs (31). GnRH neurons regulate all aspects of reproduction through their pattern of release. The secretory activity of GnRH neurons depends on trans-synaptic and glial inputs mediated by neurotransmitters and cell-cell signaling molecules produced in the preoptic area (POA) and the mediobasal hypothalamus (MBH) (32). New methods have provided more information regarding the transcriptional regulation of the hypothalamic network coordinating reproduction (33–35). This tightly organized network controlling GnRH secretion throughout development appears to be exquisitely sensitive to EDCs (10, 36).

KTZ is a first-generation antifungal imidazole known to disrupt steroid hormone synthesis by inhibiting various cytochrome P450 (CYP) enzymes (37–39). Recent data showed that KTZ, at low concentration (0.041-1.2 μM) induced an inhibition of CYP17A1 as it led to an accumulation of progestagens and corticosteroids and a decrease in androgens and estrogens. At higher concentrations, KTZ suppressed all steroids synthesis (40). DES is a synthetic estrogen (41–43). Its effects appear to be mediated by ERα as mice deficient in ERα (ERαKO) do not develop genital anomalies observed in wild-type mice after DES exposure (44–47). DES activate MAP kinase and PI3K pathways and induce ERK phosphorylation (48, 49).

Although deleterious effects of EDCs on reproductive function are now well recognized, current regulations are still insufficient for identifying windows of sensitivity and effects on female reproductive health (50). Better test methods to identify EDCs are necessary and require a better understanding of modes of action as well as the identification of biomarkers. To address this issue, this study aimed to determine the influence of two EDCs with different modes of action on the hypothalamic transcriptome governing GnRH release.




2 Methods



2.1 Chemicals

Ketoconazole (KTZ - CAS no. 65,277-42-1, purity 98%) was purchased from BOC Sciences Inc. (USA), and diethylstilbestrol (DES- CAS no. 56-53-1, purity ≥ 99%) from Sigma/Aldrich (cat.no. D4628). To use as control and vehicle, corn oil was purchased from Sigma/Aldrich (cat.no. C8267).




2.2 Animals and experimental design

Housing and exposure of the rats were performed in the National Food Institute facilities, Technical University of Denmark (Lyngby, Denmark). Ethical approval was obtained from the Danish Animal Experiments Inspectorate under the authorization number 2015-15-0201-00553. The National Food Institutes In-house Animal Welfare Committee for animal care and use oversaw the experiments. The animals were housed in High Temperature Polysulfone (PSU) cages with Tapvei wooden shelters. The cages were placed in ScanTainers (Ventilated Cabinets from Scanbur) with controlled environmental conditions: 12 h light (21.00 - 9.00 h): 12 h dark (9.00–21.00 h) cycle, humidity 55% ± 5, temperature 22°C ± 1°C and ventilation changing air 50–60 times per hour. Animals were fed Altromin 1314 (soy and alfalfa free) and tap water (BPA free bottles 84- ACBT0702SU; Polysulfone 700 mL w/ring square) ad libitum. As illustrated in Figure 1, three different exposure scenarios were used: perinatal, pubertal, and adult. For perinatal exposure (21), time-mated nulliparous Sprague-Dawley rats (CD IGS Rat, Crl : CD(SD), Charles River Laboratories, Sandhofer Weg 7, Sulzfeld, Germany) were supplied on gestation day (GD) 3. The day when a vaginal plug was detected was designated GD 1. On GD 4, animals were pseudo-randomly distributed into seven groups with similar body weight distributions. Dams were exposed by oral gavage with either chemical or vehicle once daily from GD 7 until birth and from the day after birth until postnatal (PND) 22. Doses for DES were 0; 3; 6; 12 µg/kg bw/day and doses for KTZ were 0; 3; 6; 12 mg/kg bw/day. For pubertal and adult exposure, females were exposed by oral gavage with either chemical or vehicle once daily from PND 23 to 49-52 or from PND 63 to 91-94, respectively. The exact day of study termination differed in a four-day interval to enable dissection in the di-estrous stage. The doses for DES were 0; 3; 12; 48 µg/kg bw/day and the doses for KTZ were 0; 3; 12; 48 mg/kg bw/day.




Figure 1 | Exposure protocol. Rats were exposed to vehicle or diethylstilbestrol (DES) or ketoconazole (KTZ) during the perinatal period (gestation day (GD) 7 to postnatal day (PD) 22), pubertal period (PD22 to PD50) or adulthood (PD63 to PD90). Arrows indicate the age at which GnRH secretion and hypothalamic mRNA studies were conducted. GnRH IPI, GnRH interpulse interval; mRNA Exp, mRNA expression.






2.3 Hypothalamic explant incubation and GnRH assay

In order to assess the effect of DES or KTZ exposure on GnRH frequency, GnRH interpulse interval was measured using a hypothalamic explant incubation system followed by a GnRH radioimmunoassay, as described previously (51, 52). For the perinatally exposed animals, hypothalamic explant incubation was conducted for low and high dose groups of both DES and KTZ on PND 22, 42 and 90. For animals exposed during pubertal and adult periods all doses of DES and KTZ were included and hypothalamic explant incubation conducted on PND 50 and 90 respectively. Briefly, after decapitation, brains were collected to dissect the hypothalamus. Hypothalamic explants were transferred into an individual chamber, in a static incubator, submerged in MEM. The ex vivo explants incubation chamber contained a water-saturated atmosphere of O2 at 37.5°C. Incubation medium was then collected and renewed every 7.5 min for a period of 4 hours. The GnRH released into the incubation medium was measured in duplicate using a radioimmunoassay method as described previously (53). In short, samples were preincubated with CR11-B81 (AB_2687904) rabbit anti-GnRH antiserum (initial dilution 1:20,000) (provided by Dr.V.D.Ramirez, Urbana, Illinois) during 24h at 4°C. GnRH labeled with 125I (30,000 CPM) and rabbit serum (dilution 1:100) were added for 24h at 4°C. Finally, precipitation was induced by a solution of sheep anti-rabbit antiserum (dilution 1:200; CER Groupe), polyethylene glycol (60g=L), tween, and cellulose. Radioactivity was counted on a gamma-counter (Wallac CliniGamma). The intra-assay and inter-assay coefficients of variation were 7% and 10% and the limit of detection was 5pg/100 µl.




2.4 Hypothalamic mRNA extraction

Expression of hypothalamic genes in females was analyzed by RNA-seq after perinatal exposure (at PND22, PND42 and PND90) and by real-time RT-PCR after pubertal and adult exposures. After decapitation, the pre-optic area (POA) and the mediobasal hypothalamus (MBH) were rapidly dissected and frozen. The brain was placed ventral side up. The dissection began by two sagittal incisions along the lateral hypothalamic sulci. Two transversal incisions were made 2 mm ahead from the anterior boundaries of the optic chiasm and along the caudal margin of the mammillary bodies. Finally, a frontal incision was made under the ventral surface of the hypothalamus. Total RNA was extracted from the MBH and POA using Universal RNA mini kit (Qiagen,Venlo, Netherlands) following the manufacturer’s instructions.




2.5 RNA sequencing

RNA-seq analysis was carried out on total RNA extracted from MBH and POA of female rats at PND22, PND42 and PND90 after perinatal exposure to vehicle, DES (3; 6; 12 µg/kg bw/day) or KTZ (3; 6; 12 mg/kg bw/day) (n = 5/each group; 210 samples in total). Library preparation and sequencing were performed at the GIGA Genomics facility (University of Liège, Belgium). RNA integrity was verified on the Agilent Bioanalyser with RNA 6000 Nano chips, RIN scores were > 7.5 for all samples. Illumina Truseq stranded mRNA Sample Preparation kit was used to prepare libraries from 1 microgram of total RNA. Libraries were quantified by qPCR with the KAPA Library Quantification Kits for Illumina® platforms. Sequencing was performed on Illumina® NovaSeq™6000 Sequencing System. The average read-depth of the data is ~25-30M reads. The data were processed through the nf-core “rnaseq” pipeline version 1.4.2 (https://nf-co.re/rnaseq/1.4.2). The quality control of the samples was assessed with FastQC software v0.11.8 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were aligned on the Rattus Norvegicus genome, using Rnor_6.0 genome build and annotations from the Ensembl release v102 (ensembl.org) using STAR software v2.6.1d (https://github.com/alexdobin/STAR). Gene expression was determined using featureCounts v1.6.4. QCs of mapping and quantification were assessed with ~80-85% of mapping rate and ~65-70% of assignation rate. Raw data were deposited on the GEO repository under accession number GSE225359.




2.6 RNA-seq data analysis

The count matrix was imported in R environment and analyzed using the DESeq2 package (54). Differentially Gene Expression Analyses were performed by pairwise comparisons using classical DESeq2 methods, and differentially expressed genes were selected using an adjusted p-value (FDR) lower than 0.05 and no threshold on the log2 Fold Change (Log2FC). Samples were clustered using Principal Component Analysis while we used Venn Diagram (using ggVennDiagram) to cross results from the different groups.




2.7 Ingenuity pathway analysis

Datasets generated by the RNA-seq analysis, including log2-fold change and adjusted p-value, were imported into the Ingenuity Pathway Analysis Tool (v01-20-04 version). In IPA, differentially expressed genes (DEG) are mapped to genetic networks available in the Ingenuity database and then ranked by score. The score is generated based on hypergeometric distribution, where the negative logarithm of the significance level is obtained by Fisher’s exact test at the right tail (55, 56). The Z-score >2 was defined as the threshold of significant activation, whilst Z-score <−2 was defined as the threshold of significant inhibition. The Comparison Analysis tool of IPA was used to study canonical pathways and upstream regulators among the different doses of KTZ and DES. The threshold for significance for the heat map of canonical pathways was a Z-score >2. The heatmap were then filtered for “Neurotransmitters & other nervous system signaling”, “Hormone biosynthesis”, “Nuclear receptor signaling” and “Growth factor signaling” representing around 100 canonical pathways.




2.8 RT-qPCR

Reverse transcription of 500 nanograms of RNA for each sample (n= 6/group) was performed using the Transcriptor first strand cDNA synthesis kit (Roche, Germany). For real-time semi quantitative RT.PCR reactions (RT-qPCR), FastStart Universal SYBR Green Master (Rox) (Roche, Germany) and a LightCycler 480 system (Roche, Germany) were used. Four microliters of cDNA (previously 10-fold diluted) were added to a mix of 5 μl of SYBR green, 0.3 μl of both forward and reverse primers and 0.4 μl of nuclease-free water. Cycle threshold (Ct) values were obtained from each individual amplification curve and the average Ct was calculated for each target gene in each sample. Quantification of relative gene expression was performed according to the 2−ΔΔCt method, which takes into account reaction efficiency depending on primers (57). All assays had amplification efficiencies between 1.9 and 2.1. β-actin was used as normalizing gene. The primer sequences and information are provided in Supplemental Table 1.




2.9 Statistics

For the analyses of GnRH interval interpulse and the RT-qPCR, numerical values were expressed as mean ± SEM. As the data followed a normal distribution, a one-way ANOVA followed by a Newman-Keuls multiple test were performed. For the analysis of the RNAsequencing analysis, the DEGs were identified by adjusted p-value >0.05.





3 Results



3.1 Perinatal exposure to KTZ or DES slows down maturation of GnRH pulsatile secretion

We previously showed that perinatal exposure to DES or KTZ delays vaginal opening in female rats without affecting bodyweight (21). Because puberty results from the activation of GnRH secretion, this opened up the question of a potential delayed activation of GnRH secretion caused by exposure to DES and KTZ. Pulsatile GnRH secretion from individually incubated hypothalamic explants displays a developmental acceleration between day 5 and day 25, before the onset of puberty (58). Consistently, exposures to EDCs that advance or delay pubertal onset are associated with an acceleration or retardation of GnRH release, respectively (9, 19, 20), indicating the sensitivity of such an assay. We aimed to study the effect of perinatal exposure to KTZ or DES on GnRH secretion on PND22. GnRH interpulse interval (GnRH IPI) was significantly increased by exposure to EDCs (F4,18 = 4.727; p=0.0088). Post hoc analyses indicated that the exposures to 12 µg/kg/d of DES and 12 mg/kg/d of KTZ significantly increased GnRH interpulse interval at 22 days of age compared to the Control group (p = 0.02 and p = 0.02 respectively; Figure 2A), indicating a delay of the maturation of GnRH secretion. This was consistent with the significant delay in vaginal opening reported in the same animals for all doses of DES or KTZ at 6 mg/kg/d (21).




Figure 2 | Effects of perinatal exposure to KTZ and DES on pulsatile GnRH secretion from hypothalamic explants in vitro. (A) GnRH interpulse interval ex vivo using hypothalamic explants obtained on PND 22 from female rats perinataly exposed to vehicle (control), DES (3 or 12 µg/kg bw/day) or ketoconazole (3 or 12 mg/kg bw/day). (B) and (C) GnRH interpulse interval ex vivo using hypothalamic explants after perinatal exposure to vehicle, DES or KTZ and obtained on PND 42 and PND 90 respectively. Data are mean (n=4-6) +/- SEM; *p < 0.05 versus control at the same age. The dotted line indicates the mean interpulse interval for the control group.



To determine whether the effects of DES and KTZ persisted later in life, we studied GnRH pulsatile release after puberty: at PND42 and during adulthood (diestrus stage) at PND90. ANOVA analysis of GnRH interpulse interval at PND 42 showed a significant effect of exposure (F4,16 = 3.312; p=0.0371). Post hoc analyses revealed that only the lowest dose of DES (3 µg/kg/d) significantly increased GnRH interpulse interval on PND 42 (p = 0.0301; Figure 2B). Alterations of GnRH release caused by exposure to DES or KTZ before puberty did not persist on PND90 (Figure 2B, C).




3.2 Pubertal or adult exposure to KTZ or DES did not affect GnRH pulsatile secretion

We also aimed at determining whether there was a sensitive exposure window for DES and KTZ effects on GnRH secretion. GnRH pulsatile release was studied immediately after pubertal or adult (diestrus stage) exposure to DES and KTZ. The ANOVA tests did not indicate any significant disruption of GnRH pulsatility after pubertal (F6.27 = 0.347; p=0.905) or adult exposure (F6.28 = 1.109; p=0.382) (Supplemental Figure 1).




3.3 Perinatal exposure to KTZ or DES disrupts the hypothalamic transcriptome

Because gestational and lactational exposure to DES and KTZ delayed vaginal opening and maturation of GnRH secretion, we hypothesized that the transcriptional activity of the glial and neuronal network governing GnRH secretion, in the mediobasal hypothalamus (MBH) and in preoptic area (POA), would be sensitive to perinatal exposure to KTZ or DES. To explore this hypothesis, RNA-seq was performed on MBH or POA total RNA obtained from females at different developmental time points (PND 22, 42 and 90) after perinatal exposure to the three doses of KTZ or DES (5 biological replicates per group).

In the MBH, the principal component analysis (PCA plot, Figure 3) indicated that the transcriptional profiles of control and EDC exposed samples were readily distinguishable at specific ages. At PND22, the three doses of KTZ or DES were clearly separated from the control group. The first two components explained 68% of total point variance for KTZ (Figure 3A) and 58% of total variability for DES (Figure 3C). At PND42, there were no clear clustering between EDC samples and control. At PND90, the three groups exposed to KTZ, or the highest dose of DES were clearly separated from the controls (Figure 3A, C).




Figure 3 | Effects of perinatal exposure to KTZ or DES on the mediobasal hypothalamus transcriptome. (A, C) Principal activity component (PCA) plot showing the dispersion of the transcriptome of MBH samples on PND 22, 42 or 90 after perinatal exposure to vehicle (control) or DES (D3: 3; D6: 6; or D12: 12 µg/kg bw/day) or KTZ (K3: 3; K6: 6; or K12: 12 mg/kg bw/day). Panels (B, D): Venn diagrams representing the number of differentially expressed transcripts based on an adjusted p-value of 0.05 for all 3 doses of KTZ (B) or DES (D) compared to controls. N=5 samples/group.



We conducted differential expression analysis with an adjusted p-value threshold of 0.05 on each set of raw expression measures. The MBH appeared to be very sensitive to perinatal exposure to DES or KTZ before puberty as the mRNA expression of 1896 hypothalamic genes was significantly affected by all three doses of KTZ (Figure 3B); and 1084 genes by all three doses of DES (Figure 3D) on PND22. On PND 42, 48 genes were affected by all 3 doses of KTZ and 100 genes by the 3 doses of DES. On PND90, 2433 genes are affected by the three doses of KTZ while only the highest dose of DES altered a high number of genes (2496). The list of DEG was deposited on the Figshare repository under accession link: https://figshare.com/s/778fbb8f785c97d5d9ee.

RNA-seq of the preoptic area (POA) indicated a milder effect of perinatal exposure to KTZ or DES on the transcriptome compared to MBH. The principal component analysis (PCA plot, Figure 4C) revealed no distinction between the control and the DES clusters leading to an absence of genes affected by all three doses of DES. After KTZ exposure, 593 genes were commonly affected by the three doses at PN22 but only 18 at PND42 (Figure 4B). At PND 90, 13 genes were affected by all 3 doses of KTZ but the intermediate and the high doses shared 3284 affected genes (Figure 4B).




Figure 4 | Effects of perinatal exposure to KTZ or DES on the Preoptic area (POA) transcriptome. (A, C) Principal activity component (PCA) plot showing the dispersion of the transcriptome of POA samples on PND 22, 42 or 90 after perinatal exposure to vehicle (control) or DES (D3: 3; D6: 6; or D12: 12 µg/kg bw/day) or KTZ (K3: 3; K6: 6; or K12: 12 mg/kg bw/day). Panels (B, D): Venn diagrams representing the number of differentially expressed transcripts based on an adjusted p-value of 0.05 for all 3 doses of KTZ (B) or DES (D) compared to controls. N=5 samples/group.






3.4 Perinatal exposure to KTZ or DES affects common hypothalamic pathways in the MBH before puberty

To investigate possible biological interactions of differentially regulated genes in the MBH at PN22, RNA-seq datasets were imported into the Ingenuity Pathway Analysis Tool. Ingenuity Pathway Analysis (IPA) was used to predict enriched canonical pathways and their activation or inhibition. Heatmaps comparing the most enriched canonical pathways for the 3 doses of KTZ or DES were generated by ranking pathways according to the Z-score and by applying thresholds and filters as described in the material and methods. A Z-score >2 was defined as the threshold for significant activation, whilst Z-score <−2 was defined as the threshold for significant inhibition (55, 56). The heatmaps comparing the 20 most enriched canonical pathways for the 3 doses of KTZ and the three doses of DES are shown in Figure 5. Several important canonical pathways were shared among the three doses of each EDC. “Estrogen biosynthesis”, “Creb signaling in Neurons”, “IGF-1 signaling” and “Oxytocin in brain signaling” are critical pathways for reproductive function. The prediction of their activation or inhibition were also similar between the doses of each EDC and between both EDCs. As illustrated by the heatmaps (Figure 5B) representing the Log2-fold change of the 10 most up- or downregulated genes for these 4 selected pathways, it appears that the consequences of KTZ and DES exposure led to similar transcriptional effects. For instance, the oxytocin transcript (Oxt) was upregulated by the 3 doses of KTZ but also by the three doses of DES. The subcellular representations of these 4 pathways are provided in Supplemental Figures 2–5.




Figure 5 | Enriched pathways differentially expressed in the MBH of PND22 females after perinatal exposure to KTZ or DES compared to controls. (A) Heatmaps comparing the most enriched canonical pathways for the 3 doses of KTZ or DES were generated by ranking pathways according to the Z-score and applying threshold and filters as described in the material and methods section. The z-score predicts whether a canonical pathway or diseases and biological functions are increased (positive z-score, orange) or decreased (negative z-score, blue) in accordance with the experimental dataset. Darker colors indicate higher absolute z-scores. (B) Heatmaps representing the Log2FC of the 10 most affected up- or downregulated genes for 4 selected pathways. Red or green colors indicate a significant change in expression (adjusted p-value < 0.05). Grey indicates non-significant changes.



The heatmaps comparing the 20 most enriched canonical pathways after exposure to the 3 doses of KTZ in the POA at PND22 (Supplemental Figure 6), also revealed critical pathways for reproductive function such as “Creb signaling pathway” and “oxytocin in brain signaling” that are predicted to be downregulated. The two pathways that are predicted to be activated in the POA involve PPAR signaling. Notably, the Log2FC of the differentially expressed genes (DEG) in the POA are smaller than DEG changes observed in the MBH.




3.5 PPAR, a common upstream target of KTZ and DES

Using IPA upstream regulator analysis to identify potential upstream signals that may be driving changes in gene expression in the MBH, “PPARγ” was identified for all doses of KTZ and DES when compared with controls, with a z-score > 2.

Figure 6 provides a heatmap identifying the top 15 up- and downregulated genes regulated by PPARγ in the MBH after exposure to the 3 doses of KTZ or DES. The comprehensive gene list is provided in Supplementary Table 2. As an illustration, the subcellular localization of the DEG products after KTZ 3mg/kg.d exposure in the MBH at PND22 is shown in Figure 6B. This figure represents the direct interactions between the upstream regulator (PPARγ) and the downstream top upregulated (labelled in red) or downregulated (labelled in green) genes. The upregulation of 10 and the downregulation of 5 of those genes are consistent with PPARγ activation (orange and blue arrows respectively). Two upregulated genes and 5 downregulated genes are inconsistent with PPARγ activation.




Figure 6 | Ingenuity Pathway Analysis (IPA) identified PPARγ as upstream regulators. (A) The heatmap provides the top 15 up- and downregulated genes regulated by PPARγ in the MBH after exposure to the 3 doses of KTZ or DES. (B) The subcellular localization of the DEG products after KTZ 3 mg/kg bw/day exposure in the MBH at PND22, represents the direct interactions between the upstream regulator (PPARγ) and the downstream upregulated (labelled in red) or downregulated (labelled in green) genes. The upregulation of 10 and the downregulation of 5 of those genes are consistent with PPARγ activation (orange and blue arrows respectively). Two upregulated genes and 5 downregulated genes are inconsistent with PPARγ activation.



The IPA tool, Tox Lists, helps to link experimental data to toxicological responses by providing sets of molecules that are known to be involved in a particular type of toxicity. In the Ingenuity Tox lists, “PPARα/RXRα activation” is systematically found among the most significant pathways for each EDC dose compared to control (KTZ 3_p-value =2.29x107; KTZ 6_p-value =5.88x103, KTZ 12_p-value =2.43x102; DES 3_p-value =4.89 x102; DES 6_p-value =2.45 x102; DES 12_p-value =5.88 x103) with an overlap of 15 to 48% between the genes of this pathway and the DEG of each EDC dose. This toxicological activation is systematically found in the 4 canonical pathways, affected in the same direction by three doses of each EDC in the MBH on PD22 (“Estrogen biosynthesis”, “Creb signaling in Neurons”, “IGF-1 signaling” and “Oxytocin in brain signaling”) (Supplemental Figures 2 to 5).




3.6 Perinatal exposure to KTZ or DES affects mRNA expression of genes critical for puberty onset

As we previously shown, perinatal exposure to the three doses of DES and the intermediate dose of KTZ led to a significant delay in vaginal opening without affecting bodyweight (21). This observation is consistent with the delayed maturation of GnRH secretion induced by exposure to the two highest doses of KTZ and DES (Figure 2). We screened the PND 22 MBH RNA-seq data set for all genes known to be associated with hypogonadotropic hypogonadism or familial self-limited delayed puberty (59, 60) in order to identify potential target genes involved in delayed puberty caused by KTZ or DES. Table 1 indicates the level of expression of genes known to be mutated in pathological conditions leading to a delay of puberty and significantly affected by at least 2 doses of KTZ on PND22 in the MBH. The comprehensive gene list is provided in Supplemental Table 3. Among them, Igsf10, for which loss-of-function mutations lead to delayed puberty, is downregulated by all doses of DES and KTZ at PND22 (61).


Table 1 | Genes known to be mutated in pathological conditions leading to a delay of puberty and significantly affected by at least 2 doses of KTZ at PND22 in the MBH.



In addition, we screened the RNA-seq data set for genes known to regulate GnRH neuron activity directly or indirectly and compared their level of expression after perinatal exposure to the three doses of KTZ and DES in the MBH at PND22 (Table 2). The data indicates that a high number of genes involved in the transcriptional and epigenetic control of GnRH secretion are very consistently affected by the 3 doses of DES and KTZ at PN22. Notably, Mkrn3, known to act as a brake on GnRH secretion and puberty onset (62), was downregulated by all doses of DES and KTZ. Glutamatergic and GABAergic pathways appeared also very sensitive to KTZ and DES. The glutamatergic receptor, Grm3, was upregulated by all the doses of KTZ and DES while seven subunits of GABA receptor were significantly affected by the 3 doses of KTZ and by some doses of DES. In addition, the mRNA expression of other receptors able to modulate reproductive function, such as Ghr, Gpr37, Esrra or Tshr, were also altered in the same direction by all the doses of KTZ and nearly all doses of DES. The two neuropeptides, arginine vasopressin (Avp) and oxytocin (Oxt) synthesized in magnocellular neurons located mainly in the supraoptic (SON) and paraventricular (PVN) nuclei of the hypothalamus, appear to be upregulated by all the doses of KTZ and DES. The expression of Npw, neuropeptide identified to play a role in regulating energy homeostasis during postnatal development (63), was also strongly downregulated by all doses of KTZ and DES.


Table 2 | Genes known to regulate GnRH activity and their level of expression (Log2FC) after perinatal exposure to the three doses of KTZ and DES in the MBH at PND22 and PND90.








3.7 Consequences of exposure to KTZ or DES on adult transcriptome

As depicted in Figures 3, 4, perinatal exposure to KTZ but not DES appeared to significantly affect hypothalamic (MBH and POA) transcriptional activity in adulthood. The heatmaps presented in Figure 7 compares the 20 most enriched canonical pathways in the MBH or POA after perinatal exposure to the 3 doses of KTZ. IPA mainly predicted a strong inhibition of the most affected pathways in the MBH and a moderate activation of a limited number of pathways in the POA. Several enriched pathways appeared conserved between PND 22 and PND 90 in the MBH. “Creb signaling in Neurons”, “IGF-1 signaling” and “Glutamate receptor signaling” were still predicted to be downregulated. The comparison also revealed “GnRH signaling pathways” among the top downregulated pathways.




Figure 7 | Enriched pathways differentially expressed in the MBH and POA of PND90 females after perinatal exposure to KTZ compared to controls. (A) Heatmaps comparing the most enriched canonical pathways for the 3 doses of KTZ were generated by ranking pathways according to the Z-score and applying threshold and filters as described in the material and methods section. The z-score predicts whether a canonical pathway or diseases and biological functions are increased (positive z-score, orange) or decreased (negative z-score, blue) in accordance with the experimental dataset. Darker colors indicate higher absolute z-scores. (B) Heatmaps representing the Log2FC of the 10 most downregulated genes for 4 selected pathways. Green color indicates a significant change in expression (adjusted p-value < 0.05). Grey indicates non-significant changes. (C) Heatmaps comparing the most enriched canonical pathways in the POA for the 3 doses of KTZ were generated by ranking pathways according to the Z-score.



Several DEGs at PND22 in the MBH showed similar alterations at PND90 after KTZ exposure. Three PolyComb genes important for the epigenetic regulation of reproductive genes (64), Cbx7, Ezh1 and Ezh2, were all affected by the three doses of KTZ at both ages. The glutamatergic receptor, Grm3, and the ϵ subunit of GABAergic receptor were still upregulated and downregulated, respectively, at PND90. The expression of the neuropeptide, Npw was also strongly downregulated by all doses of KTZ at PND90.

Finally, we assessed by RT-qPCR the mRNA expression of six genes after pubertal and adult exposures to KTZ and DES. These six genes were chosen because they were differentially affected by the perinatal exposure to most of the doses of KTZ and DES at PND22 and PND90. Only Dnmt3 mRNA expression was affected by pubertal or adult exposure to one dose of KTZ (Supplemental Figure 7).





4 Discussion

This study assessed the consequences of exposure to two EDCs with different mode of action, ketoconazole (steroidogenesis inhibitor) and diethylstilbestrol (strong estrogen), on the hypothalamic transcriptome governing GnRH release in female rats. To consolidate the study, multiple doses and different windows of exposure were tested. We found that perinatal exposure to KTZ and DES delayed the maturation of GnRH secretion in female rats which is consistent with the delay in vaginal opening we previously reported for the same animals (21). Our results underline the exquisite sensitivity of the mediobasal hypothalamus to developmental exposure to EDCs. In particular, the transcription of crucial actors of the GnRH network was affected by the developmental exposure to both estrogenic and anti-androgenic compounds.



4.1 GnRH release is sensitive to EDC exposure

We have previously shown that developmental exposure to estrogenic EDCs can disrupt the hypothalamic control of puberty (19, 20, 65). Our hypothalamic incubation model retains the pulsatile characteristics of GnRH secretion which are defined by a physiological acceleration before the onset of puberty (51). This model is thus well suited to detect the central effects of EDCs on GnRH secretion ex vivo. We previously documented that delayed vaginal opening caused by developmental exposure to EDCs can be explained by a slowdown of GnRH pulsatile release before puberty. Exposure to DES at 1 µg/kg.day during the first 5 postnatal days led to a slower release of GnRH at PND 25 and to delayed vaginal opening (19). The same observation was made after exposure to 25 ng/kg.day of BPA during the first 5 or 15 postnatal days while a higher dose of 5 mg/kg.day accelerated maturation of GnRH secretion and advanced puberty (20). In this study, we observed that perinatal exposure to 12 µg/kg.day DES and 12 mg/kg.day KTZ slowed down GnRH secretion consistent with the reported delayed vaginal opening (21). The prepubertal period was the most sensitive in detecting the impact of EDCs on GnRH release as the impact of DES and KTZ on GnRH secretion was less pronounced at later ages (PND 42 and 90). This indicates that the mechanisms that trigger the activation of the GnRH pulse generator at puberty onset may be more sensitive to KTZ or DES than the mechanisms maintaining GnRH secretion later in life (66, 67). The activation of GnRH release around puberty results from a loss in trans-synaptic inhibition together with a rise in excitatory input (34). This is explained by a shift in expression of puberty activating and inhibitory genes. Our results suggest that early exposure to KTZ or DES disrupt the shift in expression of key inhibitory or excitatory factors which are responsible for GnRH secretion acceleration at puberty. In addition, our data identified the perinatal period as a critical window of sensitivity, as exposure to DES or KTZ during that period led to an alteration of GnRH pulsatility while pubertal or adult exposures had no impact on GnRH pulse frequency in our model. However, we cannot exclude that such later exposure could affect other parameters such as the amplitude of GnRH pulses ex vivo which is physiologically increased during the afternoon of the proestrus (68).




4.2 EDC exposure disrupts extrinsic GnRH pulse generator

We show here that a very high number of hypothalamic genes is affected by perinatal exposure to KTZ and DES when studied during the prepubertal period (PND 22). This illustrates the high sensitivity of the hypothalamic transcriptional regulation to EDC exposure. The cell bodies of GnRH neurons are located in the POA. Their projections cross the MBH to end in the median eminence where GnRH is released in a pulsatile manner. Compelling data indicate that the pulse generator is not intrinsic to GnRH neurons, but rather is extrinsic and located within the arcuate nucleus and MBH (32, 67, 69). In our study, the MBH transcriptome appeared more sensitive to KTZ and DES exposure than the POA, as shown by the higher number of DEGs and the broad amplitude of expression changes. KNDy (expressing Kisspeptin, Neurokinin B and Dynorphin) and GABAergic neurons appear to be major actors of the GnRH pulse generator (32, 67, 69). Recent work by Herbison demonstrated that the inhibitory GABAergic signalization on GnRH dendrons requires GABAB receptor and voltage-gated calcium channels (VGCC)(70). In our study, the expression of two subunits of GABAB receptor and two subunits of VGCC, Cacna2d3 and Cacng3, are upregulated by all doses of KTZ in the MBH at PND22, which is consistent with a delay in the activation of the extrinsic GnRH pulse generator and slowdown of GnRH pulsatile secretion. The opposite observation is made for the P22 downregulation of Mkrn3, that has been recently demonstrated to prevent puberty initiation, at least in part, by repressing the transcription of the genes coding for Kisspeptin and Neurokinin B (62). Finally, we cannot exclude that the delay in GnRH secretion maturation is due to the disruption of embryonic migration or development of GnRH neurons by DES or KTZ. Igsf10 mutations are associated with abnormal GnRH neuronal migration resulting in delayed puberty (61). Notably, in our study, Igsf10 is downregulated by all doses of KTZ and DES at PND22. Additionally, epigenetic factors driving fgf8-dependent GnRH neuron development such as Dnmt and Ezh2 (71), were downregulated by the developmental exposure to KTZ.




4.3 Biomarkers of KTZ and DES exposure

To identify potential biomarkers of exposure, we focused on DEGs and pathways that were affected by all 3 doses of KTZ and DES. Ingenuity pathway analysis®(IPA) is a powerful analysis and interpretation tool built on the comprehensive and manually selected content of the QIAGEN Knowledge Base. Using IPA, we identified pathways predicted to be up or down regulated by perinatal exposure to KTZ and DES. At PND 22, the top pathway predicted to be activated by DES and KTZ was “estrogen biosynthesis”. The role of neuroestrogens in the regulation of GnRH and puberty is still incompletely understood. Terasawa et al. showed that neuroestradiol, locally synthesized in the hypothalamus, could be a component of the central inhibition of GnRH release before puberty in monkeys (72). Estradiol (E2) levels in the median eminence are higher before than during puberty onset when GnRH release begins to increase (73). Because neuroestrogens appear to halt puberty, the activation of this pathway seems consistent with the delay of maturation of GnRH release observed in our model of exposure.

The “Creb signaling pathway” was systematically identified as downregulated by the three doses of KTZ in the MBH at PND22 and PND90 and in the POA at PND22. DES exposure similarly led to a downregulation of this pathway in the MBH at PND22. cAMP response element-binding protein (Creb) is a transcription factor which binds to cAMP response element (CRE) of the promoter of its target genes. As illustrated in Supplemental Figure 2, Creb can act as a second messenger upon activation of glutamate receptors, growth factor receptors or an intracellular Ca2+ influx (74, 75). GnRH neurons express Creb which acts as a mediator of E2 negative feedback (76). Creb has already been reported to be a target of anti-androgenic EDC in the hippocampus (77–79) and the testes (80).

The “Igf‐1 (insulin-‐like growth factor 1) signaling pathway” was another pathway constantly affected by perinatal exposure to KTZ and DES. Igf1 is a metabolic signal activating and enhancing GnRH secretion at the time of puberty 81). IGF1 effect on GnRH neurons is mediated by glial production of PGE2 (81) and by neurokinin B release by KNDys neurons (82). Its expression is sensitive to EDCs, as it is upregulated in the arcuate nucleus after perinatal exposure to BPA or DES (83). Recent data indicates that precocious puberty in female rats following peripubertal exposure to 5 mg/kg/day of DEHP was associated with an upregulation of the hypothalamic Igf-1/Pi3k/Akt/mTor pathway. Inhibition of Igf-1R and mTor prevented the action of DEHP by decreasing Kiss-1, Gpr54, and GnRH expression (84). These reports support Igf1 as an interesting biomarker of EDC impact on the hypothalamic network.

We identified Oxt and Avp as potential biomarkers, as they were among the genes most affected by perinatal exposure to KTZ and DES at PND 22 and PND 90. The pathway “Oxytocin in brain signaling” was also identified by IPA analyses. Oxytocin appears to play a key role in pubertal onset and ovulation in several species. In rats, oxytocin facilitates female pubertal development through a mechanism involving Pge2 release by glial cell and increases the expression of several actors of the GnRH network including kisspeptin (85–87). In fish, studies suggest a modulation of the hypothalamo-pituitary-gonadal axis by oxytocin (88). In women, oxytocin is involved in the physiological regulation of LH through the ovulatory cycle (89). Hypothalamic oxytocin appears to be sensitive to EDC exposure. In our previous study, a perinatal exposure to a mixture of estrogenic and anti-androgenic EDCs led to a transgenerational downregulation of Oxt mRNA expression in the hypothalamus of prepubertal female rats (65). In the present study, we observed an opposite effect. Oxt was upregulated after both KTZ and DES perinatal exposure. These changes appear to contradict the delayed maturation of GnRH secretion and puberty. but could be seen as reactive rather than causal as previously seen for BPA effects on hypothalamic expression of enzymes involved in GABA synthesis (20). Thus, Oxt appears as a sensitive target, and a potential biomarker, of developmental exposure to EDCs.

Our results indicate that PPARγ could be one of the upstream regulators driving the changes in gene expression caused by KTZ and DES in the MBH. PPARγ is a nuclear receptor and a transcription factor. It regulates the expression of genes responsible for adipocyte differentiation, placental differentiation, lipid and glucose homeostasis, control of inflammatory responses and steroidogenesis (90). PPARγ is also expressed by hypothalamic AgRP and NPY neurons which are involved in the control of energy balance in mice and rats (91, 92). Those neurons send projections to GnRH neurons and regulate their activity (reviewed in (93)). One could hypothesize that PPARγ expressed by AgRP/NPY neurons could mediate EDC effects on GnRH secretion. However, the role of PPARγ as a metabolic sensor regulating GnRH activity remains to be determined. Several studies indicate that PPARγ expression and activity are sensitive to EDCs. It has been identified as a major mediator of the obesogenic effects of phthalates or bisphenol A, in adipocytes (94, 95). PPARγ is also expressed in the ovary where its activity is induced by mono-(2-ethylhexyl) phthalate (MEHP)(96) or Perfluoroalkyl and polyfluoroalkyl substances (PFAS) (97). All together, these data suggest that PPARγ could also be a potent effector and biomarker of EDC effects on female reproduction and lend further support to a previously developed putative AOP that proposes a PPARγ-mediated reduction in aromatase to explain irregular ovarian cycling and impaired fertility in adult females (AOP-Wiki).

It should be considered that our transcriptome data were obtained from whole MBH or POA, both of which are made up of various cell populations. Thus, it can be difficult to separate changes to general cellularity (a shift in cell populations) from bona fide changes in gene transcription. This is a prevailing challenge for RNA-seq analysis of heterogenous tissues. Future studies including single-cell RNA-seq could be used to identify specific cell populations sensitive to EDC exposure by deconvolution approaches. Nevertheless, our data suggests that a large proportion of DEGs represent changes in transcription, as we did not observe any obvious trend of all (or most) genes specific to certain cell types were moving in one direction; either up- or down-regulated.




4.4 Mode of action of ketoconazole

KTZ is mostly known to inhibit various P450 cytochrome enzymes involved in steroidogenesis and thereby interfering with both androgen and estrogen synthesis (39, 40). However, the role and expression of aromatase in the brain during puberty onset has been poorly studied. Aromatase (Cyp19a1) mRNA expression in the hypothalamus is very low during the infantile period (98, 99) and almost undetectable in the POA at P21 (100). Recent studies using modified mice where EGFP transcription is coupled to the physiological activation of Cyp19A1, show that aromatase is well expressed in the medial preoptic area of the hypothalamus during embryonic life (101) and during adulthood (102). However, infantile, and pubertal periods have not been studied with this technology. This suggests that KTZ exposure during gestation and lactation could impact aromatase transcription or activity during the embryonic period. During this period, aromatase plays a crucial role in sexual differentiation of the brain. The classical view of brain sexual differentiation in mammals holds that sex differences mostly depend on the production of testosterone by the testes (103). Depending on the species, some of the effects of testosterone result from the action of estradiol derived from aromatization of testosterone locally in the male brain. For this reason, any compound which interferes with estrogen-dependent processes, as estrogenic or anti-androgenic compounds, in the developing brain can disrupt the sexual differentiation and consequently also the programming of puberty and reproductive function. Thus, we cannot exclude that the hypothalamic disruption is indirect and due to an altered release of peripheral steroids as KTZ can inhibit steroidogenic P450 enzymes in the adrenal cortex (104, 105) and gonads (105, 106). A recent review also reported that azole fungicides may affect all levels of the hypothalamo-pituitary-adrenal & gonadal axes in fish (107).





5 Conclusions

GnRH secretion and the hypothalamic transcriptome of female rats are sensitive to perinatal exposure to both DES and KTZ. Our results point toward similar transcriptional consequences after exposure to a steroidogenesis inhibitor (KTZ) or an estrogenic compound (DES). In particular, perinatal exposure to KTZ strongly impacted hypothalamic gene expression before puberty with consequences persisting until adulthood. Several enriched pathways as well as differentially expressed genes that were affected at PND 22 were still altered at PND 90. These pathways should be explored further to identify biomarkers for future EDC testing strategies and be part of future standard information requirement in risk assessment of chemicals.
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Histamine is a biogenic amine that acts as a neuromodulator within the brain. In the hypothalamus, histaminergic signaling contributes to the regulation of numerous physiological and homeostatic processes, including the regulation of energy balance. Histaminergic neurons project extensively throughout the hypothalamus and two histamine receptors (H1R, H3R) are strongly expressed in key hypothalamic nuclei known to regulate energy homeostasis, including the paraventricular (PVH), ventromedial (VMH), dorsomedial (DMH), and arcuate (ARC) nuclei. The activation of different histamine receptors is associated with differential effects on neuronal activity, mediated by their different G protein-coupling. Consequently, activation of H1R has opposing effects on food intake to that of H3R: H1R activation suppresses food intake, while H3R activation mediates an orexigenic response. The central histaminergic system has been implicated in atypical antipsychotic-induced weight gain and has been proposed as a potential therapeutic target for the treatment of obesity. It has also been demonstrated to interact with other major regulators of energy homeostasis, including the central melanocortin system and the adipose-derived hormone leptin. However, the exact mechanisms by which the histaminergic system contributes to the modification of these satiety signals remain underexplored. The present review focuses on recent advances in our understanding of the central histaminergic system’s role in regulating feeding and highlights unanswered questions remaining in our knowledge of the functionality of this system.
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Introduction

Histamine is a small biological molecule (biogenic amine) that is widely distributed throughout the body. Although probably best recognized for its importance in arousal regulation and allergic inflammatory reactions, histamine plays a role in a diverse range of biological functions. This includes the regulation of energy balance, sleep and wakefulness, thermoregulation, gastrointestinal function, immune responses, and learning and memory (1–3). Within the central nervous system (CNS), a population of neurons located in the posterior hypothalamus provide the sole source of neuronal histamine to the brain (4–6) and can be identified based on the expression of histidine decarboxylase (HDC), the enzyme required for histamine synthesis (7, 8). These histaminergic neurons project extensively throughout the CNS, and strongly innervate multiple hypothalamic nuclei known to influence energy homeostasis and feeding behaviors (9–11). While histamine is known to impact food intake via its actions in the hypothalamus (12, 13), the precise mechanisms by which it does so are still being uncovered. The present review focuses on recent advances in understanding of the central histaminergic system’s role in regulating food intake, including potential interactions with satiety signals and neuropeptide/neurotransmitter systems implicated in energy balance regulation.





Histaminergic neurons

Histaminergic neuron somas are confined to the tuberomammillary nucleus (TMN) in the posterior hypothalamus (Figure 1) but have widespread projections that extensively innervate the CNS. This includes major brain regions including the cortex, brainstem, hippocampus, striatum, nucleus accumbens, amygdala, and substantia nigra, as well as multiple intrahypothalamic projections (9–11, 14). The diffuse projection patterns correlate with the multiple functions associated with histaminergic neurons, which have been comprehensively reviewed elsewhere (1, 3, 15). In contrast to the diffuse and well characterized projections of histaminergic neurons, difficulties occurred with initial attempts to identify afferent inputs to the histaminergic neurons, likely due to the inherent limitations of retrograde tracing studies, including potential spread to surrounding tissue and labeling of fibers of passage (16, 17). However, significant afferent input to the histaminergic neurons has since been identified, with inputs originating from the ventrolateral preoptic area (VLPO) (17–19) and the lateral hypothalamus (20–23). Importantly, the TMN can be subdivided into 3-5 different subregions depending on the classification method used (9, 24, 25). While histaminergic neurons are usually acknowledged to reside in the ‘TMN core’, their distribution within the hypothalamus (including the dorsal and bridge regions of the TMN) is much more widespread than typically appreciated (Figure 1), with some degree of variability observed between species (26, 27). However, the anatomical location of the histaminergic neurons and distribution of fibers throughout the brain appears comparable in humans to that described in rodents (28).




Figure 1 | Histaminergic neuron distribution throughout the hypothalamus. RNAscope® in situ hybridization (ISH) targeting Hdc shows histaminergic neurons (red) densely packed in the core region of the tuberomammillary nucleus (marked TMN) along with diffusely scattered histaminergic neurons throughout the hypothalamus. The RNAscope® ISH was performed on hypothalamic brain slices (25µm) from male mice according to the manufacturer’s instructions (Advanced Cell Diagnostics, Inc., USA).



The location of the histaminergic neurons within the hypothalamus raises the potential for their involvement in the regulation of feeding. Many of the histaminergic neurons lay in close proximity to the third ventricle or are located on the ventral surface of the brain, suggesting, like other hypothalamic neurons, a potential for the detection of circulating hormones and neuropeptides (29). Moreover, histaminergic neuron fibers densely innervate the hypothalamus, including key hypothalamic nuclei known to regulate energy balance. While early studies required colchicine treatment to visualize histamine containing neurons (4), targeting of HDC (the enzyme required for histamine synthesis) allowed for the identification of dense fiber networks throughout the hypothalamus (6). Studies examining HDC immunoreactivity alone or in combination with paired retrograde tracer studies reveal high to very high density of histaminergic fibers in hypothalamic regions that regulate energy homeostasis. This includes the paraventricular nucleus of the hypothalamus (PVH), ventromedial hypothalamus (VMH), lateral hypothalamus (LH), dorsomedial hypothalamus (DMH) and the arcuate nucleus (ARC) (6, 9, 10). Use of newer immunohistochemical methods, with increased sensitivity for the visualization of histamine immunoreactive fibers and terminals, provided additional support for a moderate density of histaminergic fibers in the PVH, VMH, DMH, LH, and ARC (11). While identification of fiber tracts does not necessarily indicate functional connections, the presence of histamine receptors in these regions supports the role of histamine in regulating the activity of key metabolic neurons located in these areas of the hypothalamus.





Histamine receptor signaling

Histamine exerts its pleiotropic effects by binding to four subtypes of histamine receptors (HR), three of which are located within the brain (H1R, H2R, and H3R) (30–33). HRs belong to the family of G protein–coupled receptors (GPCRs), which interact with G proteins located in the plasma membrane. When a ligand binds to a GPCR, it causes a conformational change that triggers the interaction between the GPCR and nearby heterotrimeric G proteins. This promotes the exchange of a GDP for a GTP on the Gα subunit, resulting in its dissociation from Gβγ (34). There are four main families of Gα subunits: Gαi, Gαq, Gαs, and Gα12 (35). Gα subunits and Gβγ can activate different signaling pathways.

Identified in 1966, the H1R subclass of histamine receptors (gene symbol: HRH1) primarily couples to Gαq, resulting in the activation of the phospholipase C (PLC) signaling pathway (36–40) (Figure 2). This leads to the subsequent cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) into diacyl glycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). These second messengers respectively activate protein kinase C (PKC) and promote the mobilization of Ca2+ (41). Accumulation of IP3, DAG and Ca2+ following histamine was shown to be prevented with the H1R inverse antagonist pyrilamine (42–45), while the H1R inverse agonist chlorpheniramine was reported to block the stimulatory effect of histamine on PLC and Ca2+ (46), confirming the involvement of H1R in the Gαq-dependent actions of histamine. One report also suggests that activation of H1R by histamine increases cAMP levels through Gβγ, an effect that is prevented by the H1R inverse agonist pyrilamine (47). As such, H1R activation and stimulation of it signaling cascade has excitatory effects and is associated with membrane depolarization in neurons (48–52).




Figure 2 | G protein–coupled receptor (GPCR) signaling from brain expressed histamine receptors. Histamine activation of H1R and H2R lead to neuronal excitation via Gαq and/or Gαs dependent mechanisms respectively. Activation of H3R leads to neuronal inhibition and suppression of neurotransmitter release. PLC, phospholipase C; PKC, protein kinase C; AC, adenylate cyclase; NHE, sodium–proton exchanger; GIRK, G protein-gated inwardly rectifying potassium channels; VGCCs, voltage-gated calcium channels; cAMP, cyclic adenosine monophosphate. Figure created with BioRender.com.



The H2R subclass of histamine receptors (gene symbol: HRH2), often referred to as the histamine gastric receptor, couples to both Gαq and Gαs proteins (39, 53). As a consequence, histamine binding to H2R stimulates both PLC and adenylate cyclase (AC) through Gαq and Gαs proteins respectively (53) (Figure 2). Activation of Gαs proteins in turn increases cAMP, an effect that is prevented by the HRH2 antagonist lafutidine (54). Increased cytosolic cAMP then leads to the activation of protein kinase A (PKA), which has been shown to stimulate neurons (55). Therefore, histamine binding to H2Rs also has excitatory actions within the brain, and results in depolarization of neurons through increased Ca2+, cAMP and PKA (56, 57).

The H3R subclass of histamine receptors (gene symbol: HRH3, previously known as GPCR97) primarily couples to Gαi proteins (39, 58) and functions as an inhibitory auto- or hetero-receptor in the brain (59–62). Activation of H3R results in AC inhibition and a subsequent reduction of cAMP levels (63, 64) (Figure 2). In contrast to the excitatory effects of H1R and H2R, binding of the H3R by histamine results in a suppression of neuronal activity and inhibition of neurotransmitter release (15, 60, 65, 66). Several mechanisms can contribute to the inhibitory effects of H3R. First, the Gβγ subunit of Gαi-coupled receptors has been shown to activate G protein-gated inwardly rectifying potassium (GIRK) channels (66, 67). Second, H3R activation can reduce neurotransmitter release by inhibiting N- and P/Q-type voltage-gated calcium channels again through the Gβγ subunit (68, 69). Third, H3R activation has been shown to reduce the activity of the sodium–proton exchanger (NHE), which is under the control of Gαi (70, 71). Therefore, activation of H3R has opposite effects on neuronal activity to that of H1R or H2R activation.





Central histaminergic system and the regulation of feeding




Histamine synthesis

The central histaminergic system has been implicated in the regulation of food intake through multiple different strategies used to manipulate the system. This includes altering the body’s ability to produce histamine. Genetic knock-out of histidine decarboxylase (HDC-KO) has been used to prevent the synthesis of histamine, resulting in histamine deficient mice. Studies using these mice suggest that HDC-KO animals are more susceptible to develop obesity as they age, or after consumption of a high fat diet (72–74). Detailed analyses of food intake in these mice are lacking, however, one study suggests that HDC-KO mice are not hyperphagic, but have an increased feed efficiency (72). However, the increased body weight in HDC-KO mice could be confounded by the decreased locomotor activity observed in these animals (75–77). An alternate method to deplete histamine is the use of α-Fluromethyl-[S]-histidine (α-FMH) which is a suicide inhibitor of histamine synthesis. Chemical inhibition of histamine synthesis with α-FMH has consistently been associated with an increase in food intake (78–82), suggesting that overall, histamine may be anorexigenic. However, such genetic or chemical methods preventing histamine synthesis provide limited and unspecific information regarding histamine’s ability to influence feeding, due to a loss of histaminergic tone at all histamine receptors simultaneously.





H1R activation suppresses food intake

The H1R is generally accepted to mediate the suppression of food intake induced by histamine (Figure 3). Early studies demonstrated that intracerebroventricular (ICV) injection of H1R antagonists stimulated feeding (12, 83). Moreover, the effects of pharmacological strategies increasing brain histamine levels, which are associated with a suppression of food intake, are attenuated, or abolished in the presence of H1R antagonists (78, 84). These actions are consistent with the increased food intake and weight gain seen with first-generation antihistamines used to treat allergies (85–87) which are all inverse agonists of the H1R (88).




Figure 3 | Histamine mediates its effects on feeding via activation of histamine receptors within the hypothalamus. Activation of the H1R is associated with an anorexigenic effect and is believed to be mediated via H1Rs expressed in the PVH and VMH. In contrast, activation of the H3R is orexigenic and occurs via autoinhibition of the histaminergic neurons. H3Rs in unidentified sites may also contribute to the orexigenic effects of H3R activation. Figure created with BioRender.com.



More recently, global H1R knockout (H1R-KO) mice have been developed (89) and food intake and body weight studies in these mice overwhelmingly backed up that obtained with pharmacological ligands targeting the H1R. The ability of α-FMH to stimulate food intake is lost in H1R-KO mice (79) and histamine’s ability to suppress food intake and body weight is reduced in H1R-KO mice compared to control mice (90). Moreover, the ability of betahistine, which enhances histamine levels and acts as an agonist of H1R, to reduce food intake and body weight is absent in H1R-KO mice (91). Together, these data strongly support the idea that histamine’s actions at the H1R are anorexigenic. Interestingly, H1R-KO mice do not show any changes in food intake or body weight when fed a standard chow diet (90, 92). However, with age or high fat diet feeding, H1R-KO mice accumulate fat mass and develop obesity (90, 92, 93), which is consistent with what was seen in mice completely deficient of histamine (HDC-KO) as discussed above. Additionally, H1R-KO mice display a decreased anorexigenic response to thyrotropin releasing hormone (TRH), neurotensin, nesfatin-1, and estradiol (94–97), suggesting that the H1R may contribute to the suppression of feeding normally induced by these anorexigenic peptides.

While the ability of histamine to suppress feeding is well demonstrated to occur via H1R, the exact neuronal populations and mechanisms responsible for these effects are not well understood. Studies where H1R antagonists were directly infused into different hypothalamic nuclei have demonstrated that blockade of H1R only in the paraventricular (PVH) and ventromedial (VMH) hypothalamus stimulate feeding (12, 13) (Figure 3). Similarly, micro infusion of α-FMH to decrease local histamine concentrations, only has effects on food intake when infused in the PVH and VMH (78, 82, 98). While H1R agonists have been shown to induce markers of cell activity (c-Fos) only in the PVH (91), extracellular recording techniques demonstrate that the H1R antagonist chlorpheniramine inhibits neurons in the VMH (83). Despite these studies suggesting that the PVH and VMH are the sites where H1R activation has its anorexigenic effects, future studies are required to further elucidate the mechanisms involved, including the chemical phenotype of the cells in these nuclei mediating the anorexigenic effects of H1R activation.





H2R activation does not influence food intake

When it comes to central H2Rs, there is limited evidence indicating that they have any role in regulating feeding. Importantly, H2R antagonists administered ICV or directly to hypothalamic regions have no effect on food intake (12, 83, 99, 100). Furthermore, the H2R antagonist ranitidine has been shown to have no effect on histamine-induced suppression of food intake, whereas both H1R and H3R antagonists influenced this effect (84). It should be noted that while H2R antagonists can influence feeding when taken orally or infused directly into the gut, peripheral mechanisms including H2R effects on gastric acid secretion and gut hormones likely contribute to these effects (101–103). Furthermore, it is unsurprising that centrally expressed H2Rs do not influence food intake given that these receptors are most strongly expressed in extrahypothalamic regions such as the cortex, hippocampus, striatum, basal ganglia, and amygdala (30, 33, 104). Together, these data strongly suggest that central H2Rs do not contribute to the homeostatic regulation of food intake.





H3R activation stimulates food intake

Pharmacological studies indicate that activation of the H3R is orexigenic, with H3R agonist delivery directly to the brain stimulating food intake (105–107) (Figure 3). In line with these observations, blockade or inverse agonism of the H3R suppresses food intake (78, 82, 84, 100, 107, 108). The capacity of H3R inverse agonists/antagonists to reduce food intake has also been shown to minimize weight gain occurring in models of diet-induced obesity and to reduce body weight in obese rodents (108–112). Moreover, H3R inverse agonists/antagonists suppress food intake in conditions associated with an increased orexigenic drive, i.e., in the fasted state or following neuropeptide Y (NPY) administration (105, 113). In one study, food intake in rats that received a single dose of thioperamide, a H3R antagonist, was significantly less for two days compared to controls (82). The suppression of food intake induced by H3R antagonists has also been demonstrated to occur in non-rodent species including pigs and non-human primates (114). Together, these studies demonstrate that histamine’s actions at the H3R stimulate feeding, and blockade of this receptor is associated with anorexigenic effects.

The ability of H3R inverse agonists/antagonists to suppress food intake is largely assumed to occur by removing the normal auto-inhibition of histaminergic neurons (Figure 3), thereby increasing histamine levels and enhancing action at the anorexigenic H1R (78, 105, 115). However, the H3R also functions as a heteroreceptor and has been shown to be expressed in several brain regions other than the TMN (32, 58, 60, 116). Importantly, the H3R can suppress the release of multiple neurotransmitters including serotonin (117, 118), dopamine (119, 120), noradrenaline (118, 121), acetylcholine (122, 123) and GABA (124–126), neurotransmitters that are implicated in the regulation of feeding. This raises the potential for H3R inverse agonism/antagonism to influence food intake via transmitters other than histamine (Figure 3). However, such a possibility has not been comprehensively assessed.

In comparison with pharmacological studies targeting the H3R, experiments using global H3R-KO mice have generated diverging and less consistent findings. H3R-KO mice were shown to consume more food and have an increase in body weight from approximately 10 weeks of age (127). Such findings seem counterintuitive considering that the KO of H3Rs should remove the auto-inhibition of the histaminergic neurons and enhance anorexigenic actions at the H1R. However, it has been demonstrated that H3R-KO mice actually have decreased histamine levels in the hypothalamus and cortex (127, 128) potentially contributing to this effect. In contrast to the food intake effects reported by Takahashi et al. (127), others have suggested that a decrease in food intake occurs in H3R-KO mice, however, food intake was normalized to body weight, making any absolute changes difficult to assess (129). While genetic mouse models can reveal important insights into the mechanistic underpinnings of physiology and behavior, developmental and compensatory actions can occur, especially in relation to fundamental processes such as eating. Moreover, the function of the H3R as a heteroreceptor adds another level of complexity, whereby knockout of H3R could simultaneously influence multiple neurotransmitter systems. Despite some conflicting results obtained in knockout animals, it is clear that the H3R plays an important role in regulating food intake, and its activation is generally orexigenic.






Histaminergic system and interaction with key metabolic signals




Leptin

In addition to histamine’s ability to influence feeding, the central histaminergic system has been suggested to interact with other signals reflective of the metabolic state. This includes leptin, a hormone produced by adipose tissue that acts in the CNS to regulate energy metabolism (130). Circulating leptin levels occur in proportion to fat mass and decrease with periods of fasting (131, 132), therefore, acting as a signal of energy reserves to the brain. Exogenous leptin administration is associated with a suppression of food intake, a reduction in body weight, and an upregulation of uncoupling protein 1 (UCP1) expression in adipose tissue depots, all of which have been suggested to require a fully functioning histaminergic system (79, 80, 92, 133). Studies in which histamine synthesis was chemically inactivated failed to observe the normal leptin-induced suppression of food intake and decrease in body weight (79, 80, 133). These effects have been linked to the H1R, as studies performed in mice globally lacking H1R show similar effects. In H1R-KO mice, leptin’s effect on food intake and body weight is suppressed or absent compared to that seen in control animals (79, 92). Additionally, leptin’s ability to decrease body fat percentage and upregulate UCP1 in brown adipose tissue was suppressed in H1R-KO mice (92). Moreover, genetic disruption of histamine synthesis (HDC-KO mice) leads to impairments in leptin sensing and regulation (72, 74, 134). While these studies suggest that the histaminergic system may mediate some of the anorexigenic effects of leptin, the mechanisms by which the histaminergic system regulates the actions of leptin in the CNS remains to be determined. Interestingly, the core region of the TMN, where the histaminergic neurons reside, does not express the long form of the leptin receptor (LepR) (135), which likely precludes direct effects of leptin on the histaminergic neurons themselves. In contrast, LepR is expressed in sub-populations of neurons located in the lateral hypothalamus (136–138) a region known to directly and indirectly influence the histaminergic neurons (139, 140). However, the potential for leptin to influence the activity of histaminergic neurons via presynaptic inputs has not previously been investigated. Future studies are required to determine the sites and mechanisms by which histamine and leptin signaling may converge within the brain.





Melanocortin system

The central melanocortin system is one of the best-characterized brain circuits regulating food intake and energy expenditure (141–144). Melanocortin peptides, derived from the proopiomelanocortin (POMC) pre-prohormone, form a crucial component of this system and act at cognate melanocortin receptors to influence energy balance (145, 146). Importantly, recent work has identified that histaminergic neurons are sensitive to activation of the melanocortin 4 receptor (MC4R) (147). Using single neuron ex vivo electrophysiological recordings from genetically identified histaminergic (HDC) neurons, we demonstrated that approximately 40% of histaminergic neurons are excited by the non-selective MC3R/MC4R agonist melanotan II (MTII) or a selective MC4R agonist (THIQ) (147). These MC4R-mediated effects were shown to modify glutamatergic tone to the histaminergic neurons (147). Moreover, the interaction between the melanocortin and histaminergic systems was shown to be important for feeding regulation. Chemogenetic inhibition of the histaminergic neurons using an inhibitory Designer Receptor Exclusively Activated by Designer Drugs (DREADD) approach (148–150), enhanced the anorexigenic response to central infusion of MTII (147). This study found that melanocortin system activation results in unabated anorexia once the histaminergic neurons are silenced and suggests that, under normal conditions, the melanocortin-dependent activation of histaminergic neurons acts naturally as a negative feedback loop of the anorexigenic effects of the melanocortin system (147). Despite this important observation demonstrating histaminergic neurons are sensitive to key metabolic signals conveyed by the melanocortin system, the downstream mechanisms by which histaminergic neurons restrain the anorexigenic effects of melanocortin system activation remain to be identified.





Other appetite-related hormones

The ability of other appetite-related hormones to influence the activity and function of the histaminergic neurons has not been intensively investigated. One previous study suggested that ghrelin may activate the histaminergic neurons, as increased c-Fos expression, an indirect marker of cellular activity, was observed in the TMN following central administration of ghrelin (151). However, the receptor for ghrelin, the growth hormone secretagogue receptor (GHSR), is not expressed in the TMN (152) and Ghsr mRNA is not detected in transcriptomic profiling of histaminergic neurons (153). This likely prevents any direct post-synaptic modulation of histaminergic neurons by ghrelin. Similarly, in vivo work has suggested that the histaminergic system is influenced by glucagon-like peptide-1 (GLP-1), as central GLP-1 infusion has been shown to increase histamine and histamine metabolite levels in the hypothalamus (154). The same study also indicated that the histaminergic system was required for the full anorexigenic effect of GLP-1, as inhibition of histamine synthesis (with α-FMH) attenuated the GLP-1 induced suppression of food intake (154). While there are descriptions of GLP-1 receptor (GLP-1R) expression in the TMN (155) and tuberal region (156), and GLP-1R agonists have been reported to activate (c-Fos) in the ventral region of the TMN (157) and the tuberal region (158), single cell sequencing fails to detect Glp1r mRNA in histaminergic neurons (153). Interestingly, the LH, a region strongly innervating the TMN, has been shown to express Glp1r mRNA (155, 156) and is involved in mediating some of the anorexigenic effects of GLP-1 (159). Thus, any influence of GLP-1 on the histaminergic neurons may be indirect via neurons of the LH.

The pancreatic hormone insulin may also have a role in regulating histaminergic neuron function. One study demonstrated that a very small percentage of histaminergic neurons displayed c-Fos expression following insulin-induced hypoglycemia (160). Further work would be required to delineate whether histaminergic neuron activation in these conditions was mediated by the hypoglycemia or insulin itself. However, histaminergic neurons have been shown to express the insulin receptor (153). Another metabolically relevant neuropeptide known to target the histaminergic neurons is orexin (also known as hypocretin). Orexin is a potent stimulator of feeding and the neurons synthesizing this orexigenic neuropeptide are located in the LH (161, 162). Importantly, histaminergic neurons express the orexin receptor type 2 (OxR2/Hcrt2) (153, 163) and are excited by orexin-A (164, 165). Orexin actions on histaminergic neurons have largely been demonstrated to influence arousal control (165, 166). However, it is important to note that the orexin neurons also co-express glutamate and can signal to the downstream histaminergic neurons via glutamatergic currents (22, 167). Moreover, the glutamatergic tone at histaminergic neurons, arising from the LH, has been linked to the modulation of food intake (147). While it is interesting to speculate about the different functional consequences of orexin neuronal transmission to histaminergic neurons, delineating such multifunctionality remains understudied. Overall, it appears that the ability of histaminergic neurons to detect, and interact with, metabolic signals occur via indirect (presynaptic) mechanisms, or via actions downstream of the histaminergic neurons themselves, i.e. on neurons expressing the histamine receptors.






Medications regulating body weight via the histaminergic system




Psychiatric medications for the treatment of schizophrenia

Supporting the importance of histamine receptors in the regulation of energy balance, antipsychotic medications that interact with the histaminergic system are associated with clinically significant weight gain (168, 169). Notably, the atypical antipsychotics with the largest weight gain profiles, olanzapine and clozapine, also display high affinities for the H1R (170–173). Atypical antipsychotics act to antagonize histamine’s endogenous actions at the H1R, which may partially explain the increased food intake seen with these medications (174–177). While the exact mechanisms underlying atypical antipsychotic-induced weight gain remain somewhat elusive, these medications have been shown to downregulate hypothalamic expression of the H1R (178). In addition, atypical antipsychotics have been shown to increase orexigenic neuropeptide Y (NPY) expression and activate the cellular energy sensor AMP-activated protein kinase (AMPK) in the hypothalamus, effects that are dependent on functional H1Rs (171, 179). Moreover, combination therapies including betahistine, a H1R agonist/H3R antagonist, have been shown to reduce weight gain in people treated with olanzapine (180). Although the histaminergic system is not the only transmitter system implicated in atypical antipsychotic-induced weight gain, strong evidence suggests its ability to influence food intake, and sensitivity to these medications, plays a contributing role.





Therapeutic potential for the treatment of obesity

Following the cloning of the H3R in 1999 (58), numerous ligands were developed to manipulate the function of the receptor, and the H3R was subsequently proposed as a potential therapeutic target for the treatment of obesity (81, 116, 181, 182). In addition to food intake effects of H3R antagonists/inverse agonists, as discussed in this review, pre-clinical work demonstrated that these compounds also improve metabolic health and are associated with decreased body weight and fat mass, improved glucose homeostasis, and increased insulin sensitivity (108–111). These properties saw multiple pharmaceutical companies including Novo Nordisk, Abbott Laboratories, and Gliatech pursue H3R ligands for the treatment of obesity (183). While there was a brief surge in interest in these compounds for their metabolic effects, few ligands transitioned from the pre-clinical stage. Abbott laboratories H3R antagonist (A-331440) was found to have the potential for genotoxic effects which prohibited its further development as an anti-obesity therapeutic (184). Contradictory results were obtained between ligands with some studies failing to demonstrate consistent effects on food intake and anti-obesity properties (81, 185). Additionally, human trials with betahistine, a H1R agonist/H3R antagonist, failed to identify any striking weight loss effects in obese women (186), or on food intake when presented a buffet meal following a single day of betahistine treatment (187). Differences in ligand affinity for the H3R found between species may also contribute to some discrepancies observed among rodent and human studies (63, 188). Even though the pharmaceutical industry appears to have largely withdrawn its interest in pursuing the H3R as an anti-obesity target (189), work endures to optimize H3R ligands and explore their potential to influence food intake and body weight, and H3R antagonists/inverse agonists continue to be proposed for the treatment of obesity (190, 191).






Considerations and future directions

The central histaminergic system has received considerable interest for its ability to regulate energy balance, however, many unanswered questions remain. Generally, histamine is considered an anorexigenic substance, as activation of H1Rs decrease food intake, effects that are believed to be mediated through actions in the PVH and VMH (12, 13). However, these hypothalamic nuclei consist of multiple cell types, and the chemical phenotype or identity of the cells mediating H1R agonism-induced suppression of food intake remain unidentified. Moreover, the view of histamine as an anorexigenic compound seems somewhat contradictory given that feeding occurs during waking hours when histaminergic neurons are active and histamine levels are highest (192–196). It appears that the picture is more complex and likely involves numerous interactions, some of which have yet to be uncovered.

Pharmacological and genetic knockout studies have provided important insights into the functioning of the histaminergic system, but the expression of histamine receptors in both the brain and periphery, and effects of the H3R on multiple neurotransmitter systems, likely complicate the interpretation of some of these findings. The field now requires the ability to manipulate individual histamine receptors in a cell-type specific way (e.g., histamine receptor floxed mice) to further delineate the precise actions of histamine in different nuclei and different cell types, and to overcome some of the inherent limitations of global knockout models.

Evidence also continues to emerge that the histaminergic neurons are heterogeneous. Differences have been demonstrated in their basal electrophysiological properties, transcriptional makeup, and their response to various pharmacological agents (163, 197–199). Such heterogeneity combined with multiple histamine receptors, differentially expressed within the hypothalamus and in multiple cell types, contributes to the complexity of the histaminergic system and highlights multiple ways histamine may serve to influence neuronal activity and food intake. Additionally, histamine itself has been proposed to function more like a neuromodulator or neuropeptide than a classical “neurotransmitter” (1, 200). Histaminergic neurons rarely form close synaptic contacts (201, 202), preventing their potential for traditional fast synaptic signaling to clearly defined post-synaptic targets. Rather, histaminergic neurons are believed to communicate via volume transmission, with histamine being released non-synaptically, allowing it to have longer lasting actions, and modulate neurotransmission at extra synaptic sites similar to other monoamines (203). The ability of histamine to signal in this fashion raises the potential for histaminergic neurons to “prime” other neurons’ responsiveness to additional incoming (metabolic) stimuli during waking hours when histaminergic tone is highest. However, future studies will be required to address such a possibility.





Conclusion

In summary, histamine functions as a neuromodulator in the brain and contributes to the central regulation of energy homeostasis. Its effects on food intake largely depend on the histamine receptor subtype activated, with agonism of H1Rs being anorexigenic and agonism of H3Rs causing an orexigenic response. These important metabolic effects of HR activation contribute towards the weight gain side effects of some common medications and have seen HR ligands proposed as anti-obesity therapeutics. The histaminergic system has also been demonstrated to interact with key metabolic signals in the brain. It is clear that the histaminergic system has a powerful ability to influence food intake. Now we must turn our attention to elucidating the exact mechanisms by which it does so and the circumstances in which histaminergic signaling may contribute to an altered homeostatic drive to eat.
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Introduction

Hormonal contraceptives (HCs), nowadays one of the most used contraceptive methods, downregulate endogenous ovarian hormones, which have multiple plastic effects in the adult brain. HCs usually contain a synthetic estrogen, ethinyl-estradiol, and a synthetic progestin, which can be classified as androgenic or anti-androgenic, depending on their interaction with androgen receptors. Both the anterior cingulate cortex (ACC) and the amygdala express steroid receptors and have shown differential functionality depending on the hormonal status of the participant and the use of HC. In this work, we investigated for the first time the relationship between ACC and amygdala resting state functional connectivity (rs-FC) and HC use duration, while controlling for progestin androgenicity.





Methods

A total of 231 healthy young women participated in five different magnetic resonance imaging studies and were included in the final analysis. The relation between HC use duration and (i) gray matter volume, (ii) fractional amplitude of low-frequency fluctuations, and (iii) seed-based connectivity during resting state in the amygdalae and ACC was investigated in this large sample of women.





Results

In general, rs-FC of the amygdalae with frontal areas, and between the ACC and temporoparietal areas, decreased the longer the HC exposure and independently of the progestin’s androgenicity. The type of HC’s progestin did show a differential effect in the gray matter volume of left ACC and the connectivity between bilateral ACC and the right inferior frontal gyrus.





Keywords: resting state fMRI, brain connectivity, hormonal contraceptives, progestins, amygdala, anterior cingulate cortex




1 Introduction

Consistent evidence has demonstrated ongoing plastic changes in the adult brain, including those related to ovarian hormones (1, 2). From neurogenesis to remyelination, the neuroactive actions of ovarian hormones are vast and still not fully understood (1, 3). In humans, brain network dynamics are also affected by ovarian hormone fluctuations, and more importantly, these effects appear to be suppressed during the use of hormonal contraceptives (HCs) (4). While women experienced physiological fluctuations of ovarian hormones throughout their adulthood, HCs, nowadays one of the most used contraceptive methods (5), abolish this cycle. In general, HCs downregulate the hypothalamic–pituitary–gonadal axis, decreasing the endogenous ovarian hormones’ production and maintaining their levels low, comparable to the levels observed in naturally cycling women during menses (6). In general, the synthetic hormones’ bioavailability remains stable during the active HC use and prevents follicle growth and ovulation (7, 8). HCs usually contain a synthetic estrogen, ethinyl-estradiol, but on the side of synthetic progestins, the range of compounds is wider. The latter can be classified into androgenic or anti-androgenic, depending on their interaction with androgen receptors (9, 10). On the one hand, those progestins derived from 19-nortestosterone (i.e., norethindrone, desogestrel, gestodene, and norgestimate) can be classified as androgenic due to their rapid metabolism to levonorgestrel, which demonstrates agonistic binding to the androgen receptor (11). On the other hand, those progestins derived from spironolactone (i.e., drospirenone), or from 17-hydroxyprogesterone (i.e., chlormadinone acetate or cyproterone acetate), can be classified as anti-androgenic due to their antagonistic actions at the androgen receptor (12). Additionally, dienogest, although derived from 19-nortestosterone, also exhibits anti-androgenic activities (13).

Despite the sparsity of literature regarding HC effects on the female brain, animal research and a few human studies hint at structural (14, 15) and functional changes (see reviews by 16, 17) related to HC use. Among the most consistently reported brain areas in ovarian hormones research are those belonging to the salience network. This network, crucial for emotion processing, is of special interest given that adverse mood effects are the major reason to discontinue HC use (18, 19). Both the anterior cingulate cortex (ACC) and the amygdala, at the core of this network, express steroid receptors (1, 3), and have shown differential functionality depending on the hormonal status of the participant (20–22). ACC not only shows differences in activation across the menstrual cycle, but also has been reported to be thinner (23) and to increase its activation to emotional stimuli (24) in HC users compared to naturally cycling women. Likewise, amygdala structure (25) and response to emotional stimuli differs between naturally cycling women and HC users (26), and across the menstrual cycle (27, 28).

Resting state functional connectivity (rs-FC), assessed as the correlated activity of different brain areas in the absence of an explicit task, offers a valuable measure to understand the brain’s intrinsic network organization (29, 30). Nowadays, we can investigate changes in rs-FC to disentangle the dynamics of the healthy brain functioning. Within this framework, neuroimaging studies have shown differences in the intrinsic connectivity of the salience network across menstrual cycle phase, and between naturally cycling women and HC users (for a review, see 16). Across the natural menstrual cycle, rs-FC between the ACC with the middle frontal, superior temporal, transverse temporal, and postcentral gyri (31) increased during the luteal phase when progesterone levels are high (31). In a recent study, we also described increased effective connectivity from the middle frontal gyrus to the ACC, but decreased effective connectivity from the medial prefrontal cortex to the ACC during the luteal phase (22). However, decreased rs-FC between ACC, middle frontal gyrus, and cuneus has also been described for luteal woman (32). Also, during this phase, the amygdala rs-FC with the right middle frontal gyrus, superior frontal gyrus, and paracentral lobule has been reported to increase (31). During the late luteal phase, though, rs-FC between the left amygdala and left angular gyrus and posterior cingulate cortex was decreased compared to the mid-follicular phase (33).

Regarding the HC effects on rs-FC, Engman et al. (31) investigated changes in the ACC and amygdala connectivity in response to a levonorgestrel containing HC in a randomized, placebo-controlled trial. They observed an increased rs-FC of the right ACC with the precuneus and left superior frontal gyrus and a decreased rs-FC between the right amygdala and the left postcentral gyrus, during HC intake (31). Additionally, between-group comparisons revealed increased rs-FC between the left ACC and precuneus, and left amygdala and left postcentral gyrus and precuneus for the naturally cycling luteal women compared to the HC users (31). Active HC users have also shown an increased rs-FC of the ACC within the salience network compared to naturally cycling women (34), but decreased rs-FC between the salience network and the left middle frontal gyrus, compared to both HC inactive phase and naturally cycling women (32). Lisofsky et al. (25) followed women before and after the start of HC use and reported decreased rs-FC between the left amygdala and the right IFG. However, these latter studies did not control for the androgenicity of the HC used, and it remains unclear whether androgenic and anti-androgenic HCs differentially modulate rs-FC of the salience network. Given that exogenous testosterone in women decreases connectivity between ACC and the inferior frontal gyrus (35), and between amygdala and the orbitofrontal cortex (36), it seems relevant to account for the type of progestin that the HCs contain. In this work, we investigated for the first time the relationship between ACC/amygdala rs-FC and HC use, while controlling for the progestin’s androgenicity.

Furthermore, while Engman et al. (31) investigated the effects of short-term HC-use (one intake cycle) on rs-FC of the salience network nodes, Petersen et al. (32) included long-term HC users. Given that results differ between the two studies, it is an interesting question whether changes in rs-FC of the salience network accumulate over time. Previous animal research has shown cumulative effects of sex steroids on the brain substrate, ranging from molecular to cellular levels (see reviews: 3, 37–40). In rodents, DNA de-methylation through the estrogen receptor is time-dependent (38), while continuous vs. sequential administration of progesterone elicits a differential gene expression profile in the hippocampus (40). After neural damage, progesterone-dependent recovery is affected by treatment duration, alongside differential effects on the cytoarchitectural structure (39). Relatedly, time-dependent effects on synaptic transmission are mediated by changes in shape and density of dendrites (39) and neurotransmitter’s receptors (41). Other steroids’ cumulative effects found in rodents include changes in the glial cells and consequent myelination, with an important role in neuroprotection (37, 42). Finally, and given that the reversibility of HC effects on the brain is still in question, we further explored if the effects found in HC users were replicated in previous HC users. Accordingly, we here opted for studying in a large sample of women those time-dependent associations that may accumulate over HC use duration, differentiating between androgenic and anti-androgenic progestins. In addition to addressing the temporal dynamics of HC effect or rs-FC of the salience network, the pattern of associations might shed some light into the endocrinological mechanisms underlying these effects. At the moment, it remains unclear whether changes in rs-FC during HC use are related to the progestagenic or androgenic/anti-androgenic actions of the progestin component, estrogenic actions of ethinyl-estradiol, or a by-product of HC effects on endogenous neurosteroids.

Given that the contraceptive effects of HC depend largely on the progestin component, the focus with regard to neuroplastic changes in response to HC is usually on the activation of progesterone receptors. Synthetic progestins possess a higher binding affinity for intracellular progesterone receptors than the endogenous hormone (43). If cumulative effects of HC on the salience network depend on progestagenic actions, we can expect effects as observed in the luteal phase (e.g., increased connectivity of the ACC and amygdalae to the middle frontal gyrus; 22, 31) to increase with increasing use duration, irrespective of the androgenicity of the progestin. Furthermore, one important consideration is that most of the effects of endogenous progesterone are exerted through its metabolite allopregnanolone. Synthetic progestins, however, are not metabolized to allopregnanolone, which is a potent modulator of one of the receptors for inhibitory neurotransmitter γ-aminobutyric acid (GABA) (for review, see 40). Although women under HC have increased synthetic progestin levels with high affinity for progesterone receptors, their circulating allopregnanolone levels seem to be decreased (androgenic HC: 44; anti-androgenic HC: 45). Accordingly, if previously reported effects along the natural menstrual cycle were related to endogenous allopregnanolone rather than actions on the progesterone receptor, we expect longer HC duration, related to decreased ACC connectivity with the temporal lobe, middle frontal and postcentral gyri connectivity (22, 31) while increased ACC connectivity with the medial prefrontal cortex (22). Likewise, for the amygdala, decreased connectivity with the middle, superior frontal gyrus and paracentral lobule (31) would be expected. These hypotheses are in line with results obtained from long-term HC users in previous studies (32). On the other hand, animal research hints a more complex scenario, in which allopregnanolone levels depend on the type of progestin (see systematic review, 46). In general, while androgenic progestins decrease allopregnanolone levels in the brain; anti-androgenic progestins increase them. If this is also the case in humans, further differential effects are expected for androgenic vs. anti-androgenic HCs related to levels of allopregnanolone.

More importantly, related to the differential modulation of androgen receptors by different progestins, opposite associations to the duration of androgenic vs. anti-androgenic progestin use can be expected. Although we would expect androgenic HC to have similar effects as testosterone (e.g., decreased ACC–inferior frontal gyrus and amygdala–orbitofrontal cortex connectivity; 35, 36), it is noteworthy that endogenous testosterone is metabolized to estradiol, acting also on estrogen receptors (47). Regarding estrogenic effects on the salience network, higher rs-FC between the amygdala and prefrontal and temporal areas has been reported after an estradiol challenge in postmenopausal women (48). Within naturally cycling women, increased connectivity between the amygdala and cuneus, inferior frontal fyrus, precentral gyrus, supramarginal gyrus, and temporal lobe has been described in the presence of high estradiol levels, while increased connectivity between amygdalae and the ACC has been described for low estradiol levels (49). Accordingly, if cumulative HC effects on the salience network are derived from the estrogenic actions of ethinyl-estradiol, we expect connectivity between the amygdalae and fronto-temporal areas to increase with use duration irrespective of the androgenicity of the progestin.

In general, a decreased rs-FC of the ROIs with frontal areas like middle frontal gyrus and inferior frontal gyrus is expected, related to longer HC exposure (25, 32). We also expect an increased rs-FC of the ACC with the precuneus and left superior frontal gyrus and a decreased rs-FC between the amygdalae and the left postcentral gyrus and precuneus, especially for HC with androgenic progestins (31). Further differential effects of androgenic vs. anti-androgenic HC will be explored.




2 Methods



2.1 Participants and procedure

A total of 231 healthy young women (105 current HC users and 126 past HC users and currently naturally cycling) were included in the final analysis, from five different MRI studies (50–52). Participants were recruited via flyers at the University of Salzburg and via online advertisements. Most of the participants were university students and all of them were right-handed. Main exclusionary criteria for women were neurological, psychiatric, or endocrine disorders, any medication intake, or any brain abnormalities displayed on structural MRI. Note that differential brain organization may underlie women’s susceptibility to HC adverse mood side effects, which is the major reason for HC discontinuation (19, 53).

In all studies, scanning sessions were scheduled in the active phase of HC use for current HC users (second or third week of the intake cycle), or locked to their menstrual cycle for naturally cycling women (past users). For the latter, the majority of sessions were scheduled during the early follicular phase (cycle days 1–8), except for six participants that were in their mid-luteal phase (3–10 days before onset of next menses). Participants had to confirm the onset of next menses in retrospect.

As part of our standard screening questionnaire, information on previous contraceptive use was collected. The participants were subdivided into HC users with current androgenic HC use (A-HC; n = 62) and current anti-androgenic HC use (AA-HC; n = 43), and naturally cycling women with previous androgenic HC use (A-NC; n = 45), previous anti-androgenic HC use (AA-NC; n = 52), and unknown androgenicity of the HC (n = 29). Further details regarding the categorization of progestins into androgenic or anti-androgenic and the subsample size of each specific progestogenic component can be found in the Supplementary Material.

Only women currently or previously using HCs with only one and the same type of progestin (either A or AA) were included. Specifically for naturally cycling women, only participants who had not been using any HCs or IUDs for the past 6 months and had a regular menstrual cycle, defined as between 21 and 35 days, and less than 7 days of cycle length variability (54), were included. All participants gave their signed written consent to participate in each study. Every study was approved by the University of Salzburg’s ethics committee and conforms to the Code of Ethics of the World Medical Association (Declaration of Helsinki).

The androgenicity of HC was coded as a categorical variable with the following levels: level “A”: androgenic, level “AA”: anti-androgenic, and level “unknown”. Further details are described in the following paragraphs. In order to compare age and HC use duration between androgenic and anti-androgenic users, independent-samples t-test was performed. For women currently using HC, there was a significant difference in age between A-HC (M = 21.31, SD = 2.55) and AA-HC (M = 22.58, SD = 3.57); t(103) = −2.13, p = 0.04. Anti-androgenic users were, on average, approximately 1 year older than androgenic users. Likewise, use duration was significantly different between A-HC (M = 4.00, SD = 2.47) and AA-HC (M = 5.12, SD = 2.92); t(103) = −2.12, p = 0.04. The HC use duration for anti-androgenic users was, on average, approximately 1 year longer than the androgenic duration. For the naturally cycling women, age and HC use duration were not significantly different between women who had previously taken androgenic or anti-androgenic HC (t > |2.5|, p > 0.05) (Table 1). HC use duration was not related to ethinyl-estradiol levels (r < 0.01, p = 0.23), and the distribution of HC use duration by each different type of progestin followed similar distributions.


Table 1 | Participants’ demographics.



In order to control for possible moderation effects of ethinyl-estradiol levels and given previously reported dose-dependent cognitive effects (55), the following analyses were further performed controlling for the levels present in the HC. No interactive effect of pill duration by ethinyl-estradiol levels was observed, and therefore, the rest of the analyses and results will focus on the main effect of HC use duration and interaction with HC androgenicity.




2.2 fMRI data acquisition

For each study, a resting state scan of approximately 9 min duration was performed at the beginning of the scanning session. Participants were instructed to close their eyes, relax, and let their mind wander. One of the studies, however, instructed the participants to leave their eyes open (HC = 20, 19% of the final sample; NC = 28, 22% of the final sample). When the sample from this study was excluded, partial correlations between HC use duration and brain connectivity effects remained significant (prage, type of scanner > |0.35|, p < 0.05). Therefore, participants from all five studies were included in the following analyses. Two types of scanners were used: a Siemens Magnetom TIM Trio 3 Tesla and a Siemens Magnetom Prisma Fit 3 Tesla, both of them with a 64ch head coil (see Table 1 for demographics). Although we add a regressor for potential confounding effects of the type of scanner in all of the analyses, the combination of these datasets still poses a conceptual limitation. The impact of Siemens Tim Trio to Prisma upgrade has been assessed in different quantitative MRI measures (56) and proton magnetic resonance spectroscopy (57). Higher reliability was identified in most of the MRI outputs that were investigated across the Prisma upgrade (56) and inter-scanner variation had average values of approximately 2.2%–3.8% (56). Although there is also a fair level of intra-vendor consistency in individual scans (58), the present datasets also differed in their respective sequences’ TR. Therefore, we explored additional interactions of the type of scanner with the HC used duration effects herein presented. No significant interactive effects were found.

For the first four studies, functional and high-resolution structural images were acquired on the TIM Trio scanner following a field map acquisition. Functional images consisted of a T2-weighted gradient echo planar sequence with 36 transversal slices oriented parallel to the AC-PC line (whole-brain coverage, TE = 30 ms, TR = 2,250 ms, flip angle 70°, slice thickness 3.0 mm, matrix 192 × 192, FOV 192 mm). For structural images, we acquired a T1-weigthed 3D MPRAGE sequence (160 sagittal slices, slice thickness = 1 mm, TE = 2.91 ms, TR = 2,300 ms, TI delay 900 ms, flip angle 9°, FOV 256 × 256 mm). For the most recent study, functional and high-resolution structural images were acquired on the same MRI device, upgraded to the Prisma Fit system. Functional images consisted of a T2-weighted gradient echo planar sequence with 64 transversal slices oriented parallel to the AC-PC line (whole-brain coverage, multi-slice interleaved, TE = 30 ms, TR = 1,400 ms, flip angle 69°, slice thickness 2.3 mm, matrix 202 × 202, FOV 202 mm). For structural images, we acquired a T1-weigthed 3D MPRAGE sequence (176 sagittal slices, slice thickness = 1 mm, TE = 2.91 ms, TR = 2,300 ms, TI delay 900 ms, flip angle 9°, FOV 256 × 256 mm). In the Prisma scanner study, in order to create unwrapped field maps that can be used to do B0 inhomogeneity distortion correction of the functional scans, two echo planar images (EPI) with opposite phase encode directions were acquired right before the resting state.




2.3 fMRI data analyses

For functional images, the first six images of each session were discarded. The remaining scans were despiked using 3d-despiking as implemented in AFNI (afni.nimh.nih.gov). The resulting images were pre-processed using SPM12 standard procedures and templates including (i) realignment and unwarping of the functional images using the field map, (ii) segmentation of the structural images using CAT12, (iii) co-registration of the functional images to the structural images, (iv) normalization of functional images using the normalization parameters as estimated by CAT12, and (v) spatial smoothing using a 6-mm kernel. Additionally, for the Prisma scanner, the field map was calculated from the two EPI images with opposite phase encoding using the FSL “topup” tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TOPUP; 59), and the Field Map Toolbox from SPM12 was used to calculate a voxel displacement map to correct the BOLD EPI images (https://lcni.uoregon.edu/kb-articles/kb-0003; 60). Pre-processing quality control procedures included the automatic exclusion of participants with excessive movement (>3 mm translation, >2° rotation), visual inspection of structural and functional scans ensuring adequate coregistration, and visually checking the normalization to a standard T1 and an EPI MNI template. Finally, we perform ICA-AROMA non-aggressive removal of artifactual components on the resulting images. ICA-AROMA has been shown to reduce motion-induced variation in fMRI signal, while preserving the signal of interest (61).



2.3.1 Gray matter volume and fractional amplitude of low-frequency fluctuations

Gray matter volumes from bilateral ACC and amygdala were extracted using the get_totals script by G. Ridgeway (http://www0.cs.ucl.ac.uk/staff/gridgway/vbm/get_totals.m), each region of interest (ROI) defined with the AAL atlas (62).

The fractional amplitude of low-frequency fluctuation (fALFF) maps were calculated from pre-processed resting state images using the DPABI toolbox (63). The fALFF is a measure of oscillatory activity at the resting state, relative to the whole frequency range (64). It is defined as the ratio of the power spectrum of low frequency (0.01–0.08 Hz) to the average square root of each frequencies power within this range (64, 65).

In order to assess the duration of the HC use*androgenicity interactive effect on (i) gray matter volume and (ii) fALFF, they were introduced as dependent variables in linear models in R Version 1.4.1717, using the lm function from the stats package (66). For all models, HC use duration, androgenicity, and their interaction were included as fixed effects. In case no significant interaction between androgenicity and HC use duration was observed, the interaction was removed from the model and the main effect of HC use duration was calculated across both groups. For every model, age and type of scanner were added as nuisance regressors (e.g., fALFF ~ duration of HC use*androgenicity + age + type of scanner). For the models including gray matter volume, we used the total intracranial volume (TIV) as an additional covariate (e.g., GM IFG ~ duration of HC use*androgenicity +TIV + age + type of scanner). All continuous variables were scaled prior to analyses to allow for interpretation of effect sizes based on standard deviations.




2.3.2 Seed-to-voxel connectivity analysis

We investigated bilateral ACC and amygdala functional connectivity with AAL atlas-defined region of interest (ROI) (62). Seed-to-voxel connectivity maps from these ROIs were estimated for each subject using the CONN-toolbox standard procedures and templates (67). The six movement parameters as well as five white matter and cerebrospinal fluid components were used as regressors during the denoising step. A band-pass filter of 0.008–0.09 Hz was applied. For the group-level analysis, full factorial models were used to evaluate the overall connectivity relation to HC use duration. For each of the ROIs, the first-level contrast images were introduced into a full factorial design in order to investigate the interactive effect of duration of HC use and HC group (androgenic vs. anti-androgenic). In case no significant interaction between androgenicity and HC duration was observed, the main effect of HC use duration was calculated across both groups. In order to control for age and scanning upgrade, their interaction with the HC group was additionally modeled as nuisance regressors. For this second level, results were masked with an SPM gray matter template, and we used an extent threshold of k = 20 voxels, an uncorrected primary threshold of p < 0.001, and a secondary cluster-level FWE-corrected threshold of p < 0.05 (indicated as pFWE). In case a cluster of significant interaction between androgenicity and HC use duration emerged, eigenvalues were extracted from this cluster and partial correlations controlling for age and type of scanner were performed separately for androgenic and anti-androgenic HC users. In a follow-up analysis, we checked if the effects in HC users were replicated in naturally cycling previous HC users. The first eigenvector of the time series across voxels was extracted from the significant FWE-corrected clusters found in HC current users, and partial correlations for naturally cycling previous HC users were performed controlling for both age and type of scanner. In case of no significant interaction between androgenicity and HC use duration, the level “unknown” from HC androgenicity variable was included in the partial correlation. Otherwise, only known “A” and “AA” previous HC users were included and partial correlations were explored separately.






3 Results



3.1 Gray matter volume and fractional amplitude of low-frequency fluctuations

For the gray matter volume of the ROIs, there was an interactive effect of HC use duration and androgenicity in the left ACC [b = −0.31, SEb = 0.15, t(98) = −1.99, p = 0.049]. Current androgenic users showed a smaller GM volume of the left ACC the longer the duration of HC use (Figure S1). However, partial correlations were separated by androgenicity, and controlling for age, TIV and scanner type did not survive the significance threshold [prage, type of scanner, TIV = −0.05, p(57) = 0.73 for A-HC, and prage, type of scanner, TIV = −0.23, p(38) = 0.15 for AA-HC].

No further significant relations were found for right ACC or bilateral amygdala gray matter volume. Neither ACC nor amygdala showed any previous HC use duration effect [all prage, type of scanner <|0.015|, p(122) > 0.05].

No significant relations were found for bilateral ACC or amygdala between fALFF and duration of HC use.




3.2 Seed-to-voxel connectivity analysis

Whole brain connectivity maps of bilateral ACC and amygdalae are displayed in the Supplementary Material (S2–S5). For the ACC, positive connectivity maps included insular and medio-temporal areas, while negative connectivity maps included superior parietal lobes and inferior frontal gyri. Positive connectivity maps for the amygdalae included insular, middle cingulate, and ventromedial prefrontal cortices, among other medio-temporal areas, putamen, and thalamus. Negative connectivity maps for the amygdalae included superior, middle frontal, and angular gyri, among others.



3.2.1 Main effect of HC use duration

For the ACC connectivity, we observed an inversed main effect of current HC use duration and connectivity between the right ACC and left post-central gyrus ([-54, -22, 49], 79 voxels, T = 4.63, pFWE = 0.001), right posterior insula ([36, -16, 10], 67 voxels, T = 4.58, pFWE = 0.003), and right pre/post-central gyrus ([39, -16, 61], 121 voxels, T = 4.54, pFWE < 0.001). Functional connectivity between the right ACC and these three clusters was lower the longer the use of HC in current users, irrespective of the androgenicity (Figure 1A). Connectivity between the right ACC and these three clusters of interest did not show any previous HC use duration effect [all prage, type of scanner" < |0.015|, p(122) > 0.05].




Figure 1 | Main effect of current HC use duration on ACC and amygdala connectivity. (A) Current HC users showed lower connectivity between the right ACC and right insula/bilateral post-central gyrus, the longer the use of HC, irrespective of the androgenicity (in green). (B) Independently of the androgenicity of the HC, current users showed lower connectivity between left (in blue) and right (in purple) amygdala with left prefrontal cortex the longer the use of the HC. ACC, anterior cingulate cortex; PoCG, post-central gyrus; PI, posterior insula; amyg, amygdala; MFG, middle frontal gyrus; SFG, superior frontal gyrus; HC, hormonal contraceptive; A, androgenic; AA, anti-androgenic.



We also observed an inversed main effect of HC use duration on connectivity between bilateral amygdalae and prefrontal cortex. Connectivity between bilateral amygdalae and the left middle frontal gyrus ([-30, 35, 40], 37 voxels, T = 3.79, pFWE = 0.042, for the left amygdala; [-30, 26, 46], 62 voxels, T = 4.42, pFWE = 0.004, for the right amygdala) and between the right amygdala and the ventral part of the superior frontal gyrus ([-21, 56, -5], 37 voxels, T = 4.47, pFWE = 0.042) was lower the longer the duration of HC, irrespective of the androgenicity (Figure 1B). Only for the connectivity between the right amygdala and the left superior frontal gyrus did we observe a similar effect of previous HC use duration in naturally cycling participants [prage, type of scanner = −0.19, p(122) = 0.035]. Independently of the androgenicity type, the connectivity between the right amygdala and the ventral part of the superior frontal gyrus ([-21, 56, -5], 37 voxels) was lower the longer the use of HC in previous users (Figure S6).




3.2.2 Interactive effect of HC use duration and HC androgenicity

We further observed an interactive effect of HC use duration and androgenicity in the connectivity between left and right ACC with the triangular part of the right inferior frontal gyrus ([45, 47, -2], 50 voxels, T = 4.18, pFWE = 0.012, for the left ACC; [39, 47, -5], 39 voxels, T = 4.35, pFWE = 0.038, for the right ACC). For current users of an androgenic HC, the connectivity between bilateral ACC and the right inferior frontal gyrus was lower the longer the HC use [prage, type of scanner = −0.46, p(58) < 0.001 for the left ACC; prage, type of scanner = −0.44, p(58) < 0.001 for the right ACC]; for anti-androgenic HC users, connectivity strength was higher the longer the HC use [prage, type of scanner = 0.34, p(39) = 0.03 for the left ACC; prage, type of scanner = 0.31, p(39) = 0.04 for the right ACC; Figure 2]. Connectivity between the ACC and inferior frontal gyrus did not show any previous HC use duration effect in naturally cycling participants [all prage, type of scanner < |0.015|, p(122) > 0.05]. No interactive effect of androgenicity and HC use duration was observed for the rs-FC of the amygdalae.




Figure 2 | Interactive effect of current HC use duration and androgenicity on the connectivity between left (in red) and right ACC (in orange) with right inferior frontal gyrus (IFG). Current users of an androgenic HC (A-HC) showed lower connectivity between bilateral ACC and the right IFG the longer the HC use. In contrast, current users of an anti-androgenic HC (AA-HC) showed stronger connectivity between bilateral ACC and the right IFG the longer the HC use. ACC, anterior cingulate cortex; IFG, inferior frontal gyrus HC, hormonal contraceptive; A, androgenic; AA, anti-androgenic.



In summary, for the current HC users, the connectivity between the right ACC and right insula/bilateral post-central gyrus, and between bilateral amygdalae and left prefrontal cortex, was lower the longer the use of HC, irrespective of the androgenicity. For androgenic HC users, the connectivity between bilateral ACC and the right IFG was lower the longer the HC use; for anti-androgenic HC users, connectivity strength was higher the longer the HC use.






4 Discussion

In this study, we investigated for the first time the differences in the resting state functional connectivity (rs-FC) network of the anterior cingulate cortices (ACC) and the amygdalae related to the duration of androgenic (A) or anti-androgenic (AA) HC use. In general, rs-FC of the ACC and temporoparietal areas, and between the amygdalae with frontal areas, decreased the longer the HC exposure and independently of the progestin androgenicity. Androgenicity did show a differential effect in the connectivity between bilateral ACC and the right inferior frontal gyrus (IFG).

Longer HC use duration, irrespective of the androgenicity, was related to decreased connectivity between the ACC and the insular cortex, both involved in the salience network. Although naturally cycling women show within salience network connectivity increased related to enhanced endogenous progesterone (22, 53), this effect was absent in women during HC use (53). The impact of HC on salience-dependent processes such as motivation and reward-oriented behavior has been related to a decrease of the insula activation, for example, to sexual cues (68). In animal models, this sexual behavior has been shown to be impaired by exogenous hormonal treatment, changes suggested to be mediated by the blunted levels of allopregnanolone (69). Conversely, Sharma et al. (34) reported an increased salience within-network connectivity with the medial superior frontal gyrus for the HC users compared to the naturally cycling women (34). It needs to be noted, though, that pubertal-onset HC users were included in this comparison and given that this sub-group was reported to show significantly general increased connectivity compared to the adult-onset sub-group, it is unclear to which extent they drove the direction of the results.

Contrary to our expectations, we did not find a decreased connectivity between the amygdala and the postcentral gyrus and precuneus (31). Instead, it was the ACC that showed decreased connectivity to the bilateral pre/postcentral gyri the longer the HC use. In a recent study analyzing effective connectivity in a placebo-controlled trial, connections between the dorsal ACC and parietal areas decreased during androgenic HC treatment (53). In naturally cycling women, connectivity between the ACC and postcentral gyrus increased during the luteal phase (31), and the connectivity of the somatosensorial cortices was also positively related to progesterone levels (70). Connectivity between amygdalae with superior and middle frontal gyrus was also found decreased the longer the HC use in the present sample, in line with Petersen et al. (32). Moreover, although it did not survive the FWE correction in the whole-brain analysis, the right amygdala also showed reduced connectivity with the ipsilateral middle frontal gyrus, the longer the HC use duration (see Supplementary Material, Figure S7). Conversely, increased connectivity between these areas has been reported before during the progesterone-dominated luteal phase in naturally cycling women (31).

Following the argument that while HC women have increased synthetic progestin levels, their allopregnanolone levels remain decreased (44, 45), and that some effects of endogenous progesterone are exerted through this metabolite, these changes in opposite directions may suggest that the ACC-insular/somatosensorial and prefrontal–amygdalar connectivity positively relates to allopregnanolone levels, which, in turn, remains decreased during HC use. Relatedly, exogenous administration of progesterone, which significantly increased allopregnanolone levels, selectively increased amygdala reactivity (71). However, although animal research corroborates these effects for androgenic progestins, except for drospirenone (72), anti-androgenic progestins appear to increase allopregnanolone levels in the rodent brain (73, 74). On the other hand, although ethinyl-estradiol has a greater affinity for estrogen receptors than endogenous estradiol (75), it is administered in a much lower dose and also shows a differential selectivity for the alpha receptor type over the beta receptor type (76). The present findings could be a consequence of the cumulative effect of synthetic hormones, the abolishment of cyclic endogenous hormonal fluctuations, or the combination of both.

Contrary to our hypotheses, we only found an interactive effect of androgenicity and use duration for bilateral ACC. The connectivity of these areas with the right inferior frontal gyrus was lower the longer the androgenic HC use, while it was stronger the longer the anti-androgenic HC use. In post-menopausal women, connectivity between these areas during memory tasks is positively related to estradiol levels (77). Conversely, in pre-menopausal women using HC, bilateral ACC–inferior frontal gyrus connectivity has been reported to decrease after testosterone administration, during an empathy-related task (35). In male patients, anabolic androgen users showed decreased dorsal attention network connectivity with superior and inferior frontal gyri (SFG/IFG) and the ACC, related to use duration (78). Opposed effects of HC depending on the androgenicity of their progestin have also been extended to the behavioral level by some studies (see review, 79). Although these findings indicate opposite cumulative effects of androgenic vs. estrogenic modulation, both androgenic and anti-androgenic progestins reduce overall testosterone bioavailability (80, 81). Therefore, HC’s androgenicity impact needs to be further elucidated, preferably in longitudinal placebo-controlled trials.

Most of the effects observed in current HC users did not replicate for previous HC users, which could be interpreted as reversibility for such effects. Only the connectivity between the right amygdala and the ventral area of the left superior frontal gyrus still showed a decrease the longer the duration of previous HC use. We have previously described an effect of HC exposure on gray matter volume of subcortical structures, some of which also appear to remain after discontinuation (82). Although some studies hint at a chronic decrease in endogenous hormone levels many years after cessation of HC use (83), and long-term effects in task performance (84), the extent to which fronto-amygdalar connectivity is directly influenced by a prolonged HC use is still undetermined. Further longitudinal randomized placebo-controlled studies need to be carried out in order to fully disentangle the causal effect of HC and its reversibility after discontinuation.

Some remarks and limitations need to be noted. First, and important for the interpretations of these results, is that while a cross-sectional group comparison could identify those effects that emerge after the first months of use, but do not accumulate over time, here we investigated time-dependent associations. Therefore, for those results conflicting with previous literature, an alternative explanation is that following this early impact (that would explain the group differences), the changes adapt/regress over time. Further inconsistencies could also be partly attributable to the small sample and effect sizes of past studies. Second, although the categorization of progestins used here corresponds to their androgenic vs. anti-androgenic effects, this does not always reflect the corresponding androgenicity of the HCs. Progestins with a stronger androgenic effect may be found in lower doses in the HC and therefore have lower androgenic effects in the body once dosage is taken into account (85).Third, HC-related differences could be modulated by a continued suppression of the endogenous hormones, by the exposure to synthetic hormones, and/or by the interaction of both effects. As previously described, endogenous estradiol has a lower affinity for estrogen receptors than ethinyl-estradiol, and endogenous progesterone also differs to the different types of synthetic progestins in their extra-progestogenic effects. For example, they present a different affinity and agonist or antagonist modulation of gluco- and mineralocorticoid receptors (86). Furthermore, the involvement of these receptors in the regulation of the stress response is of special importance when considering potential long-term effects of HC on the brain. Last, but not least, we selected the present ROIs based on previous literature and delimited by the AAL atlas (62) for replication purposes (31). However, there are conceptual and practical challenges when selecting a specific parcellation, including the lack of precision in terms of inter-individual homologous correspondence in brain cortex (87, 88). Additional bias towards smaller sub-networks instead of larger brain systems has also been suggested for seed-based analyses (89).

Overall, these results in a large sample of women suggest cumulative changes in functional connectivity patterns at rest related to the extent of exposure to HC and the abolishment of the endogenous fluctuation of ovarian hormones. Differential effects of the type of progestin arose for some of these functional changes. Given the widespread use of HC among women, and the early onset of HC use, usually starting during adolescence, elucidating the synthetic progestins effects and the functional implications of these findings is of the utmost importance.
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Ectopic adrenocorticotropic hormone syndrome (EAS) is a condition of hypercortisolism caused by non-pituitary tumors that secrete adrenocorticotropic hormone (ACTH). A rare occurrence of this syndrome is due to an ACTH-producing neuroendocrine tumor that originates from the gallbladder. One patient with severe hypokalemia and alkalosis was admitted to our hospital. Clinical presentations and radiographic findings confirmed the diagnosis of an aggressive ACTH-producing gallbladder malignancy with multiple liver metastases. The diagnosis was verified by pathological and immunohistochemical measurements from a biopsy of the hepatic metastasis. A literature review identified only four similar cases had been reported. Despite being rare and having a poor prognosis, hormone-producing neuroendocrine tumors that derive from the gallbladder should be considered in the differential diagnosis of ectopic ACTH syndrome.




Keywords: Cushing syndrome, ectopic adrenocorticotropic hormone syndrome, neuroendocrine tumor, gallbladder, case report





Introduction

Neuroendocrine neoplasms (NENs) are a heterogeneous group of tumors originating from neuroendocrine cells and are able to secrete amines or peptides as their neurotransmitters, such as 5-hydroxytryptamine, vasoactive polypeptide, insulin, growth hormone, adrenocorticotropic hormone, gastrin, somatostatin pancreatic polypeptide, and calcitonin. Ectopic adrenocorticotropic hormone syndrome (EAS) develops as a result of neuroendocrine tumors outside of the pituitary gland, which secrete either adrenocorticotropic hormone (ACTH) and/or corticotropin-releasing hormone, leading to a clinical presentation that resembles Cushing disease, characterized by hirsutism, muscular wasting, truncal-central obesity, hypertension, diabetes mellitus, and osteoporosis (1). The most common cause of ectopic ACTH is neuroendocrine tumors derived from the lung and anterior mediastinum. According to the largest published series (involving 383 EAS patients), lung NETs are the most common neoplasm (25%), followed by small-cell lung cancer (SCLC) (20%). Other common tumors are thymic (11%) and pancreatic NETs (8%), medullary thyroid carcinoma (6%), and pheochromocytoma (5%) (2). Tumors originating from the gallbladder and biliary duct were rarely reported.

We reported a case of severe hypokalemia and alkalosis caused by an aggressive ACTH-secreting gallbladder malignancy with numerous liver metastases. Only four comparable cases have been reported (3–6), according to a comprehensive literature review.





Case report

A 65-year-old man was admitted to our hospital with complaints of progressive weakness and anorexia that had persisted for ten days. Prior to this, the patient had been in a normal state. His condition began to deteriorate rapidly, as he claimed to have experienced accelerated fatigue, decreased appetite, and a weight loss of 1 kg. The patient denied experiencing any abdominal pain or diarrhea. His previous medical history included hypertension for the past 8 years and type 2 diabetes mellitus for the past 5 years. Glycemia was well controlled with insulin Aspart30 during the past two years, but it has deteriorated in the last month. Additionally, he underwent a bladder mass resection surgery in 2015, but the pathology of the mass could not be traced. He had a history of smoking for over 20 years and alcohol consumption for 30 years (100 ml per day). There was also a positive family history of hypertension and diabetes mellitus. Physical examination indicated that the patient had facial blushing, central obesity with thin extremities, and proximal muscle wasting. Pitting edema was also observed in both lower limbs. Skin hyperpigmentation was not obvious. His height measured at 159 cm, weight at 64 kg, and his blood pressure at 162/102 mmHg.

Laboratory tests showed that the hematocrit and leukocyte count were normal, the platelet count decreased to 62 ×109/L. Liver function manifested slightly elevated GGT (81.2 U/L) and total bilirubin (31.3 μmol/L). Hypoproteinemia was observed (serum albumin: 31.7 g/L). HbA1c was 7.5%, indicating that blood glucose levels had not been well controlled for the past 3 months. Notable analysis revealed a hypokalemia of 1.98 mmol/L and metabolic alkalosis. Urinary potassium excretion (138.53 mmol/24 h) markedly increased. Additional tests revealed that the patient had disrupted circadian biorhythms of plasma ACTH and cortisol (as shown in Table 1). The plasma ACTH level at 8 a.m. was highly elevated at 820 pg/mL (N 7-46 pg/mL). Both serum and 24-hour urine cortisol levels were remarkably beyond the upper limit of detection, and could not be suppressed by high-dose dexamethasone (administered orally, 2 mg every 6 hours for 2 days). Tumor markers, especially CEA, CA199, and AFP, were elevated. All these data raised suspicion of ACTH-dependent Cushing syndrome, and further imaging examinations were conducted in an attempt to locate the tumors. Enhanced CT (Figure 1A) and MRI (Figure 1B) scans consistently detected a mass in the gallbladder invading the liver. Multiple metastases were discovered in the liver. The pituitary gland appeared normal except for a Rathke cyst (Figure 1C). Bilateral adrenal hyperplasia, possibly caused by elevated ACTH, was also noted (Figure 1D). A CT-guided transdermal biopsy of liver metastasis was successfully performed. Immunohistochemical analysis revealed a small cell neuroendocrine tumor with positive staining of chromogranin A, synaptophysin, and ACTH (Figure 2) (7). Based on the evidence, a diagnosis of an ectopic ACTH-production tumor with hepatic metastases derived from the gallbladder was made.


Table 1 | The main laboratory results in the patient with gallbladder EAS.






Figure 1 | CT scan (A) and MRI scan (B) images presenting an irregular shaped mass in the gallbladder fossa, and multiple intrahepatic nodular lesions. Pituitary MRI (C) showing a Rathke cyst in the posterior pituitary gland with high signal intensity on T2WI. Bilaterally enlarged adrenal glands are displayed (D).






Figure 2 | Histological and immunohistochemical examination of liver metastasis. (A) Tumor cells gather into nests or sheets and infiltrate the fibrous stroma (H&E stain, x100). (B) Cellularity is very high with hyperchromatic nuclei and no discernible nucleoli is observed (x200). (C) Immunohistochemical staining of Ki 67. Tumor cells demonstrate a Ki 67 index of 67%. (D) Tumor cells demonstrate positive expression of chromogranin A. (E) Positive expression of synaptophysin is observed in tumor cells. (F) ACTH is diffusively expressed in the cytoplasm of tumor cells.



As for the treatment, the patient received a daily dosage of 180 mg spironolactone (divided into three times) and 134 mmol of potassium. This eventually helped to maintain the serum potassium level at 3.7 mmol/L. Radical resection of gallbladder malignancy and hepatic metastases was unattainable on account of the patient’s delicate condition. Chemotherapy, molecular targeted therapy, somatostatin analogues, and peptide receptor radionuclide therapy were openly discussed with the patient and his family members. The patient initially declined these therapeutic measures. He died of advanced gallbladder malignancy, liver function failure, malnutrition, and chronic gastrointestinal bleeding, hypoxemia after one month.

Literature review found that 4 cases of gallbladder EAS were reported. Three patients had gallbladder malignancy, and one patient had cholangiocarcinoma. The main clinical characteristics are listed in Table 2.


Table 2 | Ectopic ACTH syndrome caused by malignancy from the gallbladder and biliary: patient details, pathology, and tumor location.







Discussion

In this patient, elevated ACTH and serum cortisol levels supported the diagnosis of ACTH-dependent Cushing syndrome. The next challenge is to identify the tumor responsible for producing ACTH. High doses of dexamethasone may partially or completely suppress ACTH secretion for most pituitary corticotrophin tumors but not for most ectopic ACTH-secreting tumors (8). However, the high-dose dexamethasone suppression test (HDDST) is considered to have relatively low diagnostic accuracy (9). In some well-differentiated neuroendocrine tumor cases (in particular bronchial, thymic, and pancreatic carcinoids), ACTH secretion can be suppressed by high doses of dexamethasone (10). IPSS (inferior petrosal sinus sampling) is the gold standard to reliably differentiate ectopic ACTH syndrome from pituitary ACTH adenoma. For some EAS patients with indolent tumors, 68Ga-DOTATATE can be used as a tracer in PET imaging to detect criminal tumors (11). For our patients, the diagnosis of ectopic ACTH syndrome caused by a gallbladder mass could be established based on the following evidence: Firstly, high-dose dexamethasone could not suppress serum and urine cortisol levels, indicating the presence of ectopic ACTH-producing tumors. Secondly, a normal pituitary MR image ruled out the existence of an ACTH macroadenoma. Thirdly, biopsy of the hepatic metastasis revealed positive ACTH staining.

According to the new WHO classification, neuroendocrine carcinomas (NECs) are defined as >10 mitoses per 2 mm2 and Ki-67 >20% (often associated with a Ki-67 >55%). The carcinomas are further subtyped as small cell and large cell neuroendocrine carcinomas based on cytomorphological characteristics (12). In this patient’s case, a diagnosis of EAS led to the identification of an ACTH-producing neuroendocrine tumor derived from the gallbladder with multiple intra-hepatic metastases. Pathological and immunohistochemical examination showed positive ACTH in liver metastases with a Ki-67 of 67%, confirming the diagnosis of small cell neuroendocrine carcinoma. His general condition deteriorated rapidly and he had a poor outcome, which is consistent with the typical presentation of carcinoma.

Medical management of EAS is a complex matter. The aim is to reduce excessive cortisol levels and eliminate neuroendocrine tumors. The optimal treatment strategy is complete surgical resection of the tumor. However, most patients are at a late stage of disease when they get a final diagnosis, and only 10–30% of them have a chance for curative resection of the tumors. A combination of active chemotherapy, radiotherapy, targeted therapy, somatostatin analogues, and other multimodal treatments should be considered to minimize tumor size and prolong survival time (13). When the tumor is unresectable, management to reduce hypercortisolism should be conducted, including pharmacological agents to suppression of cortisone production or bilateral adrenalectomy. In this case, a multidisciplinary team was organized to deliberate on treatment strategies. Surgical removal of the gallbladder mass and hepatic metastases seemed impossible. Unfortunately, the patient died one month later without attempting any other therapeutic choices due to the rapid progression and deterioration of the disease.

We systematically reviewed the previous reports on ACTH-secreting gallbladder endocrine tumors. Four cases had been reported at present (3–6). All were female patients with severe hypokalemia. The neoplasms presented with highly aggressive atypical carcinoids and produced remarkably high level of ACTH and cortisol. One located in the bile duct, and the other three located in the gallbladder. Three cases had liver metastasis. All patients had rapid progression and a dismal prognosis. In our case, ACTH-producing gallbladder neuroendocrine carcinoma was confirmed by a positive ACTH immunocytochemical stain in biopsy from hepatic metastasis, which provides a novel and simple way to diagnosis.

In conclusion, ACTH-producing neuroendocrine carcinomas located in the gallbladder are rare. We present a case of a male patient with a gallbladder NEC that secretes ACTH. The disease advanced rapidly and had a poor prognosis. Recognition of its clinical condition by laboratory measurements, radiological and immunohistochemical examinations may benefit in an earlier diagnosis and a better chance of life-saving management.
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Background

This study aimed to evaluate the association between the glucose-to-lymphocyte ratio (GLR) and all-cause mortality in intensive care unit (ICU) patients with Non-traumatic cerebral hemorrhage.





Methods

This is a retrospective cohort study. Baseline data and in-hospital prognosis from patients with non-traumatic cerebral hemorrhage admitted to the intensive care unit. Multivariate COX regression analysis was applied and adjusted hazard ratios (HR) and 95% predictive values with confidence intervals (CI) were calculated. Survival curves for the two groups of cases were plotted using K-M curves, and subgroup analyses were performed in one step. Using restricted cubic spline curves, we analyzed the potential linear relationship between GLR and outcome indicators.





Results

In the Medical Information Mart for Intensive Care IV (MIMIC-IV database), we extracted 3,783 patients with nontraumatic intracerebral hemorrhage, and 1,806 patients were finally enrolled in the study after exclusion of missing values and patients with a short hospital stay. The overall ICU mortality rate was 8.2% (148/1806) and the in-hospital mortality rate was 12.5% (225/1806). The use of curve fitting yielded a significant linear relationship between GLR and both ICU mortality and in-hospital mortality. It also suggested a reference point at GLR=3.9. These patients were categorized into high and low subgroups based on the median value of their GLR (GLR = 3.9). Model comparisons based on multivariate COX regression analysis showed that in-hospital mortality was higher in the high GLR group after adjusting for all confounders (HR = 1.31, 95% CI: 1.04-1.47), while the ICU mortality in the high GLR group was (HR = 1.73, 95% CI: 1.18-2.52). Stratified analyses based on age, gender, race, GCS, BMI, and disease type showed stable correlations between the high GLR group and in-hospital and ICU mortality.





Conclusion

Based on our retrospective analysis, it is known that as the GLR increased, the in-hospital mortality rate and ICU mortality rate of patients with nontraumatic cerebral hemorrhage also increased progressively in the United States in a clear linear relationship. However, further studies are needed to confirm these findings.





Keywords: glucose-to-lymphocyte ratio, nontraumatic cerebral hemorrhage, medical information mart for intensive care IV, mortality, linear relationship, intensive care unit





Introduction

Acute non-traumatic cerebral hemorrhage, including diseases such as hypertensive cerebral hemorrhage, spontaneous subarachnoid hemorrhage, and hemorrhage of auto-vascular causes, is a group of diseases that seriously endanger the lives of patients. It ranks as the second most prevalent type of stroke, severity, swift advancement, elevated rates of mortality and disability, thereby constituting a significant peril to the global population (1, 2). Despite the implementation of optimal care within the intensive care unit and during hospitalization, patients afflicted with nontraumatic intracerebral hemorrhage continue to exhibit a considerable in-hospital mortality rate (3).Epidemiological surveys have shown that the in-hospital mortality rate for non-traumatic intracerebral hemorrhage is as high as 20%, and even higher in developing countries (3, 4). Considering the serious life-threatening nature of this group of patients, there is an urgent need for non-invasive and inexpensive tests to identify those at greater risk of death and to prevent death (5).

Numerous clinical studies have determined that patients who experience intracerebral hemorrhage exhibit a concurrent systemic inflammatory response. Furthermore, patients with severe cerebral hemorrhage have demonstrated signs of immune cell activation and abnormal host reactions (6, 7). Moreover, various systemic inflammatory biomarkers, such as the neutrophil-lymphocyte ratio (NLR) (8), platelet-lymphocyte ratio (PLR) (9), and lymphocyte-monocyte ratio (LMR) (10), have been linked to critical cerebrovascular disease and unfavorable prognosis in patients. The presence of immune cell deficiency and dysfunction is widely recognized as significant contributors to secondary infections and unfavorable prognosis in critically ill patients. Consequently, variations in the quantity and functionality of immune cells may be linked to mortality rates in this patient population. Among the key effector cells implicated in the systemic inflammatory response of critically ill patients, lymphocytes play a prominent role (11). Consequently, lymphocyte counts, serving as indicators of immune system status, appear to hold predictive value for the prognosis of critically ill patients suffering from intracerebral hemorrhage (12).

Furthermore, Patients with acute cerebral hemorrhage are at increased risk of stress hyperglycemia of varying intensity, and glycemic management may be challenging. A maladaptive mechanism caused by acute stress and inflammatory states antagonizes insulin-mediated glucose uptake through excess cortisol. In addition to hormonal changes, studies have found that cytokines such as TNF-alpha and interleukin-1 are involved in the dysregulation of insulin signaling. Patients progressively develop a hyperglycemic state after the onset of the disease. In addition, it has been shown that there is a correlation between hyperglycemia and poor prognosis in intensive care unit patients, including increased mortality, hospital-acquired infections, wound complications, prolonged intensive care unit stays, and an increased incidence of intensive care neuropathy (11, 13).Acute hyperglycemia, in particular, emerges as an autonomous risk factor for mortality in critically ill individuals (14). Differences between the two indicators, blood glucose and absolute blood lymphocyte values, become apparent through changes in the GLR, an increase in the GLR implying an imbalance in glucose regulation and immune response. This disparity results in the occurrence of organ failure, metabolic disturbances, compromised immune function, and an imbalance between oxygen availability and demand, ultimately culminating in mortality. Increasing evidence suggests a significant correlation between heightened blood glucose levels and diminished lymphocyte counts, indicating the severity of critical cerebral hemorrhage in patients (15). The elevated GLR may serve as an indicator of the combined impact of hyperglycemia and immune dysfunction in critically ill individuals. Current clinical studies suggest that elevated GLR is an important predictor of acute mortality and prognosis in patients with gastric cancer (16),hepatocellular carcinoma (17), breast cancer, thyroid cancer, rectal cancer (18), acute respiratory distress syndrome and acute exacerbation of chronic obstructive pulmonary disease (11).Therefore, it has important clinical significance in terms of malignant tumor disease burden and respiratory disease burden. The aim of this study was to evaluate the correlation between GLR at admission and prognosis of hospitalization in patients with non-traumatic cerebral hemorrhage. GLR, a composite measure encompassing both glucose levels and systemic inflammation, may offer a novel basis and benchmark for the clinical treatment of individuals with severe cerebral hemorrhage. This will contribute to the early identification of critically ill patients in the clinic by these easily available biomarkers and individualized targeted therapy to save patients’ lives to a greater extent.





Materials




Study population

This retrospective cohort study adhered to the Guidelines for Enhancing the Reporting of Observational Studies in Epidemiology. The researchers accessed health-related data from the MIMIC-IV (version 2.2) database, a comprehensive and well-maintained general-purpose database created by the MIT Computational Physiology Laboratory. This database contains comprehensive and reliable medical records of patients admitted to the Intensive Care Unit at Beth Israel Deaconess Medical Center. One author (Shiqiang Yang) complied with requirements for access to the database and was responsible for the data extraction(certification number 52945707). Patients diagnosed with non-traumatic cerebral hemorrhage according to the International Classification of Diseases, 9th and 10th editions, were included in this study. Between 2008 and 2019, over 50,000 adult patients were admitted to the ICU at Beth Israel Deaconess Medical Center, Boston. Of these, a total of 3783 patients with non-traumatic cerebral hemorrhage were selected based on records from ICD-9 codes 430 and 431, and I60, I601 ~ I609 and I610 ~ I619 in ICD10 codes. Exclusion criteria were as follows: First, we excluded 679 patients who were not admitted to the ICU for the first time from all 3783 data. Second, 356 patients who were admitted to the ICU for less than 24 hours were excluded from the remaining data. Finally, 742 patients without clear blood glucose and blood lymphocyte counts were excluded. We provided adequate explanations for the exclusion of patients. Finally, a total of 1,806 patients were included in this study (Figure 1).




Figure 1 | A flowchart of study patients.







Data collection

The data for this study was collected by executing Structured Query Language (SQL) using PostgresSQL (version 13.9.9) and Navicate Premium (version 16.1.7) software. The variables selected for analysis can be classified into five main categories: (1) demographic characteristics such as age, gender, weight, height, and BMI; (2) vital signs encompassing systolic blood pressure, diastolic blood pressure, respiration rate, heart rate, temperature, oxygen saturation, length of stay in the intensive care unit (ICU) and hospital, and ICU and hospital mortality.(3) Various scoring systems such as the Glasgow Score (GCS), Sequential Organ Failure Score (SOFA), and Logistic Organ Dysfunction System (LODS) are utilized. (4) Comorbidities encompass pulmonary disease, coagulation abnormalities, heart failure, renal disease, and liver disease. (5) Laboratory indicators encompass blood glucose, white blood cells (WBC), hemoglobin, platelets, serum sodium, serum creatinine, PTT, anion gap, bicarbonate, chloride, and other relevant factors.

The follow-up period began upon admission and ended upon death for deceased patients or discharge for surviving patients. The GLR index was calculated by dividing the fasting blood glucose (mmol/L) by the serum lymphocyte (10^9 cells/L) on the first day of admission. All laboratory variables and disease severity scores were obtained from data recorded for the first instance after the patient’s admission to the intensive care unit. To minimize potential bias, when missing values were found for the glucose, serum lymphocyte, and death outcome variables during cleaning of the raw data, we deleted this one case. Covariates with missing values exceeding 10% were excluded. Covariates with less than 10% missing data were processed by the multiple interpolation scheme of the Free Statistics software version 1.7 (Beijing, China) and the statistical software packages R 3.3.2. (Table 1).


Table 1 | Details of missing values.







Clinical outcomes

The primary endpoint of this study was all-cause mortality in the ICU, and the second endpoint was all-cause mortality in hospital.





Statistical analysis

Continuous variables were reported as mean ± standard deviation (SD) or median interquartile range (IQR), while categorical variables were expressed as percentages. The patients were divided into two groups based on the GLR index using the upper quartile. The Q1 group included patients with a low index (GLR<3.9, n=843), while the Q2 group consisted of patients with a high index (BAR≥3.9, n=963). Fisher’s exact test, chi-square test, or Kruskal-Wallis test were used to assess the statistical differences between the two groups for each variable. The study employed the restricted cubic splines regression analysis to elucidate the linear correlation between the GLR index and both ICU and hospital all-cause mortality in individuals suffering from acute nontraumatic cerebral hemorrhage.

Additionally, a multivariate Cox proportional hazards model was utilized to evaluate the relationship between the GLR index and both ICU mortality and in-Hospital mortality. Confounding variables were chosen through a combination of clinical expertise, previous research, and effect values surpassing 10% for baseline variables. In the crude Model, the covariates were left unadjusted. In Model I, the covariates were adjusted for age, sex, race, and BMI. In Model II, the covariates were adjusted for the covariates in Model I, along with Glasgow Coma Scale score, Sequential Organ Failure Assessment score, and Logistic Organ Dysfunction System score. In Model III, the covariates from Model II were adjusted for, along with additional variables including WBC, aniongap, bicarbonate, BUN, chloride, creatinine, sodium, PTT, hemoglobin, and platelets. A sensitivity analysis was conducted to assess the reliability of the data analysis.

Kaplan-Meier (K-M) survival curves were utilized to visually depict the relationship between two GLR groups and the occurrence of ICU mortality and in-hospital mortality. Moreover, the study conducted interaction and stratification analyses, considering variables such as age, sex, race, BMI, GCS, and type of disease. The results were presented as hazard ratios (HR) accompanied by a 95% confidence interval (CI), and statistical significance was determined by p values less than 0.05. The statistical software packages R 3.3.2 and Free Statistics software version 1.7.1 (Beijing, China) were employed for all statistical analyses.






Results




Population

In total, 3783 patients were identified according to the non-traumatic cerebral hemorrhage criterion. Of these, 1977 patients without GLR values and other specific conditions were excluded, and 1806 with non-traumatic cerebral hemorrhage criterion were included in the final cohort (Figure 1 shows a flow chart).Out of 1806 patients, 148 patients died in the ICU with a rate of 8.2. In total, 225 patients had a fatal outcome during hospitalization with an incidence rate of 12.5%.





Baseline characteristics

This study included a cohort of 1806 patients out of the total 3783 individuals diagnosed with non-traumatic cerebral hemorrhage and undergoing treatment in the intensive care unit (ICU), as depicted in Figure 1. Among these patients, 1043 were males, with an average age of 64.7 ± 16.9 years. The patients were divided into two groups based on their GLR index, and the distribution of baseline population characteristics for all patients and subgroups can be found in Table 1. Patients in the high GLR index group (≥3.9) exhibited significantly higher scores in SOFA and LODS, as well as higher rates of ICU and in-hospital mortality compared to the low GLR index group. The detailed Baseline characteristics of this study is detailed in Table 2.


Table 2 | The clinical characteristics of patients with non-traumatic intracranial hemorrhage.







Curve fitting analysis

Restricted cubic spline models were utilized to construct smooth curves representing the mortality risk indexed by GLR for both ICU all-cause mortality and hospital all-cause mortality. The solid black line depicts the smooth curve fit between the variables, while the gray bands indicate the 95% confidence intervals. Following the adjustment for covariates, a statistically significant association was observed between GLR levels and all-cause mortality in both the ICU and hospital settings. Specifically, the all-cause mortality in patients with nontraumatic cerebral hemorrhage exhibited a linear increase with higher GLR levels, as depicted in Figure 2. The two curves were separately analyzed to identify inflection points.




Figure 2 | Construction of smooth curve describing the risk of mortality against GLR using a restricted cubic spline model. (A) ICU all-cause mortality; (B) Hospital all-cause mortality. The solid black line represents the smooth curve fit between variables. Grey bands present the 95% confidence interval. Data were adjusted for age, gender, race, BMI,GCS, SOFA,LODS,hemoglobin, Platelets, WBC,anion gap,bicarbonate,BUN, chloride, creatinine sodium and partial thromboplastin time.







Kaplan–Meier curves

In addition, KM survival curves showed that patients in the high GLR score group (GLR≥3.9) at admission had lower ICU survival and in-Hospital survival (both p < 0.05), as shown in Figure 3.




Figure 3 | Kaplan-Meier survival curves for patients with Non-traumatic intracranial hemorrhage based on GLR group. (A) ICU all-cause mortality; (B) Hospital all-cause mortality. x-Axis: survival time (days). y-Axis: survival probability.







Univariate Cox regression analysis

In this study, a univariate Cox regression analysis was conducted to examine the independent effects of various variables on ICU mortality and in-hospital mortality. The findings indicated statistically significant effects of age, GCS, LODS, SOFA, blood glucose, SBP, DBP, MBP, Temperature, respiratory rate, heart rate, SpO2, WBC, Anion gap, Bicarbonate, and BUN, along with GLR (all p<0.05, Table Supplementary 1).





Multi-variable Cox regression analysis

In this study, three multivariate Cox regression models were constructed to examine the independent impact of GLR on in-ICU and Hospital mortality. The resulting effect sizes (HRs) and their corresponding 95% confidence intervals are presented in Table 3. It was observed that the unadjusted model HRs remained statistically significant (p < 0.05) across all three models. Specifically, in the unadjusted model, a one-unit increase in GLR was found to be associated with a 5% increase in the difference in ICU mortality (HR = 1.05, 95% CI: 1.02-1.08).In the minimally adjusted model (model I), an increase of one unit in GLR was found to be associated with a 5% increase in the difference in ICU mortality (HR = 1.05, 95% CI: 1.02-1.08). In Model II, which was further adjusted for Model I + GCS + SOFA + LODS, the difference in ICU mortality increased by 3% for each unit increase in GLR (HR = 1.03, 95% CI: 1-1.06).However, in the fully adjusted model (Model III), which accounted for various covariates such as age, gender, race, GCS, SOFA, LODS, pneumonia, stroke onset to the admission to ICU,hemoglobin, platelets, WBC, anion gap, bicarbonate, BUN, chloride, creatinine, sodium, and PTT, the difference in in-ICU mortality increased by 2% for each unit increase in GLR (HR = 1.02 CI: 0.97 to 1.04).In the unadjusted model, the effect value of GLR on hospitalization mortality was (HR = 1.02, 95% CI: 1.01-1.05). In the minimally adjusted model (Model I), the effect value was (HR = 1.02, 95% CI: 1-1.05). In model II,the effect value was (HR = 1.01, 95% CI: 0.98-1.04).In the fully adjusted model (Model III), the effect size was (HR =0.99, 95% CI: 0.96-1.02).


Table 3 | Multivariable cox regression models evaluating the association between GLR and ICU and Hospital all-cause mortality.



To conduct further sensitivity analyses, we transformed the continuous variable GLR into a categorical variable (median GLR), with the low GLR group (Q1) serving as the baseline reference. The association between the categorical variable GLR and intensive care unit and hospitalized all-cause mortality was evaluated using the low subgroup (GLR <3.9) as the reference group. In the initial analysis, the high subgroup (GLR ≥3.9) exhibited a significantly elevated risk of intensive care unit (HR: 2.25, 95% CI: 1.56 to 3.23) and in-hospital all-cause mortality (HR: 1.44, 95% CI: 1.19 to 1.89).In the minimally adjusted model I, the heightened risk of ICU mortality (HR: 2.19, 95% CI: 1.52 to 3.15) and in-hospital all-cause mortality (HR: 1.4, 95% CI: 1.17 to 1.83) remained statistically significant even after controlling for age, sex, race, and body mass index. In Model II, which was further adjusted for Model I + GCS + SOFA + LODS, the hazard ratios for ICU mortality (HR: 1.85, 95% CI: 1.28 to 2.67) and hospitalized all-cause mortality (HR: 1.42, 95% CI: 1.13 to 1.61) continued to demonstrate significance. Similarly, in the fully adjusted Model III, the hazard ratios for ICU mortality (HR: 1.71, 95% CI: 1.16 to 2.54) and hospitalized all-cause mortality (HR: 1.33, 95% CI: 1.04 to 1.49) continued to demonstrate significance. Thus, the heightened risk of mortality in patients belonging to the high GLR group remained statistically significant.





Subgroup analysis

Subgroup analyses were conducted to examine the association between the GLR index and all-cause mortality in both ICUs and hospitals. The findings revealed a statistically significant correlation between elevated GLR index values and increased all-cause mortality rates across various subgroups within ICUs and hospitals, encompassing factors such as age, gender, race, body mass index, Glasgow Coma Scale (GCS) score, and disease type. Specifically, patients classified in the high BAR index group exhibited a significantly heightened risk of all-cause mortality in both ICUs and hospitals when compared to those in the low BAR group, thereby aligning with the overall study outcomes (Table Supplementary 2, 3) (Figures 4, 5).




Figure 4 | Subgroup analyses of the effect of on ICUall-cause mortality. Data were adjusted for age, gender, race, BMI, GCS, SOFA, LODS, hemoglobin, Platelets, WBC, anion gap, sodium bicarbonate, BUN, chloride, creatinine, and partial thromboplastin time.






Figure 5 | Subgroup analyses of the effect of on Hospital all-cause mortality. Data were adjusted for age, gender, race, BMI, GCS, SOFA, LODS, hemoglobin, Platelets, WBC, anion gap, sodium bicarbonate, BUN, chloride, creatinine, and partial thromboplastin time.








Discussion

This study aimed to evaluate the association between ICU mortality and in-hospital mortality among patients with nontraumatic cerebral hemorrhage who were admitted to the intensive care unit, taking into account the GLR and adjusting for variables related to population-based analysis. Our findings showed a significant linear increasing relationship between GLR when used as a continuous variable and ICU mortality and in-hospital mortality among patients with nontraumatic cerebral hemorrhage of all races in the United States. Furthermore, by employing curve fitting techniques, it was determined that the reference point for GLR was 3.9, and the HR trend exhibited consistency on either side of this reference point. When we applied the median to divide them into high and low subgroups and then analyzed them, we found that patients in the high subgroups had higher ICU mortality and in-hospital mortality than those in the low subgroups. And the statistical difference was significant.

Nontraumatic cerebral hemorrhage is distinguished by non-specific metabolic changes in various organs of the central nervous system and the entire body. Prior research has demonstrated that both inflammatory reactions and hyperglycemia play a role in comparable pathophysiological mechanisms subsequent to an incident of cerebral hemorrhage (ICH) (6, 19). Disrupted oxygen consumption, heightened levels of circulating substrates, impaired glucose and lipid oxidation, and malfunctioning mitochondria are linked to multiorgan dysfunction and unfavorable outcomes in animal models and patients. Acute stress can be triggered following a spontaneous cerebral hemorrhage, which disrupts glucose homeostasis and subsequently leads to hyperglycemia (20). This hyperglycemia has detrimental effects on immune function and metabolism, ultimately resulting in adverse outcomes. The mechanisms underlying glucose dysregulation in this context are multifaceted. Furthermore, neuroendocrine stress can lead to hypersecretion of adrenocorticotropic hormone, which affects hyperglycogenism, glucose metabolism, and insulin resistance (21). Additionally, low lymphocyte counts may be correlated with reduced survival time in individuals with nontraumatic cerebral hemorrhage (7).Previously available clinical studies have demonstrated that in individuals with cerebral hemorrhage, the post-onset stimulus is predominantly inflammatory, accompanied by the release of diverse anti-inflammatory cytokines into the bloodstream. This concomitant release of anti-inflammatory cytokines can trigger immunosuppression, resulting in the apoptosis of a substantial number of lymphocytes. Lymphopenia, a prevalent characteristic of immunosuppression following an all-inflammatory response, hinders the clearance of microbes and consequently gives rise to secondary, more severe infections. These infections are the primary cause of mortality among patients with cerebral hemorrhage (6, 12, 22).

The precise mechanism underlying the correlation between increased GLR levels and unfavorable prognosis in individuals with nontraumatic cerebral hemorrhage remains unclear. In recent times, there has been a growing interest among various researchers in integrating blood glucose levels and inflammation-associated lymphocytes to forecast prognostic biomarkers in specific medical conditions (10, 12, 14, 23). Yılmaz A and colleagues (17) have discovered that GLR prior to sorafenib therapy serves as a novel prognostic biomarker, accurately predicting survival rates in patients diagnosed with advanced hepatocellular carcinoma. The prognostic significance of the GLR has been demonstrated in studies involving metastatic gastric cancer (mGC) and metastatic breast cancer (MBC) patients receiving Cdk 4/6 inhibitors (16). Additionally, in patients with type 2 diabetes and MBC, the preoperative hyperglycemia to lymphocyte ratio was found to be an independent predictor of preoperative central lymph node metastasis (18). Constructing a column-line graph could enhance the predictive accuracy of preoperative central lymph node metastasis in these patients. In the realm of research pertaining to cerebral hemorrhage, prior researchers have established a correlation between the neutrophil-to-lymphocyte ratio (NLR) and blood glucose level (BGL), indicating an independent association between the two variables (8, 9). Consequently, it can be inferred that the intricate interplay of various pathological mechanisms potentially influences the progression of inflammatory response and hyperglycemia, thereby exacerbating secondary brain damage. Although the detrimental impact of acute stress and inflammatory response on the outcome of cerebral hemorrhage (ICH) has been acknowledged, the underlying mechanisms remain unidentified (24). The research conducted by Sérgio Fonseca et al. aimed to assess the impact of neutrophil-to-lymphocyte ratio (NLR) on the outcome of intracerebral hemorrhage (ICH), specifically focusing on hematoma expansion and early brain edema (25). Fei Wang et al. analyzed the relationship between neutrophil and lymphocyte ratios and 30-day mortality in patients with acute cerebral hemorrhage, further exploring the role of inflammatory response in disease progression in patients with cerebral hemorrhage (26). While Shaafi S et al. studied the correlation between erythrocyte distribution width, neutrophil-to-lymphocyte ratio, and neutrophil-to-platelet ratio with 3-month prognosis in patients with cerebral hemorrhage, respectively (27, 28). In contrast, our study directly examined the association between the GLR upon admission and mortality rates during hospitalization and in the ICU among nontraumatic cerebral hemorrhage patients admitted to the ICU. We assessed the inflammatory response and glycemic combo of these patients on admission and then conducted a comprehensive analysis of the impact of the main findings.

The potential synergistic effect of septic immune impairment and hyperglycemia should be taken into account when considering the significance of GLR (29, 30). This study presents novel findings on the association between GLR, a readily accessible biomarker, and the mortality rates in ICU and in-hospital settings among patients with nontraumatic cerebral hemorrhage. To the best of our knowledge, this is the first report to establish a distinct correlation between GLR and the mortality rates in both ICU and in-hospital settings among ICU patients with non-traumatic cerebral hemorrhage. This study has the potential to contribute to the development of a diagnostic or predictive model for in-hospital mortality in future research by incorporating the Generalized Linear Regression technique along with other clinical features of spontaneous cerebral hemorrhage. In summary, our study possesses several notable strengths. Firstly, it utilized a large and diverse population to ensure the validity and generalizability of the findings. Second, rigorous statistical adjustments were used in this retrospective observational study to mitigate the effects of potential residual confounding variables. In addition, the implementation of effect-corrected factor analysis improved data utilization and produced more resilient results across subgroups.

There are some noteworthy limitations to this study. Initially, within the MIMIC-IV database, we encountered limitations in acquiring comprehensive data pertaining to calcitoninogen levels, organ function, and the administration of antithrombotic medications among all patients. Consequently, our ability to accurately distinguish between distinct subtypes of cerebral hemorrhage, determine the extent of hemorrhage volumes, and ascertain the usage of antithrombotic medications in the study cohort was compromised. Furthermore, we encountered challenges in obtaining precise information regarding the treatment protocols employed for the enrolled patients, including the administration of ventilation. Additionally, there may exist residual confounding factors that were not accounted for in our analysis. In addition, some patients with nontraumatic cerebral hemorrhage were excluded from our study due to the lack of necessary data, which may have led to biased findings. Secondly, our researchers do not have access to precise treatment protocols and antibiotic use. We contend that this subject holds significant importance and shall serve as the focal point of our forthcoming research endeavors. Thirdly, our study encompassed a population afflicted with severe non-traumatic cerebral hemorrhage, originating solely from a solitary medical facility. Furthermore, it is worth noting that GLR values undergo dynamic fluctuations throughout the course of hospitalization. However, the GLR values utilized in this study were derived from static measurements taken on the initial day of admission to the intensive care unit (ICU) or hospital, rather than from continuously evolving measurements throughout the course of the disease. Consequently, these values solely reflect the impact of the patient’s physical condition at the time of hospital admission on the study outcomes. In light of the retrospective nature of our investigation, which relied on data from the MIMIC-IV database. Therefore, it is imperative to conduct further prospective studies of high quality in order to validate the association between GLR and prognosis. A comprehensive examination of the correlation between prognosis in individuals with nontraumatic cerebral hemorrhage could be undertaken by utilizing sequential BAR measurements as an indicator, when circumstances allow. This endeavor would enhance the prompt detection of severely ill patients within the clinical setting through the utilization of readily accessible biomarkers, thereby facilitating tailored therapeutic interventions aimed at significantly improving patient survival rates.





Conclusion

In patients with nontraumatic cerebral hemorrhage, GLR were significantly and linearly associated with both ICU mortality and hospital mortality. When GLR was used as a reference point at 3.9, patients in the higher GLR group had significantly higher ICU mortality and hospitalization mortality than those in the lower group.
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San Hua Decoction (SHD) is a traditional four-herbal formula that has long been used to treat stroke. Our study used a traditional pharmacodynamic approach combined with systematic and untargeted metabolomics analyses to further investigate the therapeutic effects and potential mechanisms of SHD on ischemic stroke (IS). Male Sprague-Dawley rats were randomly divided into control, sham-operated, middle cerebral artery occlusion reperfusion (MCAO/R) model and SHD groups. The SHD group was provided with SHD (7.2 g/kg, i.g.) and the other three groups were provided with equal amounts of purified water once a day in the morning for 10 consecutive days. Our results showed that cerebral infarct volumes were reduced in the SHD group compared with the model group. Besides, SHD enhanced the activity of SOD and decreased MDA level in MCAO/R rats. Meanwhile, SHD could ameliorate pathological abnormalities by reducing neuronal damage, improving the structure of damaged neurons and reducing inflammatory cell infiltration. Metabolomic analysis of brain and serum samples with GC-MS techniques revealed 55 differential metabolites between the sham and model groups. Among them, the levels of 12 metabolites were restored after treatment with SHD. Metabolic pathway analysis showed that SHD improved the levels of 12 metabolites related to amino acid metabolism and carbohydrate metabolism, 9 of which were significantly associated with disease. SHD attenuated brain inflammation after ischemia-reperfusion. The mechanisms underlying the therapeutic effects of SHD in MCAO/R rats are related to amino acid and carbohydrate metabolism.




Keywords: Chinese medicine formula, ischemic stroke, inflammation, metabolomics, GC-MS




1 Introduction

Stroke is recognized as one of the most serious health and life-threatening diseases. Although the incidence of stroke has stabilized and mortality has decreased in recent years, the global burden of stroke continues to grow (1). Strokes are generally classified as hemorrhagic or ischemic stroke (IS), with the latter accounting for approximately 85% of all stroke types (2). IS is severe brain tissue necrosis due to stenosis or obstruction of the arteries supplying blood to the brain (carotid and vertebral arteries), as well as inadequate blood supply to the brain. Its disability rate and mortality rate are also much higher than other types (3).

The clinical treatment options for stroke are very limited and the time window for treatment is also quite narrow. Many contraindications place limitations on the treatment of stroke (4). Tissue-type plasminogen activator (tPA) is currently the only thrombolytic agent approved by the U.S. Food and Drug Administration (FDA) for the treatment of IS (5). However, delayed thrombolytic therapy with tPA has great potential to increase this aspect of hemorrhagic transformation. Thus, there is a pressing need to find better treatment options to overcome the limitations and adverse effects of clinical treatment.

Traditional Chinese medicine (TCM) has been widely used in the treatment of stroke due to its rich application experience and unique theoretical system (6, 7). TCM and has significant advantages in terms of safety, efficacy and multi-target profiling in the treatment of IS (8). According to the development level of IS, different herbal formulas can be selected for treatment (9). It has been shown that some bioactive components in Chinese herbs promote endogenous neurogenesis by affecting the proliferation, migration and differentiation of neural stem cells after reperfusion, which has great therapeutic effects in improving neurological function and cerebral infarct area (6). Salvianolic acid A administration significantly reduced infarct volume and vascular embolization in MCAO/R rats, ameliorated pathological damage in the hippocampus and striatum as well as neurological deficits (10). Ginseng Shouwu extract improved learning and memory abilities in vascular dementia rats. It also promoted the increase in the number of newborn neurons and brain microvessel density by inhibiting the TLR4/NF-κB/NLRP3 inflammatory signaling pathway after IS in rats (11). Baimi Decoction improved neuronal function and neurogenesis by decreasing neuronal loss, vacuolization, neuronal atrophy and neuronal structural disruption, and modulation of the expression of vascular endothelial growth factor, caspase-3 and NF-κB to alleviate pathological abnormalities in MCAO/R rats (12). In addition, Chinese herbal medicine has been shown to reduce the side effects of tPA thrombolysis for acute IS as an adjunctive therapy (13).

San Hua Decoction (SHD) is a symbolic traditional Chinese herbal fomula for IS, first included in “Suwen Bingji Qiyi Baomingji” (a traditional Chinese medicine classic of 1188 A.D. in Jin Dynasty). Clinically, SHD ameliorates hemiplegia due to stroke and stroke sequelae. It has been shown that SHD can effectively improve the prognosis and blood rheology of patients with acute stroke by regulating phosphorylated tau levels, promoting endogenous neurogenesis and reducing cerebral infarction after ischemia-reperfusion injury, and facilitating patient recovery (14). In addition, SHD also has a preventive effect on IS and can be used to improve cerebral embolism and hypertensive crisis (15). SHD contains four herbs, Rhei Radix et Rhizoma (Rheum palmatum L. [Polygonaceae], Dahuang) (RR), Notopterygii Rhizoma et Radix (Notopterygium incisum Ting ex H. T. [Apiaceae], ChangQianghuo) (NR), Magnoliae Officinalis Cortex (Magnolia officinalis Rehd.et Wils. [Magnoliaceae], Houpu) (MO), and Aurantii Fructus Immaturus (Citrus aurantium L. [Rutaceae], Zhishi) (AF). Modern pharmacological studies have found that all four herbs have effects related to IS therapy. RR inhibits platelet aggregation and protects neurons damaged from hypoxic-ischemic brain injury (16). The anthraquinone constituent of RR has a protective effect against IS (17). NR can increase cerebral blood flow and improve cerebral blood circulation to reduce neuropathic pain (18). MO can protect nerves from ischemic and reperfusion injury through suppression of encephalitis and improvement of BBB dysfunction. It has preventive and therapeutic effects on neurological and psychiatric diseases (19, 20). The peel extract of AF has been shown to have anti-inflammatory, antioxidant and anti-apoptotic effects through AMPK and NRF2-related signaling, alleviating liver damage in mice (21). The potential therapeutic mechanisms of SHD for IS remain unclear, but we hypothesize that SHD can influence disease progression by improving metabolism.

In this research, we evaluated the therapeutic effects of SHD in a rat model of middle cerebral artery occlusion reperfusion (MCAO/R) with conventional pharmacodynamic indicators, combining a metabolomics approach to identify differential metabolites in brain and serum to elucidate the potential mechanisms of SHD on IS.




2 Materials and methods



2.1 Materials and reagents

Methanol, methoxamine and N, O-Bis (trimethylsilyl) trifluoro-acetamide (BSTFA with 1% TMCS) were provided by Sigma-Aldrich Co., Ltd. (Germany); chloroform and pyridine were obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China); heptadecanoic acid was purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). All reagents are analytical grade.




2.2 Preparation of san hua decoction

SHD consists of 4 traditional Chinese herbs, namely Rhei Radix et Rhizoma (RR), Notopterygii Rhizoma et Radix (NR), Magnoliae Officinalis Cortex (MO) and Aurantii Fructus Immaturus (AF). The medicinal parts of RR, NR, MO and AF were the dried roots, dried barks (including root and branch barks), and dried fruits of the original herbs, respectively. All Chinese medicine decoction slices were purchased from Beijing Tongrentang Co., Ltd. (Beijing, China) and authenticated by Dr. Xirong He (China Academy of Chinese Medical Sciences). The herbs used in SHD were tested for the detection of microorganisms, heavy metals and pesticide residues before they were sold. All test results are in accordance with Chinese safety standards. The quality identification standards of the herbs used were in compliance with the 2020 edition Chinese Pharmacopoeia.

In preparation of SHD, the crude herbs (RR, NR, MO and AF) were mixed in a ratio of 1:1:1:1. The 4 herbs were ground into powder and mixed well to obtain 80 g of raw herb powder, then boiled in 10 times volume of sterile water for 30 minutes. The herbs were then decocted for 2 h, filtered and concentrated to obtain water-based decoctions containing 1 g/mL of the raw herbs. In our previous study, we used an HPLC method to analyze the main components of SHD. SHD mainly contains six active ingredients for the treatment of ischemic stroke, namely Rhein, Emodin, Chrysophanol, Neohesperidin, Magnolol and Notopterol (22).




2.3 Experimental animals

Male Sprague-Dawley rats (SD rats, 8 weeks, body weight 230-250 g) were obtained from Beijing Huafukang Biotechnology Co., Ltd (Beijing, China, SCXK (JING) 2019-0008). All animal experiments complied with the standards of the Principles for Laboratory Animals and were conducted under the guidance of the Bioethics Committee of Experimental Research center of China Academy of Chinese Medical Sciences (license number: ERCCACMS21-2307-03). The rats were housed in an environment with the temperature of 23–25°C and the humidity of 50% with 12 h day and night cycle. The rats were kept for 3 days before performing experiments. Normal rodent chow and water are available to all rats without restriction.




2.4 Grouping and drug administration

The 32 rats were grouped at random into control (Con), sham-operated (Sham), MCAO/R model (Model), and SHD groups, with 8 rats in each group by using the randomized numerical table method. The Con group received no treatment. Sham group received sham operation, Model group and SHD group received MCAO/R treatment. According to the weight of rats, the SHD group was treated with SHD by intragastric administration. The dose administered to rats in the SHD group was converted from the patient’s daily clinical dose, which was 7.2 g/kg administered at 10 a.m. daily. The Con, Sham and Model groups were given equal volumes of purified water in same manner, once a day for 10 days. The administration in all groups was uniformly done at the end of modeling and was a therapeutic intervention.




2.5 MCAO/R model establishment

The MCAO rat model was set up by the suture-occluded method according to our previous methods (23). Rats were anesthetized with 1% pentobarbital (40 mg/kg BW, i.p.). The right common carotid artery (CCA), internal carotid artery (ICA) and external carotid artery (ECA) of rats were exposed and carefully isolated without stimulating the vagus nerve. After ligating the CCA and ECA with a thin wire 5 mm from the bifurcation of the ECA and ICA and at the end of the CCA, respectively, the ICA blood flow is blocked by pulling the preloaded wire. A small incision was made at the bifurcation of ICA and CCA, and the monofilament was inserted. Loosened the thread and slowly advanced approximately 18–20 mm until resistance occurred. The ICA is then ligated, leaving the thread in place to prevent the monofilament from falling out. After 90 minutes of cerebral ischemia, the monofilament was gently removed from the ICA to perform reperfusion. Different from the Model group, the monofilament in the Sham group was only inserted 10 mm in the ICA, not the MCA. The wound was disinfected with iodine and sutured.




2.6 Cerebral infarct area measurement and histopathological examination

Rats were anaesthetized with 1% pentobarbital (40 mg/kg, i.p.) by intraperitoneal injection, 24 hours after the last administration of the drug. The brain was isolated after craniotomy. MCAO/R-induced cerebral infarct areas were confirmed by 2,3,5-triphenyltetrazolium chloride (TTC) staining. The brain tissue was cut into six posterior coronal slices before incubation with 2% TTC. The cerebral infarct area percentage was calculated by using the Image J 1.41 software (24). For histopathological examination, brain tissues from the ischemic area were fixed in 4% paraformaldehyde for 12 hours. The brain tissues was then subjected to gradient dehydration and transparency with xylene for 1 hour. Finally, the brain tissues were embedded in paraffin, sectioned and stained with hematoxylin and eosin (H&E).




2.7 Serum biochemical examination

The levels of superoxide dismutase (SOD) and malondialdehyde (MDA), two oxidative stress-related indicators, were measured using the appropriate assy kits.




2.8 Metabolomic studies



2.8.1 Sample collection and procession

Metabolite profiles were analyzed using gas chromatography-mass spectrometry (GC-MS). 24 hours after the last dose, 1% pentobarbital (40 mg/kg i.p.) was used to anesthetize rats and blood was obtained from the abdominal aorta. Serum samples were obtained by centrifugation at 4°C, 3500 rpm for 15 minutes, and the supernatant was gathered. Brain tissue was put into normal saline (NS) to remove blood. The collected serum and brain samples were then frozen at -80°C. Subsequent analyses were performed by GC-MS within 48 hours.




2.8.2 Sample preparation for GC-MS

Samples were thawed at room temperature before processing. The 50 mg of brain tissue was taken and 500 µl of methanol-water-chloroform (5:2:2, v/v/v) mixture was added. The mixture was vortexed for 1 minute and then sonicated for 5 min. The 50 μL of serum was placed in a 1.5 mL centrifuge tube. Centrifuge tubes were placed at -20°C and incubated for 20 minutes. After being centrifuged at 13,000 rpm for 10 min at 4°C, the supernatant was removed. The 10uL of heptadecanoic acid-methanol solution (1.0 mg/mL) was added into 200 μL of supernatant as internal standard. After being blow-dried, 50 μL of methoxyamine-pyridine hydrochloride solution (15 mg/mL) was added to the residue and shaken at 30°C for 90 min. After adding 50 μL of methoxylamine-pyridine hydrochloride solution (15 mg/mL) to the residue, it was shaken at 30°C for 90 min. The mixture was then methylsilylated at 70°C for 1 h after adding 50 μL of BSTFA with 1% TMCS to the mixture. The samples were left at room temperature for 1h and waited for analysis.




2.8.3 GC-MS conditions

The Agilent 6890N gas chromatograph with the Agilent 5975B mass selective detector and an inert electron impact ionization (EI) source comprise the GC-MS analysis system. The column was an Agilent J&W DB-5ms Ultra Inert chromatography column (30m x 0.25mm, 0.25µm). The carrier gas consisting of high purity helium (99.9996%) was delivered at a constant flow rate of 1.0 mL/min. Split injection was performed with the split ratio of 2:1 and injection volume of 1.0mL. The temperature of both the mass spectrometry interface and the injection port is 260°C. The temperatures of the ion source and the quadrupole were 230°C and 150°C, respectively. The ionization voltage is 70 eV. The data was acquired in full scan mode with a scanning range of 50-500 m/z. A randomized cross-feeding order was used for all samples.

The brain is analyzed under the following conditions: an starting temperature of the GC was set at 90°C for 1 minute. The temperature is increased to 180°C at a rate of 10°C/min, then to 240°C at a rate of 5°C/min. The final temperature is raised to 290°C at 25°C/min for 11 minutes. The solvent delay time was 5 minutes.

The serum is analyzed under the following conditions: an starting temperature of the GC was set at 80°C for 2 minute. The temperature is increased to 240°C at a rate of 5°C/min, then to 290°C at a rate of 25°C/min for 10 minutes. The solvent delay time was 7 minutes.




2.8.4 Data processing and pattern recognition analysis

The pre-processing of raw data was performed using R software. The data were further analyzed using SIMCA software, including orthogonal partial least squares discriminant analysis (OPLS-DA), S-plot and permutation validation. Metabolite changes between the two groups were analyzed using OPLS-DA. Permutation validation was performed prior to the OPLS-DA analysis. The parameters R2 and Q2 were used to assess whether the model was valid, so as to avoid the risk of overfitting. S-plots were obtained on the basis of variable importance in projection (VIP) values calculated by OPLS-DA with VIP values > 1.0.





2.9 Statistical analysis

All of the experimental measurements were presented as mean ± SD. Differential metabolite finding was analyzed by SPSS software for independent samples t-test. Determination of differential metabolites depended on VIP values > 1.0 and p-values < 0.05 from Student’s t-tests. GraphPad Prism software was used to analyze oxidative stress levels and differential metabolite levels. Shapiro–Wilk normality test to verify normality. One-way ANOVA was used for analyzing the statistics of four groups. The post hoc test used was the Dunnett-t test. Correlations between different metabolite levels and disease were determined by Spearman’s correlation analysis. The significant differences were indicated by: * p < 0.05, ** p < 0.01, *** p < 0.001.




2.10 Pathway analysis of metabolites

The different patterns of specific metabolites obtained by screening were analyzed using MetaboAnalyst 5.0 to identify their metabolic pathways. In this study, pathways with pathway impact >0.10 were categorized as potential metabolic pathways. All metabolic pathways were linked through the Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/).





3 Results



3.1 The influence of SHD on cerebral infarct area in rats with cerebral ischemia-reperfusion

The cerebral infarct area is an important indicator of brain damage. Compared with the Sham group, the cerebral infarct area of brain tissue in rats in the Model group was drastically higher, with statistical differences (p < 0.01). Compared with the Model group, the cerebral infarct area in the SHD group was significantly lower, with statistical differences (p < 0.01). Detailed data can be found in Supplementary Figure 1, Supplementary Table 1.




3.2 The influence of SHD on oxidative stress levels

The results of SOD and MDA measurements showed a beneficial role of SHD in regulating oxidative stress markers. Compared with the Sham group, MDA levels were significantly higher (p < 0.01) and SOD levels were not significantly changed in the Model group, while SOD was significantly higher in the SHD group (p < 0.01). Compared with the Model group, the SHD group showed an increase in SOD levels (p < 0.05) and a significant decrease in MDA levels (p < 0.01). (Figure 1, Supplementary Table 2).




Figure 1 | Effect of SHD on SOD and MDA in serum of rats with cerebral ischemia-reperfusion. ***p < 0.001 relative to the Model group.






3.3 The influence of SHD on the histopathological abnormality of brain

After H&E staining, the morphological characteristics of neurons were evaluated. Brain tissue morphology in the Con and Sham groups was essentially normal, with intact cytoarchitecture and neatly arranged cells, and no pathological abnormalities were observed (Figures 2A, B). In the Model group, the brain tissue in the ischemic area was extensively necrotic, with some cortical areas showing a highly sparse sieve reticular structure, unclear cell structure, significantly reduced number of brain tissue cells, and degeneration and necrosis of neurons (Figure 2C). The SHD group showed less cell necrosis and lesions, neater cell alignment, and less inflammatory cell infiltration compared to the Model group. (Figure 2D).




Figure 2 | Effect of BMD on histopathological abnormality of brain tissue. Original magnification: ×4 and ×10. (A) Con group; (B) Sham group; (C) Model group; and (D) SHD group.






3.4 The influence of SHD on differential metabolites



3.4.1 Multivariate data analysis for brain and serum samples

We used OPLS-DA, S-plot scores and permutation validation in supervised mode to analyze data from Sham, Model and SHD groups (Figures 3, 4) to investigate the effect of SHD on the metabolic pattern of MCAO/R rats. A clear separation was observed between the Sham and Model groups (Figure 3A), indicating that the composition of brain tissue metabolites was significantly influenced by the MCAO/R procedure. The samples in the SHD group were significantly separated from the Model group (Figure 3B). The separation between the two groups indicates that the metabolites in the two groups are significantly different. This result confirms the effect of SHD treatment in ameliorating brain injury by modulating certain metabolic pathways.




Figure 3 | OPLS-DA scores, S-plot and permutation validation of the brain samples. (A–C) Sham group vs. Model group; (D–F) Model group vs. SHD group. (n = 8).






Figure 4 | OPLS-DA scores, S-plot and permutation validation of the serum samples. (A–C) Sham group vs. Model group; (D–F) Model group vs. SHD group. (n = 8).






3.4.2 Identification of potential endogenous metabolites

Screening for differential metabolites between the two groups associated with IS was performed by the OPLS-DA model. Significance levels were set at p < 0.05 and VIP > 1. We identified differential metabolites in the model and Sham groups. There were 28 different endogenous metabolites identified in the brain samples (Table 1). There were 34 different endogenous metabolites identified in the serum samples (Table 2). The overlap of endogenous metabolites in brain and serum samples was analyzed using Venn diagrams (Figure 5). The results showed that the following metabolites were present in serum and brain samples, phosphoric acid, L-isoleucine, 2-butenedioic acid, propanoic acid, butanoic acid, L- (–)-sorbose, D-allose,D-Glucose and myo-inositol. After SHD treatment, levels of a total of 12 of these 55 different endogenous metabolites were restored in MCAO/R rats. Of these 12 metabolites, 7 were in the brain and 5 in the serum. The 7 metabolites in the brain are 2-piperidinecarboxylic acid, urea, glycine, L-proline, gluconic acid, butyric acid and phosphoric acid (Figure 6). The five metabolites in the serum were acetic acid, DL-ornithine, L-ornithine, D-allose and myo-inositol (Figure 7).


Table 1 | Statistical analysis results of identified metabolite changes in the brain.




Table 2 | Statistical analysis results of identified metabolite changes in the serum.






Figure 5 | Metabolite differences between brain and serum samples. The brain and serum have 9 common differential metabolites, phosphoric acid, L-isoleucine, 2-butenedioic acid, propanoic acid, butanoic acid, L-(-)-sorbose, D-allose, D-Glucose and myo-inositol.






Figure 6 | Differential metabolite changes in Model with SHD intervention in the brain. All values were presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 relative to the Model group.






Figure 7 | Differential metabolite changes in Model with SHD intervention in the serum. All values were presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 relative to the Model group.






3.4.3 Verification of metabolic pathway analysis and relevant targets

The cluster analysis of metabolites in the brain and serum is shown as a heat map in Figure 8A. Metabolic pathway analysis was conducted on four groups of differential metabolites, to explore correlations between metabolites and major metabolic pathways, with the MetaboAnalyst 5.0 online database. Based on statistical analysis, metabolic pathways with p < 0.05 and impact > 0.10 were the major metabolic pathways. The results of metabolic pathway analysis revealed common pathways between the Model and SHD groups, suggesting that SHD acts primarily by affecting these 4 metabolic pathways in MCAO/R rats: glyoxylate and dicarboxylate metabolism, arginine and proline metabolism, inositol phosphate metabolism, and glycine, serine and threonine metabolism (Figure 8B). In the KEGG database, 4 major metabolic pathways were linked into a complete metabolic network, elucidating the key metabolic pathways through which SHDs exert their therapeutic effects. (Figure 9).




Figure 8 | Analysis of differential metabolites in brain and serum in MCAO/R rats after SHD intervention. (A) Heat map of metabolite content in serum and brain samples of four groups. (B) Pathway analysis of SHD intervention. The metabolic pathways involved in the protection effects of SHD on MCAO/R rats.






Figure 9 | Schematic diagram of the metabolic pathways. Orange and green represent the increase and decrease of d metabolite levels after SHD intervention, respectively.






3.4.4 SHD improves disease-related metabolites levels

To elucidate the relationship between alterations in these 12 associated metabolites and IS, we performed Spearman correlation analyses, plotted correlation heat maps (Figure 10A), and screened 10 metabolites that were significantly associated with cerebral infarct area, MDA, and SOD. The correlations for the other 2 metabolites (Figures 10I, K) were not significant. The results showed that brain 2-piperidinecarboxylic acid (Figure 10B), brain phosphoric acid (Figure 10C), and brain glycine (Figure 10F) were negatively correlated with cerebral infarct area, and serum uridine (Figure 10D) and serum L-fucose (Figure 10E) were positively correlated with cerebral infarct area. Serum uridine (Figure 10G) and serum L-fucose (Figure 10H) were negatively correlated with MDA levels. Serum mannopyranose (Figure 10J) was negatively correlated with SOD, and brain butanedioic acid (Figure 10L) and brain urea (Figure 10M) were positively correlated with SOD. This suggests that SHD may ameliorate ischemic necrosis of brain tissue in tMCAO rats by affecting the levels of disease-related metabolites.




Figure 10 | Correlation of disease-related metabolites with disease markers. (A) Heat map of Spearman correlation between cerebral infarct area, SOD, MDA and metabolites. (B–M) Spearman correlation analysis between percentage of cerebral infarcted area, MDA and SOD with phosphoric acid, mannopyranose, butanedioic acid, 2-piperidinecarboxylic acid, urea, L-proline, uridine, L(-)-fucose and glycine.








4 Discussion

Stroke is the second leading cause of death worldwide. In stroke, the blood supply to certain areas of the brain is interrupted or blocked, preventing the delivery of adequate nutrients and oxygen to brain tissue and ultimately leading to neuronal damage. IS due to embolism is often associated with atrial fibrillation and severe neurological syndromes (25). The incidence of IS is increasing, with high mortality and disability rates. Improving early diagnosis and intervention in IS and developing new therapeutic strategies is now a top priority (26). Vascular interventions and thrombolytic therapy remain the most desirable options for the treatment of IS, but only in certain stroke patients and with very low cure rates and associated with severe adverse effects (27). In almost all patients with IS, secondary ischemia-reperfusion (IR) injury after revascularization is an inevitable consequence (28, 29). IR is the most important cause of cellular necrosis in infarcted lesions, which is further exacerbated by vascular injury or even vascular occlusion (30).

SHD is a well-known classic traditional Chinese medicine prescription for IS. SHD is still used consistently and extensively in modern society for stroke treatment. However, the mechanism of treatment of acute IS by SHD remains uncertain. To confirm the protective effect of SHD, we analyzed cerebral infarct areas in MCAO/R rats. All results indicated that SHD improved the neurological damage and cerebral infarct area in rats. Examination of biochemical indicators showed a significant increase in MDA after MCAO/R operation and in the period of ischemia. It indicated that free radicals and reactive oxygen species cause severe oxidative damage. Meanwhile, SOD may be affected by the ischemia-reperfusion state of the brain due to the imbalance of the antioxidant system. After SHD treatment, the levels of SOD and MDA were restored to alleviate the oxidative stress damage. Stress caused by redox imbalance is an influential factor in ischemia-reperfusion injury and is the initial marker of brain damage. In IR-induced long-term injury, neuroinflammation causes systemic inflammation, which further leads to progressive dysfunction of peripheral organs (31). The results of brain pathology sections indicated that SHD had a ameliorative effect on brain damage after IR by decreasing neuronal necrosis and improving neuronal cell structure and inflammatory cell infiltration. At the same time, no significant side effects of SHD on other organs were observed, suggesting that SHD is safe at the doses at which it exerts its therapeutic effects.

In recent years, a growing number of studies have identified the same signature metabolites from patients with cerebral ischemia and animal models that improve the diagnosis and predict the outcome of IS (32). Gender is an important variable in the prevalence of stroke. There are 55,000 more women than men who suffer a stroke each year. Women bear a greater risk of disease than men (33). The aim of this study was to determine the therapeutic effect of SHD on ischemic stroke. To exclude female-unique factors such as sex hormones, exogenous estrogens, and pregnancy, we performed a GC-MS based metabolomics study using male rats. Brain and serum metabolite analyses were utilized to assess the therapeutic effects and potential mechanisms of SHD in MCAO/R rats.

We identified 55 differential metabolites between the Sham and Model groups. These 55 altered metabolites are potential biomarkers of IS, which will facilitate later monitoring of disease progression in the clinic. After SHD intervention, the levels of 7 and 5 differential metabolites were restored in brain and serum, respectively. Of these 12 differential metabolites that were restored, changes in 8 were significantly different. The Model group had decreased levels of urea, glycine, L-proline, gluconic acid and butanedioic acid, and increased levels of myo-inositol, L-ornithine, and DL-ornithine compared with the Sham group. After treatment with SHD, the levels of the above metabolites were restored. These 12 metabolites were mainly related to 4 metabolic pathways, including glyoxylate and dicarboxylate metabolism, arginine and proline metabolism, inositol phosphate metabolism, and glycine, serine and threonine metabolism. Many metabolic problems have been shown to lead to stroke or stroke-like episodes (34).

Glyoxalate and dicarboxylic acid metabolism is closely correlated with the TCA cycle. The chain cycle of oxidative decarboxylation of glyoxylate serves as a native metabolic cycle analog of the TCA cycle. In the TCA cycle, glyoxylate can be converted to carbon dioxide and produce aspartate (35). Gluconic acid is associated with oxidative stress and is a predictor of hyperglycemia and cytotoxic brain injury after stroke (36). Arginine and proline metabolism have been shown to be associated with axon regeneration, and arginine is a necessary raw material for axon regeneration (37). L-ornithine produced during its metabolism has recently been shown to be one of the biomarkers used for early detection of stroke (38). L-ornithine transcarbamylase deficiency leads to elevated ornithine levels, which in turn cause impaired urea cycling that can lead to stroke-like episodes (39), impaired mitochondrial function and reduced antioxidant capacity (40). After IS, plasma L-proline levels are reduced (41). Excitotoxicity mediated by N-methyl-D-aspartate receptors (NMDARs) regulated by L-proline, and is one of the main reasons of neuronal death after stroke (42, 43). It has been shown that neuroprotection and neurorepair can be promoted in acute ischemic stroke models by inhibiting L-proline uptake in the brain (43). Glycine can regulate microglial polarization after IS and indirectly inhibit ischemia-induced neuronal death and functional recovery (44). Through the miR-19a-3p/AMPK/GSK-3β/HO-1 pathway, glycine ameliorates apoptosis, inflammatory response and dysregulated glucose metabolism in IS (45). In addition, in vitro experiments showed that low doses of glycine improved NMDAR function, but high doses of glycine induced NMDAR internalization and thus neuroprotective effects in IS (46). Inositol phosphate metabolism has been shown to be abnormal in a rat stroke model (47). Inositol and phosphatidylinositol reduce insulin resistance, improve insulin sensitivity, and have unique roles in energy metabolism and metabolic disorders (48). Phosphatidylinositol 3-kinase is a phosphorylation product of inositol phospholipids and is involved in the immune response. Electrical stimulation of the cerebral cortex exerts anti-apoptotic, angiogenic and anti-inflammatory effects via the phosphatidylinositol 3-kinase/Akt pathway in rats with IS (49). Taken together, amino acid metabolism and carbohydrate metabolism are closely related to IS. The present study showed that the differences of metabolite between the Model group and the Sham group had improved to some extent after SHD intervention, and some metabolite levels were restored. This suggested that therapeutic effect of SHD on IR-induced metabolic disorders.




5 Conclusion

In this research, we integrated pharmacodynamic and metabolomic approaches to investigate firstly the therapeutic effects of SHD on the MCAO/R rat model and its underlying mechanisms. Our findings indicated that SHD treatment ameliorated MCAO/R-induced IS symptoms, ameliorated oxidative stress, attenuated brain damage and had a protective effect on damaged nerves. Brain and serum metabolomic analyses suggested that SHD treatment could significantly affect 4 metabolic pathways. The neuroprotective effects of SHD were primarily mediated through modulation of amino acid metabolism and carbohydrate metabolism, and nine metabolites that were altered after SHD treatment were significantly associated with disease. In conclusion, these findings deepen the understanding of the mechanisms by which SHD treats IS and suggests that SHD is promising drug candidate for intervening in the developmental process of IS.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The animal study was approved by China Academy of Chinese Medical Sciences. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

RL: Writing – original draft. SC: Writing – original draft. YC: Writing – review & editing. MZ: Conceptualization, Writing – review & editing. XG: Data curation, Writing – review & editing. YH: Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was financially supported by the Fundamental Research Funds for the Central Public Welfare Research Institutes (JJPY2022024).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1289558/full#supplementary-material



Abbreviations

AF, Aurantii Fructus Immaturus; CCA, common carotid artery; ECA, external carotid artery; GC-MS, gas chromatography–mass spectrometry; H&E, hematoxylin and eosin; IS, ischemic stroke; IR, ischemia-reperfusion; ICA, internal carotid artery; MCAO/R, middle cerebral artery occlusion reperfusion; MDA, malondialdehyde; MO, Magnoliae Officinalis Cortex; MCA, middle cerebral artery; NR, Notopterygium Rhizoma Et Radix; NMDAR, N-methyl-D-aspartate receptors; OPLS-DA, orthogonal partial least squares-discriminant analysis; RR, Radix et Rhizoma Rhei; SHD, San Hua Decoction; SOD, superoxide dismutase; TTC, 2,3,5-triphenyl tetrazolium chloride; TCM, traditional Chinese medicine; tPA, tissue-type plasminogen activator; VIP, variable importance in the projection.




References

1. Hankey, GJ. Stroke. Lancet (2017) 389:641–54. doi: 10.1016/S0140-6736(16)30962-X

2. Wang, X-G, Zhu, D-D, Li, N, Huang, Y-L, Wang, Y-Z, Zhang, T, et al. Scorpion venom heat-resistant peptide is neuroprotective against cerebral ischemia-reperfusion injury in association with the NMDA-MAPK pathway. Neurosci Bull (2020) 36:243–53. doi: 10.1007/s12264-019-00425-1

3. Pénzes, M, Túrós, D, Máthé, D, Szigeti, K, Hegedűs, N, Rauscher, AÁ, et al. Direct myosin-2 inhibition enhances cerebral perfusion resulting in functional improvement after ischemic stroke. Theranostics (2020) 10:5341–56. doi: 10.7150/thno.42077

4. Catanese, L, Tarsia, J, and Fisher, M. Acute ischemic stroke therapy overview. Circ Res (2017) 120:541–58. doi: 10.1161/CIRCRESAHA.116.309278

5. IST-3 collaborative group, Sandercock, P, Wardlaw, JM, Lindley, R, Dennis, M, Cohen, G, et al. The benefits and harms of intravenous thrombolysis with recombinant tissue plasminogen activator within 6 h of acute ischaemic stroke (the third international stroke trial [IST-3]): a randomised controlled trial. Lancet (2012) 379:2352–63. doi: 10.1016/S0140-6736(12)60768-5

6. Seto, S-W, Chang, D, Jenkins, A, Bensoussan, A, and Kiat, H. Angiogenesis in ischemic stroke and angiogenic effects of Chinese herbal medicine. J Clin Med (2016) 5:56. doi: 10.3390/jcm5060056

7. Wang, M, Yao, M, Liu, J, Takagi, N, Yang, B, Zhang, M, et al. Ligusticum chuanxiong exerts neuroprotection by promoting adult neurogenesis and inhibiting inflammation in the hippocampus of ME cerebral ischemia rats. J Ethnopharmacology (2020) 249:112385. doi: 10.1016/j.jep.2019.112385

8. Zhou, X, Seto, SW, Chang, D, Kiat, H, Razmovski-Naumovski, V, Chan, K, et al. Synergistic effects of chinese herbal medicine: A comprehensive review of methodology and current research. Front Pharmacol (2016) 7:201. doi: 10.3389/fphar.2016.00201

9. Liu, N, Liu, C, Yang, Y, Ma, G, Wei, G, Liu, S, et al. Xiao-Xu-Ming decoction prevented hemorrhagic transformation induced by acute hyperglycemia through inhibiting AGE-RAGE-mediated neuroinflammation. Pharmacol Res (2021) 169:105650. doi: 10.1016/j.phrs.2021.105650

10. Zhang, S, Kong, D, Ma, G, Liu, C, Yang, Y, Liu, S, et al. Long-term administration of salvianolic acid A promotes endogenous neurogenesis in ischemic stroke rats through activating Wnt3a/GSK3β/β-catenin signaling pathway. Acta Pharmacol Sin (2022) 43:2212–25. doi: 10.1038/s41401-021-00844-9

11. Li, Y, Liang, W, Guo, C, Chen, X, Huang, Y, Wang, H, et al. Renshen Shouwu extract enhances neurogenesis and angiogenesis via inhibition of TLR4/NF-κB/NLRP3 signaling pathway following ischemic stroke in rats. J Ethnopharmacology (2020) 253:112616. doi: 10.1016/j.jep.2020.112616

12. Yang, L, Su, X, Lu, F, Zong, R, Ding, S, Liu, J, et al. Serum and brain metabolomic study reveals the protective effects of Bai-Mi-Decoction on rats with ischemic stroke. Front Pharmacol (2022) 13:1005301. doi: 10.3389/fphar.2022.1005301

13. Ye, Y, Zhu, Y, Xin, X, Zhang, J, Zhang, H, and Li, D. Efficacy of Chinese herbal medicine for tPA thrombolysis in experimental stroke: A systematic review and meta-analysis. Phytomedicine (2022) 100:154072. doi: 10.1016/j.phymed.2022.154072

14. Fu, D-L, Li, J-H, Shi, Y-H, Zhang, X-L, Lin, Y, and Zheng, G-Q. Sanhua decoction, a classic herbal prescription, exerts neuroprotection through regulating phosphorylated tau level and promoting adult endogenous neurogenesis after cerebral ischemia/reperfusion injury. Front Physiol (2020) 11:57. doi: 10.3389/fphys.2020.00057

15. Zheng, L, Meng, L, Liang, H, and Yang, J. Sanhua decoction: Current understanding of a traditional herbal recipe for stroke. Front Neurosci (2023) 17:1149833. doi: 10.3389/fnins.2023.1149833

16. Liu, T, Zhou, J, Cui, H, Li, P, Luo, J, Li, T, et al. iTRAQ-based quantitative proteomics reveals the neuroprotection of rhubarb in experimental intracerebral hemorrhage. J Ethnopharmacology (2019) 232:244–54. doi: 10.1016/j.jep.2018.11.032

17. Li, X, Chu, S, Liu, Y, and Chen, N. Neuroprotective effects of anthraquinones from rhubarb in central nervous system diseases. Evidence-Based Complementary Altern Med (2019) 2019:e3790728. doi: 10.1155/2019/3790728

18. Ruan, Y, Jin, X, Ji, H, Zhu, C, Yang, Y, Zhou, Y, et al. Water extract of Notopterygium incisum alleviates cold allodynia in neuropathic pain by regulation of TRPA1. J Ethnopharmacology (2023) 305:116065. doi: 10.1016/j.jep.2022.116065

19. Zhu, S, Liu, F, Zhang, R, Xiong, Z, Zhang, Q, Hao, L, et al. Neuroprotective potency of neolignans in magnolia officinalis cortex against brain disorders. Front Pharmacol (2022) 13:857449. doi: 10.3389/fphar.2022.857449

20. Liu, X, Chen, X, Zhu, Y, Wang, K, and Wang, Y. Effect of magnolol on cerebral injury and blood brain barrier dysfunction induced by ischemia-reperfusion in vivo and in vitro. Metab Brain Dis (2017) 32:1109–18. doi: 10.1007/s11011-017-0004-6

21. Choi, B-K, Kim, T-W, Lee, D-R, Jung, W-H, Lim, J-H, Jung, J-Y, et al. A polymethoxy flavonoids-rich Citrus aurantium extract ameliorates ethanol-induced liver injury through modulation of AMPK and Nrf2-related signals in a binge drinking mouse model. Phytotherapy Res (2015) 29:1577–84. doi: 10.1002/ptr.5415

22. Lu, Y, Huang, Y, Sun, M, and Li, W. Determination of active ingredients and prediction of targetin Sanhua Decoction for cerebral ischemia based on HPLC and network pharmacology methods. Int J Traditional Chin Med (2021) 43:1109–15. doi: 10.3760/cma.j.cn115398-20210413-00140

23. YingHuang, U, Gao, S, Gong, Z, Li, W, Xiao-junGou, U, Sun, J, et al. Mechanism of sanhua decoction in the treatment of ischemic stroke based on network pharmacology methods and experimental verification. BioMed Res Int (2022) 2022:e7759402. doi: 10.1155/2022/7759402

24. Benedek, A, Móricz, K, Jurányi, Z, Gigler, G, Lévay, G, Hársing, LG, et al. Use of TTC staining for the evaluation of tissue injury in the early phases of reperfusion after focal cerebral ischemia in rats. Brain Res (2006) 1116:159–65. doi: 10.1016/j.brainres.2006.07.123

25. Hart, RG. Atrial fibrillation and prevention of embolic stroke. Stroke (2021) 52:e55–7. doi: 10.1161/STROKEAHA.120.030420

26. Mao, R, Zong, N, Hu, Y, Chen, Y, and Xu, Y. Neuronal death mechanisms and therapeutic strategy in ischemic stroke. Neurosci Bull (2022) 38:1229–47. doi: 10.1007/s12264-022-00859-0

27. Pirson, FAV, Boodt, N, Brouwer, J, Bruggeman, AAE, den Hartog, SJ, Goldhoorn, R-JB, et al. Endovascular treatment for posterior circulation stroke in routine clinical practice: results of the multicenter randomized clinical trial of endovascular treatment for acute ischemic stroke in the Netherlands registry. Stroke (2022) 53:758–68. doi: 10.1161/STROKEAHA.121.034786

28. Villringer, K, Cuesta, BES, Ostwaldt, A-C, Grittner, U, Brunecker, P, Khalil, AA, et al. DCE-MRI blood–brain barrier assessment in acute ischemic stroke. Neurology (2017) 88:433–40. doi: 10.1212/WNL.0000000000003566

29. Arba, F, Piccardi, B, Palumbo, V, Biagini, S, Galmozzi, F, Iovene, V, et al. Blood–brain barrier leakage and hemorrhagic transformation: The Reperfusion Injury in Ischemic StroKe (RISK) study. Eur J Neurol (2021) 28:3147–54. doi: 10.1111/ene.14985

30. Jayaraj, RL, Azimullah, S, Beiram, R, Jalal, FY, and Rosenberg, GA. Neuroinflammation: friend and foe for ischemic stroke. J Neuroinflamm (2019) 16:142. doi: 10.1186/s12974-019-1516-2

31. DeLong, JH, Ohashi, SN, O’Connor, KC, and Sansing, LH. Inflammatory responses after ischemic stroke. Semin Immunopathol (2022) 44:625–48. doi: 10.1007/s00281-022-00943-7

32. Zhang, R, Meng, J, Wang, X, Pu, L, Zhao, T, Huang, Y, et al. Metabolomics of ischemic stroke: insights into risk prediction and mechanisms. Metab Brain Dis (2022) 37:2163–80. doi: 10.1007/s11011-022-01011-7

33. Demel, SL, Kittner, S, Ley, SH, McDermott, M, and Rexrode, KM. Stroke risk factors unique to women. Stroke (2018) 49:518–23. doi: 10.1161/STROKEAHA.117.018415

34. Mastrangelo, M, Ricciardi, G, Giordo, L, Michele, MD, Toni, D, and Leuzzi, V. Stroke and stroke-like episodes in inborn errors of metabolism: Pathophysiological and clinical implications. Mol Genet Metab (2022) 135:3–14. doi: 10.1016/j.ymgme.2021.12.014

35. Springsteen, G, Yerabolu, JR, Nelson, J, Rhea, CJ, and Krishnamurthy, R. Linked cycles of oxidative decarboxylation of glyoxylate as protometabolic analogs of the citric acid cycle. Nat Commun (2018) 9:91. doi: 10.1038/s41467-017-02591-0

36. Ament, Z, Bevers, MB, Wolcott, Z, Kimberly, WT, and Acharjee, A. Uric acid and gluconic acid as predictors of hyperglycemia and cytotoxic injury after stroke. Transl Stroke Res (2021) 12:293–302. doi: 10.1007/s12975-020-00862-5

37. Zhang, J, Jiang, C, Liu, X, Jiang, C, Cao, Q, Yu, B, et al. The metabolomic profiling identifies N, N-dimethylglycine as a facilitator of dorsal root ganglia neuron axon regeneration after injury. doi: 10.1096/fj.202101698R

38. Tao, S, Xiao, X, Li, X, Na, F, Na, G, Wang, S, et al. Targeted metabolomics reveals serum changes of amino acids in mild to moderate ischemic stroke and stroke mimics. Front Neurol (2023) 14:1153193. doi: 10.3389/fneur.2023.1153193

39. Gowda, VK, Gupta, P, Shivappa, SK, and Benakappa, N. Recurrent stroke like episodes secondary to ornithine transcarbamylase deficiency. Indian J Pediatr (2020) 87:852–3. doi: 10.1007/s12098-020-03193-3

40. Zanatta, Â, Rodrigues, MDN, Amaral, AU, Souza, DG, Quincozes-Santos, A, and Wajner, M. Ornithine and homocitrulline impair mitochondrial function, decrease antioxidant defenses and induce cell death in menadione-stressed rat cortical astrocytes: potential mechanisms of neurological dysfunction in HHH syndrome. Neurochem Res (2016) 41:2190–8. doi: 10.1007/s11064-016-1933-x

41. Fan, D, Krishnamurthi, R, Harris, P, Barber, PA, and Guan, J. Plasma cyclic glycine proline/IGF-1 ratio predicts clinical outcome and recovery in stroke patients. Ann Clin Trans Neurol (2019) 6:669–77. doi: 10.1002/acn3.743

42. Goulart, VAM, Sena, MM, Mendes, TO, Menezes, HC, Cardeal, ZL, Paiva, MJN, et al. Amino acid biosignature in plasma among ischemic stroke subtypes. BioMed Res Int (2019) 2019:e8480468. doi: 10.1155/2019/8480468

43. Carvalho, GA, Chiareli, RA, Marques, BL, Parreira, RC, de Souza Gil, E, de Carvalho, FS, et al. L-proline transporter inhibitor (LQFM215) promotes neuroprotection in ischemic stroke. Pharmacol Rep (2023) 75:276–92. doi: 10.1007/s43440-023-00451-x

44. Liu, R, Liao, X-Y, Pan, M-X, Tang, J-C, Chen, S-F, Zhang, Y, et al. Glycine Exhibits Neuroprotective Effects in Ischemic Stroke in Rats through the Inhibition of M1 Microglial Polarization via the NF-κB p65/Hif-1α Signaling Pathway. J Immunol (2019) 202:1704–14. doi: 10.4049/jimmunol.1801166

45. Chen, Z-J, Zhao, X-S, Fan, T-P, Qi, H-X, and Li, D. Glycine improves ischemic stroke through miR-19a-3p/AMPK/GSK-3&beta;/HO-1 pathway. DDDT (2020) 14:2021–31. doi: 10.2147/DDDT.S248104

46. Cappelli, J, Khacho, P, Wang, B, Sokolovski, A, Bakkar, W, Raymond, S, et al. Glycine-induced NMDA receptor internalization provides neuroprotection and preserves vasculature following ischemic stroke. iScience (2022) 25:103539. doi: 10.1016/j.isci.2021.103539

47. Lin, TN, Liu, TH, Xu, J, Hsu, CY, and Sun, GY. Brain polyphosphoinositide metabolism during focal ischemia in rat cortex. Stroke (1991) 22:495–8. doi: 10.1161/01.STR.22.4.495

48. Chatree, S, Thongmaen, N, Tantivejkul, K, Sitticharoon, C, and Vucenik, I. Role of inositols and inositol phosphates in energy metabolism. Molecules (2020) 25:5079. doi: 10.3390/molecules25215079

49. Baba, T, Kameda, M, Yasuhara, T, Morimoto, T, Kondo, A, Shingo, T, et al. Electrical stimulation of the cerebral cortex exerts antiapoptotic, angiogenic, and anti-inflammatory effects in ischemic stroke rats through phosphoinositide 3-kinase/akt signaling pathway. Stroke (2009) 40:e598–605. doi: 10.1161/STROKEAHA.109.563627




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Liu, Cao, Cai, Zhou, Gou and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 11 June 2024

doi: 10.3389/fendo.2024.1388871

[image: image2]


Risk factors of acute ischemic stroke and the role of angiotensin I in predicting prognosis of patients undergoing endovascular thrombectomy


Shengkai Yang 1,2†, Kemian Li 1,2†, Zhengqian Huang 1, Yingda Xu 1, Jingshan Liang 1, Yong Sun 1* and Aimin Li 1*


1 Department of Neurosurgery, The Affiliated Lianyungang Hospital of Xuzhou Medical University, Lianyungang, Jiangsu, China, 2 Department of Neurosurgery, Binhai County People’s Hospital Affiliated to Kangda College of Nanjing Medical University, Yancheng, Jiangsu, China




Edited by: 

Alexandre Benani, Centre National de la Recherche Scientifique (CNRS), France

Reviewed by: 

Omer Iqbal, Loyola University Chicago, United States

Vladimir Tesar, Charles University, Czechia

*Correspondence: 

Aimin Li
 liaimin_6529@126.com 

Yong Sun
 sunyong@njmu.edu.cn


†These authors have contributed equally to this work and share first authorship



Received: 20 February 2024

Accepted: 29 May 2024

Published: 11 June 2024

Citation:
Yang S, Li K, Huang Z, Xu Y, Liang J, Sun Y and Li A (2024) Risk factors of acute ischemic stroke and the role of angiotensin I in predicting prognosis of patients undergoing endovascular thrombectomy. Front. Endocrinol. 15:1388871. doi: 10.3389/fendo.2024.1388871






Purpose

The interaction between the renin-angiotensin system (RAS) and the acute ischemic stroke (AIS) is definite but not fully understood. This study aimed to analyze the risk factors of AIS and explore the role of serum indicators such as angiotensin I (Ang I) in the prognosis of patients undergoing endovascular thrombectomy (EVT).





Patients and methods

Patients with AIS who underwent EVT and healthy controls were retrospectively enrolled in this study, and the patients were divided into a good or a poor prognosis group. We compared Ang I, blood routine indexes, biochemical indexes, electrolyte indexes, and coagulation indexes between patients and controls. We used univariate and multivariate logistic regression analyses to evaluate possible risk factors for AIS and the prognosis of patients undergoing EVT. Independent risk factors for the prognosis of patients undergoing EVT were identified through multifactorial logistic regression analyses to construct diagnostic nomograms, further assessed by receiver operating characteristic curves (ROC).





Results

Consistent with previous studies, advanced age, high blood glucose, high D-dimer, and high prothrombin activity are risk factors for AIS. In addition, Ang I levels are lower in AIS compared to the controls. The level of Ang I was higher in the good prognosis group. Furthermore, we developed a nomogram to evaluate its ability to predict the prognosis of AIS after EVT. The AUC value of the combined ROC model (Ang I and albumin-globulin ratio (AGR)) was 0.859.





Conclusions

In conclusion, advanced age, high blood glucose, high D-dimer, and high prothrombin activity are risk factors for AIS. The combined Ang I and AGR model has a good predictive ability for the prognosis of AIS patients undergoing arterial thrombectomy.





Keywords: acute ischemic stroke, risk factors, endovascular thrombectomy, angiotensin I, nomograms





Introduction

Acute ischemic stroke (AIS) is a disorder of blood flow supply to brain tissue caused by various reasons, which is characterized by high morbidity, disability, and mortality (1). According to statistics, the number of deaths due to ischemic stroke (IS) in the world ranks first in the number of deaths from cardiovascular and cerebrovascular diseases. It is one of the third leading causes of death in the world. China is a country with a high incidence of stroke. The incidence of stroke was 170/100,000 and 620/100,000 in males and females, respectively, and the prevalence rate was 620/100,000.

There are many pathogenic factors and complex pathological mechanisms of AIS. At present, it is generally believed that the occurrence of AIS is caused by atherosclerosis. Oxidative stress and vascular endothelial dysfunction are the primary pathogenesis of atherosclerosis. In recent years, with the deepening of research, people have found that the renin-angiotensin system (RAS) activation is closely related to AIS, which can directly or indirectly induce the occurrence and influence the development of AIS.

RAS is an endocrine regulatory system composed of peptide hormones and corresponding enzymes as the main components. It comprises six parts: renin, angiotensinogen, angiotensin, angiotensin-converting enzyme, angiotensin receptor, and aldosterone. Renin is an acid-hydrolytic protease produced by the juxtaglomerular cells of the kidney. Sodium depletion, sympathetic excitation, and decreased renal blood flow stimulate the release of renin, which acts on the hepatic production of angiotensinogen to convert it to angiotensin I (Ang I). Ang I has no biological activity and is further hydrolyzed to angiotensin II (Ang II) by the action of angiotensin-converting enzyme I. Ang II can be further decomposed into angiotensin (1–7) and angiotensin III and angiotensin IV by the step of angiotensin-converting enzyme II and aminopeptidase A, respectively (2).

Over-activation of RAS can produce a series of pathophysiological effects. At present, it is believed that circulating RAS mainly acts through the following two axes: (1) angiotensin-converting enzyme 1-Ang II-AT1R axis: the binding of Ang I-IV to AT1R leads to vasoconstriction, tissue cell fibrosis, and oxidative stress; (2) Angiotensin-converting enzyme 2-Ang (1–7)-Mas receptor axis: The binding of angiotensin domain with AT2R and Ang (1–7) with Mas receptor can resist the pathological effects of AT1R, dilate blood vessels, anti-inflammation, anti-tissue cell fibrosis, reduce cell apoptosis, and have protective effects on heart, brain, kidney, blood vessels and other organs (2). Studies on the pathological mechanism of RAS causing AIS mainly focus on Ang II, and the relationship between other components of RAS and AIS is relatively few.

The preferred treatment for AIS is intravenous thrombolysis within the time window. Still, due to the strict time window, the proportion of patients who can benefit from it is relatively low, and the treatment effect is poor (3). In recent years, with the continuous development of various endovascular therapy (EVT) devices and techniques, EVT has shown a good application prospect in treating AIS. Some domestic and foreign AIS treatment guidelines (4) recommend EVT as the first choice of treatment when intravenous thrombolysis is contraindicated or ineffective. Studies have shown that the overexpression of inflammatory factors and abnormal secretion of neurohormones in the pathogenesis of AIS aggravates the degree of neurological impairment and affects the prognosis of patients (5).

At present, the content of clinical evaluation of the development and prognosis of AIS mainly includes serological indicators and imaging examinations, among which serological indicators have the advantages of being simple, fast, and highly accurate and have become an essential means to guide clinical diagnosis and treatment. The primary objective of this study is to analyze the risk factors related to the occurrence of AIS, and the secondary aim is to explore the role of serum indicators such as neurohormones, blood routine, liver and kidney function, electrolytes, and coagulation function in the prognosis of patients undergoing endovascular thrombectomy (EVT).





Materials and methods




Patients

In this study, the alpha value was 0.05, the beta value was 0.2, and the test power was 0.8. The difference of Ang I between the patients and the controls was expected to be about 1–3 ng/ml. According to the 1:1 ratio between the case group and the control group, about 33 patients should be enrolled. Ultimately, seventy-two patients with AIS who underwent EVT at the Neurosurgery department of the First People’s Hospital of Lianyungang from December 2022 to October 2023 were retrospectively enrolled in this study. At the same time, 60 subjects who underwent regular physical examinations during the same period were included, and a total of 132 cases were included. This study met the criteria outlined in the Declaration of Helsinki. The ethics committee approved it, and the institutional review board of the First People’s Hospital of Lianyungang (ethics numbers: SHSY-IECKY-4.0/18–68/01 and ZDKYSB077). Written informed consent was obtained from this study’s patients and their relatives.





Inclusion and exclusion criteria

Inclusion criteria: (1). Age over 18 years old; (2). AIS diagnosed by imaging (CT and MRI); (3). Undergo EVT.

Exclusion criteria: (1). Cerebral hemorrhage was confirmed by imaging examination; (2). Patients who have received thrombolytic therapy; (3). Concurrent diagnosis of other malignant tumors that may seriously affect survival; (4). Accompanied with severe infectious diseases or liver and kidney dysfunction; (5). Severe bleeding tendency; (6). Patients with previous IS and severe motor dysfunction.

Based on the above criteria, 7 patients accept thrombolytic therapy, 2 patients had severe liver and kidney dysfunction, and 3 patients had IS previously and severe motor dysfunction. We excluded 12 patients, and 60 patients were finally included in this study. According to the above criteria, we divided the 120 subjects into two groups: normal group and disease group. To further analyze the effect of different variables on the prognosis of patients with AIS who underwent EVT, 60 patients in the disease group were divided into good prognosis group (0–2 scores) and poor prognosis group (3–5 scores) according to the modified Rankin scale score at discharge.





Study variables

The clinical data of inpatients in the Department of Neurosurgery of the First People’s Hospital of Lianyungang were collected retrospectively, including age, sex, blood routine indexes, biochemical indexes, electrolyte indexes, and coagulation indexes. Blood samples were collected within 72 hours after surgery for further analysis. All blood samples were obtained from either the left or right femoral vein. Rapidlab 1200 series equipment (Laboratory equipment of the First People’s Hospital of Lianyungang City) was used to analyze blood samples. Ang I ELISA assay: To measure the concentration of Ang I, quantitative factor high-sensitivity ELISA [R&D; Human angiotensin: BY-EH111540 (sensitivity 0.1 ng/mL)] was used to detect the concentration of Ang I in serum. Patients who underwent EVT were followed up by outpatient examination or telephone.





Surgical methods of endovascular thrombectomy

The patient was conventionally given local anesthesia, and if the patient has agitation, general anesthesia or intravenous combined anesthesia will be selected. The patient was asked to take the supine position, the femoral artery puncture was performed, and the 8F artery sheath was inserted. The whole brain digital subtraction angiography (DSA) was performed to determine the infarction site. For patients without large artery occlusion, 100,000 U urokinase was injected into the artery on the opposite side of the lesion or the poor development side. Then 20, 000 U/min urokinase was maintained according to the patient’s condition. The vital signs of the patients were closely monitored. For patients with large artery occlusion, an 8F MPA1 guide catheter was placed at the distal end of the common carotid artery, and a 5F-125 Naven intermediate catheter was placed at the distal end of the internal carotid artery along the guide catheter. Under the guidance of a 0.014 microguide wire, a Rebar-18 microcatheter was used to pass through the occlusion vessel to the distal end of the thrombus. Microcatheter angiography was performed to confirm the patency of the thrombus site and the distal end of the occluded vessel. The Solitaire AB stent was placed through the microcatheter. After 5 minutes, to ensure the full release of the stent, the stent was withdrawn with the microcatheter, and the blood was quickly aspirated with a 50 mL syringe. DSA examination was performed again after thrombectomy to confirm vascular recanalization.





Statistical analysis

Customarily distributed values were calculated as parametric tests and mean ± standard deviation, while non-normally distributed values were calculated as median. Categorical variables were analyzed by chi-square or Fisher’s exact test, and continuous variables were analyzed by unpaired t-test. The chi-square or Kruskal-Wallis test was used to evaluate the correlation between Ang I, blood routine indexes, biochemical indexes, electrolyte indexes, coagulation indexes, and clinicopathological features. The ROC curve and the area under the curve (AUC) were used to compare the ability of the models to predict AIS and outcome status. Univariate and multivariate logistic regression analyses were used to analyze the risk factors of AIS. Multivariate logistic regression was used to analyze the independent risk factors for the prognosis of AIS, and a diagnostic nomogram was constructed. All data were analyzed by SPSS software (version 27.0), GraphPad Prism software (version 8.3.1), and RStudio software (4.3.0). A value of 0.05 was considered statistically significant.






Results




Demographic and clinical characteristics

Figure 1; Table 1 show the demographic data and various clinical information data between the controls and disease groups included in the study and the levels of significance of differences between groups. The median age of 120 patients was 56.925 ± 14.282 years old. The median age of 60 controls was 49.883 ± 14.418 years old, and the median age of 60 patients was 63.967 ± 10.133 years old (p<0.001). The level of Ang I in the disease group (1.52 ± 1.141) was significantly lower than that in the control group (4.531 ± 1.487) (p<0.001). WBC, neutrophil ratio, lymphocyte ratio, monocyte ratio, PLT in blood routine indexes; albumin, albumin-globulin ratio (AGR), ALT, glucose in biochemical indexes; K+, Ca2+ in electrolyte; prothrombin time, prothrombin activity and D-dimer all had significant differences between the normal group and the disease group (p<0.05).




Figure 1 | The significant differences in demographic data and clinical information between the controls and AIS patients. (A) Comparison of Ang I. (B) Comparison of age. (C) Comparison of WBC. (D) Comparison of neutrophil ratio. (E) Comparison of lymphocyte ratio. (F) Comparison of monocyte ratio. (G) Comparison of PLT. (H) Comparison of albumin. (I) Comparison of AGR. (J) Comparison of ALT. (K) Comparison of globulin. (L) Comparison of Na+. (M) Comparison of Ca2+. (N) Comparison of prothrombin time. (O) Comparison of prothrombin activity. (P) Comparison of D-Dimer. AIS, acute ischemic stroke; Ang I, angiotensin I; WBC, white blood cell; PLT, platelets; AGR, albumin-globulin ratio; ALT, alanine aminotransferase.




Table 1 | Baseline demographic and clinical characteristics of AIS patients and controls.







Risk factors for AIS

We explored the influencing factors of AIS occurrence by univariate and multivariate Logistic regression analyses (Table 2). Multivariate Logistic regression analysis showed that older age (OR: 1.098, 95%CI: 1.057–1.141, p<0.001), high leukocyte expression (OR: 1.327, 95%CI: 1.131–1.557, p<0.001), high neutrophil ratio (OR: 1.114, 95%CI: 1.070–1.160, p<0.001), hyperglycemia (OR: 4.512, 95%CI: 2.454–8.295, p<0.001), high prothrombin activity (OR: 1.064, 95%CI: 1.032–1.097, p<0.001), high D-dimer (OR: 3.515, 95%CI: 1.480–8.351, p=0.004) might be more likely to have AIS.


Table 2 | Univariate and multivariate analysis of AIS patients and controls.



The higher Ang I (OR: 0.048, 95%CI: 0.013–0.184, p<0.001), the higher lymphocyte ratio (OR: 0.892, 95%CI: 0.852–0.934, p<0.001), higher monocyte ratio (OR: 0.797, 95%CI: 0.687–0.925, p=0.003), higher PLT (OR: 0.988, 95%CI: 0.981–0.996, p=0.002), and higher albumin (OR: 0.797, 95%CI: 0.687–0.925, p=0.002). 0.652, 95%CI 0.556–0.764, p<0.001), AGR (OR: 0.039, 95%CI: 0.008–0.193, p=0.049), ALT (OR: 0.959, 95%CI: 0.927–0.992, p=0.015), and Na+ (OR: 0.959, 95%CI: 0.927–0.992, p=0.015). 0.895, 95%CI = 0.801–0.999, p=0.049), and the higher Ca2+ (OR: 0.002, 95%CI = 0.000–0.054, p<0.001) and longer prothrombin time (OR<: 0.614, 95%CI: 0.410–0.920, p=0.018) might reduce the risk of AIS.





Demographic and clinical characteristics of patients with different prognosis

Table 3; Figure 2 show the demographic data and various clinical information data between the good and poor prognosis groups of AIS patients and the levels of significance of differences between groups. The median age of 60 patients was 63.967 ± 10.133 years old. The median age of 25 patients in the good prognosis group was 58.24 ± 10.887 years old, and the median age of 35 patients in the poor prognosis group was 68.057 ± 7.292 years old (p<0.001). The level of Ang I was significantly different between the good prognosis group (2.205 ± 1.256) and the poor prognosis group (1.031 ± 0.745) (p<0.001). Significant differences existed in the expression of globulin, AGR, ALT, K+, and prothrombin activity between the good and poor prognoses groups (p<0.05).


Table 3 | Comparison of good prognosis and poor prognosis in AIS patients.






Figure 2 | The significant differences in demographic data and clinical information between the good and poor prognosis groups of AIS patients. (A) Comparison of Ang I. (B) Comparison of age. (C) Comparison of globulin. (D) Comparison of AGR. (E) Comparison of AST. (F) Comparison of K+. (G) Comparison of prothrombin activity. AIS, acute ischemic stroke; Ang I, angiotensin I; AGR, albumin-globulin ratio; AST, aspartate transaminase.







Identification of prognostic factors for AIS

To further explore the clinical diagnostic predictive value of serum Ang I, blood routine indexes, biochemical indexes, electrolyte indexes, and coagulation indexes for the prognosis of AIS, the good prognosis group was used as negative samples, and the poor prognosis group was used as positive samples. The ROC curve diagnostic analysis model was established. Ang I, K+, and prothrombin activity all had high diagnostic and predictive value. The AUC of Ang I was 0.763, 95%CI was 0.633–0.894, p<0.001; The AUC of K+ in electrolyte was 0.715, 95%CI was 0.585–0.846, p=0.005; The AUC of prothrombin activity in coagulation function was 0.705, 95%CI was 0.568–0.841, p=0.007 (Table 4; Figure 3).


Table 4 | AUC of different factors for AIS.






Figure 3 | Receiver operating characteristic (ROC) curve analysis of different factors for the prognosis of AIS. (A) Ang I. (B) Blood routine indexes. (C) Biochemical indexes. (D) Electrolyte indexes. (E) Coagulation indexes. AIS, acute ischemic stroke; Ang I, angiotensin I; WBC, white blood cell; RBC, red blood cell; HCT, hematocrit; PLT, platelets; AGR, albumin-globulin ratio; ALT, alanine aminotransferase; AST, aspartate transaminase; BUN, blood urea nitrogen; INR, international normalized ratio.







Factors associated with the prognosis of AIS

We explored the influencing factors of AIS outcome by univariate and multivariate logistic regression (Table 5). The results showed that the higher Ang I (OR: 0.336, 95%CI: 0.184–0.616, p<0.001), the higher lymphocyte ratio (OR: 0.892, 95%CI: 0.852–0.934, p<0.001), higher AGR (OR = 0.053, 95%CI: 0.004–0.687, p=0.025), higher K+ (OR = 0.124, 95%CI: 0.028–0.555, p=0.006), and higher prothrombin activity (OR = 0.124, 95%CI: 0.028–0.555, p=0.006). 0.952, 95%CI: 0.914–0.991, p=0.017) might have a better prognosis.


Table 5 | Univariate and multivariate analysis of good and poor prognosis AIS.



High expression of globulin (OR: 1.164, 95%CI: 1.004–1.349, p=0.045), increased expression of ALT (OR: 1.111, 95%CI: 1.022–1.207, p=0.013), and high admission NIHSS score (OR: 1.203, 95%CI: 1.046–1.384, p=0.010) might have a poor prognosis of AIS. Multivariate Logistic regression analysis of variables with significant differences in univariate logistic regression showed that Ang I (OR: 0.260, 95%CI: 0.124–0.547, p<0.001) and high AGR (OR: 0.011, 95%CI: 0.000–0.306, p=0.008) were still statistically significant.





Nomogram construction and validation

According to the results of multivariate logistic regression, Ang I and AGR were selected to construct a diagnostic nomogram for the prognosis of AIS, and the ROC curve was used to verify the diagnostic nomogram to test its predictive efficacy for the prognosis of patients. The AUC value of the combined model was 0.859 (95%CI: 0.765–0.954). According to the above results, it was suggested that the model had a solid predictive ability, as shown in Figure 4.




Figure 4 | Nomogram for predicting the prognosis of AIS. Ang I, angiotensin I; AGR, albumin-globulin ratio.








Discussion

In this retrospective study, univariate and multivariate logistic regression were used to analyze the risk factors for AIS. Consistent with previous studies, advanced age, high blood glucose, high D-dimer, and high prothrombin activity are risk factors for acute ischemic AIS. We also found that the increase of white blood cells and the increase of neutrophil ratio in blood routine examination also have specific suggestive significance. In addition, we found that the higher Ang I was, the lower the risk of AIS was. The level of Ang I was higher in the good prognosis group. Significant differences existed in the expression of globulin, AGR, ALT, K+, and prothrombin activity between the good and the poor prognosis group. As previously mentioned, our study found that Ang I and AGR had a non-negligible impact on the prognosis of patients with AIS, so we developed a nomogram to evaluate its ability to predict the prognosis of AIS.

Risk factors for AIS include age, smoking, obesity, atrial fibrillation, hypertension, diabetes, etc. (6), of which hypertension is the most critical risk factor. Excluding other risk factors for AIS, a 10mmHg increase in systolic blood pressure was associated with a 49% increased risk of AIS, and a 5mmHg rise in diastolic blood pressure was associated with a 46% increased risk of AIS (7). Experimental results showed that the vascular shear stress was increased in hypertensive patients compared with normal people, which caused vascular endothelial damage (8). At the same time, endothelial injury also affects NO activity and increases the synthesis and release of endothelin and Ang II, resulting in vasomotor dysfunction (8). Wallace et al. found that after endothelial injury, endothelial cells will release a large number of active substances, including adenosine triphosphate, 5-hydroxytryptamine, etc., which can promote the synthesis and release of endothelin, increasing blood pressure, and then damage endothelial cells again, forming a vicious circle (9). The primary pathogenesis of AIS is as follows: The damage of vascular endothelial cells leads to atherosclerosis, which leads to occlusion of cerebral arteries and cerebral ischemia. Neurons in the ischemic center release the injury-related molecular pattern to activate the immune response (10–12).

Hyperactivation of the local renin-angiotensin-aldosterone system (RAAS) in hypertensive patients is also an important reason for vascular endothelial injury (13). RAAS is an essential regulatory system to maintain the body’s balance of water and electrolyte. Its dysfunction will lead to vasoconstriction and aggravate the degree of ischemic injury in cerebrovascular diseases. And affect the rate of vascular recanalization after treatment (14, 15). The mechanism of RAAS activation is as follows: firstly, angiotensinogen is converted into Ang I under the stimulation of renin, and then Ang I is converted into Ang II by ACE. Ang II increases aldosterone secretion through the sympathetic nervous system, resulting in water and sodium retention and increasing blood pressure (16).

Some studies have shown that the serum Ang II level of patients after intravenous thrombolysis or EVT treatment is significantly lower than that before treatment, and the serum Ang II level of patients in the EVT group is lower than that in intravenous thrombolysis group, suggesting that EVT can significantly reduce the neurohormone level of AIS patients (17–22). How does the level of Ang I change? Our study focused on the changes of Ang I.

Our study found that Ang I levels were lower in AIS patients than in controls and higher in the group with a good prognosis. One study had similar results to ours. The level of Ang I decreased while the level of Ang II remained unchanged, accompanied by an increase in ACE activity. This phenomenon can be explained by the decrease in renin caused by the negative feedback after the rise in blood pressure. Increased ACE activity can convert all available Ang I to Ang II (16). Another reason for maintaining a steady Ang II concentration may be the up-regulation of local AT1 and AT2 receptors in and around the infarct area. Animal experiments have also confirmed that RAAS promotes brain oxidative stress response, further promoting RAAS and sympathetic nervous system activation to mobilize peripheral organ responses (23).

Nomograms are highly effective in areas such as diagnosis and prediction. Compared with traditional scoring systems for IS (24, 25), the nomogram model can estimate the probability of adverse outcomes after EVT, which often provides a better-personalized assessment to help management decisions. In addition, the graph has higher accuracy and better-discriminating ability and is more convenient to use. Several studies have predicted poor outcomes in patients with IS. Zhang et al. established a nomogram model to predict the 3-month risk of death in IS patients with anterior circulation arterial occlusion who successfully received endovascular thrombolysis, composed of age, pretreatment collateral status, baseline blood glucose level, symptomatic intracranial hemorrhage, and baseline National Institutes of Health Stroke Scale score (26). Du et al. determined that age, baseline National Institutes of Health Stroke Scale score, collateral circulation, rapid blood glucose levels, and recirculation were independent predictors of malignant cerebral edema after EVT (27). A study from Japan also focused on whether imaging technology, low relative diffusion-weighted imaging (DWI) signal intensity, can predict good clinical outcomes after EVT in patients with acute IS. Forty-nine patients were included in the analysis, and the results showed that the relative DWI signal intensity of the group with a good prognosis was significantly lower than that of the group with a poor prognosis. Low relative DWI signal intensity was associated with a good prognosis after EVT (28). In this study, Ang I and AGR, two readily available variables, have good discriminative ability, and the AUC value of the combined ROC model is 0.859. Therefore, the combined Ang I and AGR model can predict the prognosis of AIS patients, thus achieving a more accurate therapeutic effect and better serving the patient population.

The small sample size limits our study, and the sample size will be expanded. This is a retrospective single-center study, and the results must be further prospectively verified in multiple centers. Our study has established the role of Ang I in the prognosis of patients undergoing EVT. Still, there was no study of the other components, including angiotensinogen and Ang II, so further studies are needed to explore the mechanisms and other parts of the RAAS system.





Conclusion

The study’s findings suggested advanced age, high blood glucose, high D-dimer, and high prothrombin activity are risk factors in patients with AIS. The higher the ANG I and AGR, the better the prognosis of AIS surgery. Furthermore, the combined ANG I and AGR model has a good predictive ability for the prognosis of patients undergoing arterial thrombectomy.
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Infertility is becoming a major public health problem, with increasing frequency due to medical, environmental and societal causes. The increasingly late age of childbearing, growing exposure to endocrine disruptors and other reprotoxic products, and increasing number of medical reproductive dysfunctions (endometriosis, polycystic ovary syndrome, etc.) are among the most common causes. Fertility relies on fine-tuned control of both neuroendocrine function and reproductive behaviors, those are critically regulated by sex steroid hormones. Testosterone and estradiol exert organizational and activational effects throughout life to establish and activate the neural circuits underlying reproductive function. This regulation is mediated through estrogen receptors (ERs) and androgen receptor (AR). Estradiol acts mainly via nuclear estrogen receptors ERα and ERβ. The aim of this review is to summarize the genetic studies that have been undertaken to comprehend the specific contribution of ERα and ERβ in the neural circuits underlying the regulation of the hypothalamic-pituitary-gonadal axis and the expression of reproductive behaviors, including sexual and parental behavior. Particular emphasis will be placed on the neural role of these receptors and the underlying sex differences.
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1 Introduction

In mammals, fertility allows the perpetuation of the species. Fertility relies on a fine regulation of reproductive function involving both adequate neuroendocrine regulation of the hypothalamic-pituitary-gonadal (HPG) axis, and synchronized expression of male and female sexually dimorphic reproductive behaviors.

Within the HPG axis, the pulsatile release of gonadotropin releasing hormone (GnRH) from hypothalamic GnRH neurons in the hypothalamic-pituitary portal system activates the neuroendocrine secretion of the gonadotropins luteinizing hormone (LH) and follicle-stimulating hormone (FSH) (Figure 1). LH and FSH stimulate the gonads and trigger gametogenesis and secretion of gonadal steroid hormones. Sex steroid hormones in turn exert a feedback control on the HPG axis (1). In males, testicular testosterone exerts a negative feedback control on hypothalamic GnRH and pituitary LH release (2). In females, estradiol negatively regulates hypothalamic GnRH secretion for most of the estrous cycle, except during the proestrus phase. During this phase, the growth of ovarian follicles is associated with a rise in circulating estradiol concentration that exerts hypothalamic and pituitary positive feedbacks, leading to the LH discharge necessary for ovulation and induction of female receptivity (3, 4). GnRH neurons activity is finely regulated by a complex neural network including kisspeptin-, neurokinin B-, glutamate- and GABA-expressing neurons. Glial cells, especially astrocytes and tanycytes, also participate in this regulation (5). Kisspeptin neurons are located in two distinct hypothalamic regions, the arcuate nucleus (ARC) and the rostral periventricular area of the third ventricle (RP3V). ARC kisspeptin neurons, referred to as KNDy neurons because of their coexpression of kisspeptin, neurokinin B and dynorphin, participate in estradiol negative feedback and coordination of GnRH pulses (6). RP3V kisspeptin neurons are essential to the regulation of estradiol positive feedback driving the generation of the female LH surge (7). This positive feedback is lost in males. It is a primary example of sexual dimorphism.




Figure 1 | Schematic representation of the neural circuits involved in the estradiol regulation of the hypothalamic-pituitary-gonadal axis. Estrogen receptor (ER) α and ERβ are expressed in the rostral periventricular area of the third ventricle (RP3V) and the arcuate nucleus (ARC) of both males and females. These two hypothalamic nuclei are essential to the control of estradiol positive and negative feedback, respectively. The loss of the positive feedback in males is an example of sexual dimorphism. ERβ, unlike ERα is also expressed in gonadotropin-releasing hormone (GnRH) neurons and appears to participate to the pubertal activation of the hypothalamic-pituitary-axis. LH, Luteinizing hormone; FSH, follicle-stimulating hormone.



In addition to a functional HPG axis, fertility requires appropriate and optimal display of reproductive behaviors, including sexual and parental behavior. Sexual behavior is sexually dimorphic. In rodents, it includes an appetitive phase, during which both sexes actively stimulate their partners by releasing pheromones and displaying appetitive behaviors. These behaviors include ano-genital investigations, series of approaches and solicitations, as well as male emission of ultrasonic vocalizations. These are followed by a consummatory phase, where male mounts are associated with female display of the lordosis posture, favoring intromission (8). Males express a continuous sexual activity, while females are only receptive during the proestrus phase of the estrous cycle, after the sequential rise in estrogen and progesterone (9). Sexual behavior relies on the activation of complex, sexually dimorphic neural circuits (10)(Figure 2). It is triggered by the detection of sensory stimuli, especially pheromones, that are detected by chemosensory neurons located in the vomeronasal organ and the main olfactory epithelium (11, 12). These neurons project to the main olfactory bulb (MOB) and the accessory olfactory bulb (AOB), which innervates among other structures, the medial amygdala (MeA) (13, 14). Neurons from the MeA then project to the bed nucleus of the stria terminalis (BNST), the medial preoptic area (mPOA), and the ventromedial nucleus of the hypothalamus (VMH). In males, the mPOA plays a critical role in the expression of sexual behavior. Projections from the hypothalamic paraventricular nucleus (PVN) are sent to the spinal centers that promote erection and ejaculation (15, 16). In females, the VMH is essential for the activation of sexual behavior. It sends projections to the periaqueductal gray matter (PAG) that project to the brainstem and spinal cord, which innervate the axial muscles involved in the lordosis posture (17). There is also an inhibitory circuit for lordosis behavior involving the ARC and the POA (18).




Figure 2 | Schematic representation of the neural circuits involved in the estradiol regulation of sexual behaviors. Estrogen receptor (ER) α and ERβ receptors are expressed throughout the neural circuit involved in the expression of sexual behaviors in a sexually dimorphic manner. Sexual behavior is triggered by pheromones that are detected by chemosensory neurons. These neurons project to the olfactory bulb (OB) which innervates the medial amygdala (MeA) and the bed nucleus of the stria terminalis (BNST), which send projections to the medial preoptic area (mPOA) and the ventromedial nucleus of the hypothalamus (VMH). In males, mPOA plays a critical role in the expression of sexual behavior. Projections from the hypothalamic paraventricular nucleus (PVN) are sent to the spinal centers that promote erection and ejaculation. In females, VMH is essential for the activation of sexual behavior. It sends projections to the periaqueductal gray matter (PAG) that project to the brainstem and spinal cord, which innervate the axial muscles involved in the lordosis posture. There is also an inhibitory circuit for lordosis behavior involving the ARC and the POA.



Parental behavior occurs primarily in females and is minimal or absent in males of many mammalian species. In rodents, parental behavior is exhibited by the mother, with the exception of few species that display biparental care, such as the prairie vole or the California mouse (19). Parental behavior defines all behaviors exhibited to increase pups’ chances of survival and development (20). Typically, rodents tend to avoid pups, or even exhibit aggressive behavior and infanticide towards them. A behavioral “switch” occurs in the early days of gestation, with females displaying an intensive nest building and increased aggressivity towards intruders. At birth, dams show a strong interest in newborns and become highly responsive to gustatory, olfactory, and tactile cues. Dams also rapidly respond to ultrasonic vocalizations emitted by pups, by retrieving them safely to the nest (21, 22). Pup’s sensory information is integrated into a neural circuitry that includes the MeA and the BNST (Figure 3). These regions project to the mPOA that promotes pup attractivity. In turn, the mPOA projects to various downstream regions that facilitate the establishment and maintenance of maternal behavior, including the PVN rich in oxytocinergic neurons, and the ventral tegmental area (VTA) of the dopaminergic system (23). Males and virgin or non-lactating females of uniparental species can also exhibit parental behavior. This occurs spontaneously in most strains of laboratory mice, although the level of pup care is much lower than that given by dams (24). The neural pathway underlying paternal behavior seems to be similar to the one for maternal behavior, with mPOA as a key region (19).




Figure 3 | Schematic representation of the neural circuits involved in the estradiol regulation of parental behavior. ERα and ERβ receptors are expressed in the brain regions involved in the expression of parental behavior. Pup’s sensory information is integrated into a neural circuitry that includes the medial amygdala (MeA) and the bed nucleus of the stria terminalis (BNST). These regions project to the medial preoptic area (mPOA) which send projections to various downstream regions including the hypothalamic paraventricular nucleus (PVN) and regions of the dopaminergic system. The neural pathway underlying paternal behavior remains unclear, but it seems to be similar to the one for maternal behavior, with mPOA as a key region.



The reproductive function and behavior are tightly regulated by sex steroid hormones. The sexually dimorphic hormonal control of mating was first demonstrated by the pioneer work of Phoenix and collaborators in 1959 (25). This study, and those that followed, demonstrated the existence of both organizational and activational effects of sex steroids (26). Androgens and estrogens act at specific periods of development to organize, in a sex-dependent manner, the neural circuits controlling reproductive function and behavior, which are then activated by sex steroids in adulthood.

Organizational changes occur during sensitive periods of development. Although initially assumed to affect only males during perinatal life, increasing evidence supports that organization takes place in both sexes at multiple developmental windows, including the perinatal, postnatal, and pubertal periods. It is well known that perinatal masculinization of the male brain results from two testosterone bursts occurring before and after birth. In addition, brain feminization in females appears to occur later as circulating estradiol increases during postnatal and prepubertal development (27–31). These organizational and activational effects of testosterone and estradiol are mediated through their receptors: estrogen receptors (ERs) and androgen receptor (AR). In males, testosterone can also be aromatized due to neural expression of cytochrome p450 aromatase into neural 17β-estradiol, which then acts on ERs (32, 33).

The present review focuses on the neural role of the ERs in male and female reproduction (for a review of the role of AR in the central nervous system see (34)). In particular, we will review genetic evidence using transgenic mouse models and recent technological tools that have provided a better understanding of the role of ERs in estradiol-induced regulation of the HPG axis and reproductive behaviors.




2 Estrogen receptors: types and neural expression

In the mouse, ERα (66 kDa) and ERβ (54 kDa) are encoded by estrogen receptor 1 (Esr1) and estrogen receptor 2 (Esr2) genes located on chromosomes 10 and 12, respectively (35, 36). These receptors belong to the nuclear receptor superfamily and act as transcription factors. The primary regulation of gene expression involves direct binding of the receptor to EREs sequences as it is the case for example for progesterone receptor (Pgr) (37), Kiss-1 metastasis suppressor (Kiss1) (38), dynorphin (Dyn) (39) and brain derived neurotrophic factor (Bdnf) (40). In addition to its slow genomic action, rapid effects of estradiol have been observed. These nongenomic effects are generally initiated by the binding of estradiol to membrane receptors including the classical ERs and other receptors such as estrogen receptor alpha delta 4 (ERαΔ4), membrane estrogen receptor G alpha q (mER-Gαq), G protein-coupled receptor 30 (GPR30), estrogen receptor X (ER-X) and saxitoxin binding protein (STXBP) (41). Binding of estradiol to these receptors activates intracellular signaling pathways such as the mitogen-activated-protein kinase (MAPK), protein kinase C (PKC), protein kinase A (PKA), or phosphotidyl inositol 3 kinase (PI-3K) pathways (42). Mechanisms by which these membrane ERs (mERs) activate these pathways remain unclear. For example, in female rats, mER interaction with membrane metabotropic glutamate receptors (mGluR) was shown to participate in lordosis behavior, through μ-opioid receptor internalization and activation of the fast calcium response, and could also affect long term genetic expression via CREB phosphorylation (43–46). The present review focuses on nuclear ERα and ERβ given their critical and well-identified roles in male and female reproduction.

ERα and ERβ are expressed throughout the neural circuits that control reproductive function and behavior. In adult mice, Esr1 mRNA and protein have been detected in the BNST, VMH, mPOA and ARC (47–49). Esr2 mRNA is also present, less abundantly than Esr1, in the VMH, mPOA and ARC (50–52). Given the lack of selectivity of anti-ERβ antibodies (49, 53), several transgenic ERβ-enhanced green fluorescent protein (EGFP)/-red fluorescent protein (RFP) mouse lines were used and confirmed that the localization of the ERβ protein was similar to that of the transcript (48, 54, 55). During the development, ERα and ERβ are present in the mouse nervous system as early as embryonic day (E) 13 (56). ERα and ERβ mRNA and protein levels change considerably during development in a regional and sex-specific manner. For example, in the anteroventral periventricular nucleus (AVPV), the number of ERα-expressing cells decreases from postnatal day (PND) 0 to PND14 in females, then increases with age, in contrast to males, which show no significant variations over time. In this region, the number of ERβ-expressing cells is highest at PND0 in both sexes and decreases with age in males but not in females (54, 55). In the VMH, ERα-expressing cells are present in both sexes with maximal expression at PND0, followed by a reduction from PND0 to PND14. Then, females show an increase in expression at the end of the pubertal period (PND42-PND56). In males, ERα-expressing cells remain low, and are therefore lower than in females. The number of ERβ-expressing cells in the VMH is also highest at PND0 for both sexes, but more important in females than in males at PND0 and PND7. A sharp decrease is then observed in both sexes that abolishes sex differences after PND7 (54, 55). In the BNST, a greater number of ERα-expressing cells has been described in adult female compared to male mice (57). Indeed, ERα-expression increases in female during development, while remaining constant in males (except for a transient increase at PND28). ERβ-expressing cells remains constant in females, whereas it gradually increases in males to reach its highest level at PND42 and PND56 (55).




3 ERα versus ERβ in estradiol-induced regulation of the hypothalamic-pituitary-gonadal axis

Many studies have focused on the sites of action of estradiol in the regulation of the HPG axis. Does it act directly on GnRH-expressing neurons or indirectly via other cells within the GnRH network? This question was raised by data showing that GnRH neurons do not express Esr1. Of note, they also do not express Ar. Nevertheless, these neurons do express Esr2 and present detectable levels of ERβ protein in mice, rats, and humans (58–62) (Figure 1).



3.1 Role of ERα in the regulation of the HPG axis


3.1.1 Models of ubiquitous Esr1 deletion

Mouse models with ubiquitous deletion for Esr1 (ERαKO) were obtained by homologous recombination targeting exon 2 (63) or exon 3 (64–69). ERαKO males showed a structurally normal urogenital tract, but with a strong decrease of testis weight and sperm count (63, 70). Females ERαKO uterus and vagina were hypoplastic with no cyclic morphological changes. They exhibited a polycystic ovary phenotype with an absence of corpora lutea, and anovulation (66). Both ERαKO males and females were infertile (63–66, 70). Circulating levels of testosterone were slightly increased in ERαKO males but circulating LH levels were unchanged showing no alteration of the negative feedback (70–72). In contrary, ERαKO females showed no negative or positive feedback of estradiol. Indeed, basal LH level was greatly increased in intact ERαKO female, and estradiol treatment in ovariectomized ERαKO females did not trigger the LH surge, unlike wildtypes (68, 69, 72–75).

The role of non-classical ERα signaling pathways was also investigated using a mouse model carrying a mutation in the ERα DNA recognition sequence that abolishes ERα signaling through ERE binding mechanisms (ERα+/AA animals (76);). ERα+/AA males were fertile and showed normal testosterone levels suggesting that ERE-independent ERα signaling is sufficient for some male reproductive function (77). Mutant females, however, were sterile due to uterine defects and anovulation (76). A knocking mutant allele model that selectively restores ERE-independent signaling in ERαKO mice (ERα-/AA animals) revealed that these signaling were able to partially restore estrogen negative feedback on LH secretion, but were not sufficient to mediate estrogen positive feedback, increase GnRH neuron firing to generate the LH surge or mediate spontaneous ovulation (75, 78).




3.1.2 Models of brain specific Esr1 deletion

ERα is thus essential for fertility in both sexes and required for both estradiol positive and negative feedback in females. Nevertheless, ERα is present in many peripheral tissues including male and female reproductive tracts, thus the effects described in ERαKO animals, especially the infertility, do not allow to distinguish between neural and peripheral effects. Studies using more restricted deletion models are reported below.

A mouse line selectively deleted for Esr1 in forebrain neurons (including in the cortex, hippocampus, BNST, amygdala, olfactory bulb, striatum, thalamus and hypothalamus) and pituitary was generated by crossing mice carrying loxP sites on either side of exon 3 of Esr1 with mice expressing Cre recombinase under the control of the calcium/calmodulin-dependent protein kinase IIα promoter (ERαfl/fl; CamKIIα-Cre) (69). Both male and female mutants were infertile. ERαfl/fl; CamKIIα-Cre females showed strong abnormalities of their reproductive organs, an absence of estrous cycle and defect in ovulation (69, 79). Similar to ubiquitous ERαKO mice, estradiol injection in mutant females did not trigger the LH surge (69). Basal LH level of ERαfl/fl; CamKIIα-Cre female was no different from that of control females, but mutant mice did not show an increase in circulating LH levels after ovariectomy (79). The importance of ERα in adulthood in this negative feedback was revealed using an inducible tamoxifen-based Cre-LoxP model, which triggered more than 50% reduction in the number of ERα-expressing cells (79). This treatment resulted in lack of estrous cyclicity and disruption of negative feedback. Indeed, the increase in LH observed after ovariectomy was decreased in mutant mice, and estradiol treatment failed to restore baseline LH levels. These results revealed the importance of ERα in forebrain/pituitary in regulating both positive and acute negative feedback of estradiol.

Deletion of Esr1 selectively in neural cells was generated by crossing ERαfl/fl females with males expressing the Cre recombinase under the control of the promoter and nervous system-specific enhancer of nestin (ERαNescre (80)). This model allowed the deletion of Esr1 in both neuronal and glial cells but not in the pituitary. Females ERαNescre presented early puberty initiation with advanced vaginal opening and first estrus. In adulthood, mutant females showed a diminution in ovary weight with absence of corpora lutea and estrous cycle arrest. This was accompanied with a decrease in the number of kisspeptin cells in the RP3V in females. An increase in uterine weight was also reported, related to elevated levels of circulating estradiol in mutant females, similar to what has been observed in other ERαKO mouse model. In adult males, seminal vesicles weight and testosterone level were increased in mutant mice compared to controls, but no modification in testis weight was observed. In contrary to females, mutant males were fertile. Thus, while neural ERα is critical for normal cyclicity, fertility and regulation of both estradiol positive and negative feedback on LH secretion, sex differences are observed, with a more critical role in females than in males. Several studies, described below, aimed to decipher the specific cell population and neural circuits involved in ERα-mediated regulation of estradiol. Because ERα is not present in GnRH neurons, estradiol appears to act indirectly via afferent circuits.

Kisspeptin neurons have been widely studied for their potent activation of GnRH neurons and are known to be regulated by estradiol through ERα. ERα is expressed in around two-third of RP3V kisspeptin-expressing cells and nearly all ARC kisspeptin cells (81). Estradiol inhibits kisspeptin expression in the ARC while activating its expression in the RP3V (38, 82). This opposing regulation of estradiol on kisspeptin expression was abolished in ERαKO mice (38). To investigate further, a mouse model to delete Esr1 specifically in kisspeptin expressing cells (KERKO) was generated by crossing mice floxed for exon 3 of Esr1 with mice expressing Cre recombinase under the control of kisspeptin promoter (81, 83, 84). Mice carrying this mutation showed advanced vaginal opening, disruption of ovarian cyclicity, complete absence of corporal lutea leading to infertility. Adult females KERKO exhibited a reduced LH secretory response to ovariectomy compared to control suggesting an alteration of the estradiol negative feedback. Nevertheless, estradiol treatment following ovariectomy was still able to reduce LH levels (82). Estradiol injection failed to induce the LH surge in KERKO animals indicating a loss of estradiol positive feedback (82). In addition, KERKO mice lost the LH response to kisspeptin and showed a decreased LH response to GnRH injections (85). Along with these findings, electrophysiological studies demonstrated that RP3V kisspeptin cell activity was increased during estradiol positive feedback in control animals, but to a lesser extent in KERKO females (85). In contrast, ARC kisspeptin neurons activity was reduced during estradiol positive feedback in controls, but instead increased in KERKO females. These results were further confirmed using calcium imaging with protein-based indicators (GCaMP) fiber photometry approach, where KERKO mice showed an increased ARC Kiss1-expressing cell activity compared with intact controls, that was similar to ovariectomized controls (84). Thus, in females, ERα is required in kisspeptin neurons for complete maturation of the HPG axis and control of estradiol negative and positive feedback on GnRH/LH secretion. Although not studied in detail, the authors mentioned that KERKO males did not show modification in testicular weight or alterations in the LH response to castration (83), suggesting that ERα in kisspeptin neurons is not indispensable for estradiol regulation of male HPG axis.

KERKO animals have Esr1 deleted in both RP3V and ARC kisspeptin neuronal populations. The role of ERα in KNDy neurons of the ARC was studied using a mouse model deleted for Esr1 in Tac2-expressing cells, by crossing Tac2Cre mice with Esr1flox animals (ERαTac2KO (81)). Nearly all Tac2-expressing cells co-express ERα. ERαTac2KO females presented morphological abnormalities in ovaries and uteri, precocious puberty and impaired cyclicity. Basal LH levels were elevated in mutant animals compared to control showing an impairment of estradiol negative feedback (81). The role of this cell population in the estradiol positive feedback needs to be further detailed. It is important to note that Kiss1 has been detected in ovaries and Tac3 in both pituitary and ovaries (86–88). Thus, it is likely that in these KERKO and ERαTac2KO models, Esr1 was deleted in some cells outside the brain.

Esr1 is also expressed in GABAergic and glutamatergic neurons in key hypothalamic regions including the RP3V and the ARC. These neurons are known to project directly to GnRH neurons. In females, mouse models deleted for Esr1 in GABAergic neurons (Vgat-ires-Cre;Esr1lox/lox) showed no modification of the age of puberty onset or estradiol regulation of the negative feedback. Indeed, basal LH levels were unchanged and mutant mice responded similarly to control to ovariectomy and estradiol replacement. However, Vgat-ires-Cre; Esr1lox/lox females presented abnormal cyclicity, infertility and did not show the normal estradiol positive feedback rise in LH (89). In males, deletion of Esr1 in GABAergic neurons did not modify testicular weight, serum testosterone levels or fertility compared to controls, suggesting that this population is not necessary for proper functioning of the male HPG axis (90).

In parallel, the deletion of Esr1 in glutamatergic neurons in females (Vglut2-ires-Cre;Esr1lox/lox) induced advanced puberty onset, disturbed cyclicity and infertility. Mutant females showed an impairment of estradiol negative feedback with elevated basal LH levels compared to control and abnormal response to ovariectomy and estradiol replacement. In addition, Vglut2-ires-Cre;Esr1lox/lox females were unable to present an LH surge from estradiol injection, illustrating a lack of estradiol positive feedback in these animals (89). Although studied with less detail, Vglut2-ires-Cre;Esr1lox/lox males were fertile, showed normal testicular weight but with a significant increase in serum testosterone levels compared with control animals, suggesting a role for this neuronal population in the control of negative feedback in males (90). These results highlight the existence of strong sex differences in the role of Esr1 in GABAergic and glutamatergic neuron for the control of the HPG axis.




3.1.3 Models of region-specific and time-dependent Esr1 deletion

The genetic models discussed above all have the caveat that ERα was deleted early during development, and thus did not allow for a distinction between developmental (organizational) and adult (activational) roles of this receptor. In addition, these models did not target a specific region, resulting in a lack of precision in understanding the neural network. Targeted viral vector injection in adulthood has permitted the reduction of Esr1 expression in a hypothalamic nucleus-specific and time-dependent manner.

Ablation of Esr1 specifically in the ARC has been achieved by stereotactic injection of an adeno-associated virus containing Cre recombinase (AAV-Cre) specifically into ERαflox/flox mice (91). The deletion of 60–90% of ERα-expressing cells in the ARC induced a disturbance in ovarian cyclicity. Basal LH level in mutant mice was similar to those in control females, but the increase in LH after ovariectomy was reduced, suggesting an activational role of ERα-expressing cells in the ARC for estradiol negative feedback (91).

More recently, the combination of CRISPR-Cas9 technique with targeted injection of viral vectors has enabled the deletion of Esr1 in RP3V or ARC kisspeptin-expressing cells in adult females (AAV-Esr1) (84, 92). Esr1 deletion in RP3V kisspeptin neurons in adulthood did not modify estrus cyclicity but blunted the estradiol-induced LH surge confirming the important role of this neural population in the control of estradiol positive feedback. This effect was linked to a decrease in electrophysiological excitability of RP3V kisspeptin neurons in RP3V-AAV-Esr1 females compared to controls (92). Using the same technique, Esr1 was deleted, in adulthood, in ARC kisspeptin neurons (ARC-AAV-Esr1). Depending on the study, these females showed either disrupted (92) or normal estrous cyclicity (84). A reduced LH response to kisspeptin or GnRH treatment compared to control was observed in Wang et al. (2019). Variability of effects was observed with regards to negative feedback regulation. No modification of LH pulse frequency or basal LH levels was observed between ARC-AAV-Esr1 and control females (92). In this study, CRISPR-mediated Esr1 knockdown was achieved in 60% of cell population. Mc Quillan et al. (2022) observed that the phenotype of the animals depended on the efficacy of the knockdown generated by CRISPR technology. Indeed, an Esr1 knockdown greater than 70–80% in ARC kisspeptin neurons was necessary to generate an increased pattern of synchronization similar to that observed in control animals after ovariectomy (84). Thus, the high percentage of Esr1 deletion required to alter LH secretion could explain the difference between the effects observed in these two studies. These results show that ERα in RP3V and ARC kisspeptin cells has activational roles in regulating estradiol positive and negative feedback, respectively.





3.2 Role of ERβ in the regulation of the HPG axis

ERβ, unlike ERα, is expressed in GnRH neurons. In addition to the indirect regulation of the HPG axis via ERα-expressing neurons, in particular kisspeptin neurons, estradiol could act directly on GnRH neurons via ERβ.



3.2.1 Models of ubiquitous Esr2 deletion

The two first models of ubiquitous deletion of Esr2 were obtained by homologous recombination by targeting exon 3 of Esr2 (66, 93). ERβKO males had normal urogenital tract, testicular function and spermatogenesis and were fertile (66, 93). Nevertheless, castrated ERβKO males showed higher LH levels than wildtypes indicating a role for ERβ in estradiol negative feedback (94). In females, ERβKO induced variable reproductive phenotypes ranging from mild hypofertility to complete infertility (66, 93). Genital tracts of ERβKO females were similar to control animals (66). Adult ERβKO ovaries were macroscopically normal and had normal antral follicles, but with fewer corpora lutea than controls, suggesting less efficient ovulation due to impaired ovarian function (66, 93). Ubiquitous deletion of Esr2 had no major impact on female positive and negative feedbacks exerted by estradiol. Basal LH levels of ERβKO females were either normal (73) or slightly increased (74). Treatment of ovariectomized females with estradiol resulted in a similar induction of the LH surge in both control and mutant mice (69). Furthermore, the distribution and number of GnRH neurons were unchanged and the opposite estradiol regulation of kisspeptin expression in the RP3V and ARC was maintained in ERβKO mice (38, 69). ERβ appeared, however, to be involved in the rapid action of estradiol on GnRH neurons. Rapid modulation of the phosphorylation state of the cAMP response element-binding protein (CREB) in GnRH neurons was abolished in mutant females (95). Importantly, these models were later shown to still express transcripts from alternative splicing of Esr2 (53), which could be the cause of these variable fertility phenotypes. Therefore, a line devoid of any Esr2 transcripts was generated using the Cre/loxP technique (named ERβSTL−/L− (96)). Mutant males and females from this model showed complete infertility. In females, it was due to drastic impairment of cyclicity and ovarian function. In males, the reason was unclear, as testis and epididymis histology and apparent motility of spermatozoa appeared normal (96).




3.2.2 Models of brain specific Esr2 deletion

ERβ is highly expressed in both female and male urogenital tracts, including the ovary, prostate and epididymis (97, 98). Thus, similarly to ERα, the infertility induced by the complete and ubiquitous deletion of Esr2 did not allow the study of its neural effects. Although fewer in number than for ERα, more restrictive approaches have been used.

A mouse model selectively deleted for Esr2 in the forebrain and pituitary has been generated by crossing Esr2flox mice (96) with CamKIIα-Cre mice (79). Mutant females showed normal cyclicity, basal LH levels and a normal increase in LH level after ovariectomy. However, their inability to reduce LH secretion after acute estradiol injection suggested a contribution of forebrain/pituitary ERβ in acute negative feedback of estradiol (79).

The role of neural ERβ was studied using an ERβNesCre mouse line (99). Mutant ERβNesCre females presented delayed puberty initiation with delayed vaginal opening and first estrus and delay of uterine growth (99). This pubertal delay was linked to a delay in postnatal expression of kisspeptin neurons in the RP3V. In adulthood, the number of GnRH neurons in the POA was unchanged, as was kisspeptin-immunoreactivity in the RP3V and ARC. Adult ERβNesCre females showed no change in estradiol levels, nor in LH response to ovariectomy, and had regular estrous cyclicity and fertility (99). The initiation of male puberty has not yet been evaluated in this model. In adulthood, ERβNesCre males were fertile, with seminal vesicles weights and testosterone levels unchanged from control littermates (100).

Selective Esr2 deletion in GnRH neurons (GnRH-Cre;ERβloxP/loxP) did not disrupt cyclicity, basal LH level, or LH response to estradiol. However, there was a reduced increase in LH secretion after ovariectomy in mutant mice compared to controls, suggesting a minor role for ERβ-expressing GnRH neurons in controlling estradiol negative feedback (79). Another study using a different mouse model observed a more drastic phenotype in GnRH-ERβ-KO (GERβKO) females, which exhibited ovarian morphology abnormalities, delayed puberty initiation, impaired fertility and reduced basal and surge LH levels without altering estradiol-negative feedback (101). While studied in less details, GERβKO males showed normal basal LH levels and no change in the timing of preputial separation (101). Although not totally clear, the use of different genetic background strains and knockout approaches could explain some of these discrepancies. Lastly, another study demonstrated that the rapid action of estradiol to phosphorylate CREB in GnRH neurons involved ERβ expressed by GnRH neurons themselves (102).

Overall, these genetic studies showed that neural ERα is essential for fertility and both positive and negative feedback controls exerted by estradiol on the HPG axis in females. These studies also suggest that neural ERα participates in the prepubertal regulation of the female HPG axis, necessary for its activation at puberty. The lack of studies in males makes it difficult to draw definite conclusions, although neural ERα does not appear to be essential for maintaining fertility in males. Its role in estradiol negative feedback remains to be clarified. Regarding neural ERβ, further work will be needed to understand the discrepancies observed in the different mouse models generated. Nevertheless, neural ERβ appears to be less critical for fertility than ERα, since it seems to play a more subtle role in regulating estradiol positive and negative feedback through both classical and non-classical signaling pathways. Interestingly, ERβ appears to play an activating role in puberty initiation, and additional studies will be crucial to understanding the underlying mechanisms of action.






4 ERα versus ERβ in estradiol-induced regulation of sexual behavior

Alongside their role in regulating the HPG axis, ERα and ERβ receptors are present throughout the neural circuits involved in the expression of sexual behavior (Figure 2). The specific involvement of either receptor in the regulation of sexual behavior by estradiol has been addressed in genetic studies presented below.



4.1 Role of ERα in the regulation of sexual behavior

The predominant expression of ERα in brain regions involved in the expression of sexual behavior, including the MeA, BNST, VMH, MPOA and ARC, has made it the primary target of research on ERs.



4.1.1 Models of ubiquitous Esr1 deletion

All studies carried out on ubiquitous ERαKO mouse lines showed a very strong disturbance of sexual behavior in both intact and hormonal-replaced males and females. ERαKO males show altered sexual behavior manifested by a sharp decrease in frequency of intromissions and an increase in latencies (103–106). In addition, no (106, 107) or little ejaculation (70, 103) was observed in ERαKO males. Different results have been reported regarding the number and latency times of mounts, which were found to be equivalent (103) or reduced (106) compared to wildtype mice. Various observations were also made regarding the role of ERα in regulating olfactory preference in males. ERαKO male mice were first shown to have similar interest in the odors of receptive female mice as controls (108). Other studies have observed altered olfactory preference for receptive females in ERαKO males compared to controls (71, 109, 110).

In ERαKO females, lordosis behavior was severely impaired compared to wildtype mice (63, 111–114). This effect was linked to a marked reduction in induction of progesterone receptor (PR) expression by estradiol in the VMH of mutant females (113). In addition, ERαKO females exhibited a strong deficit in proceptive behavioral interactions. While the number of mount attempts by males was similar between mutant and wildtype females, ERαKO mice vigorously rejected mounts from males that were unable to intromit (112, 114). However, stud males were equally attracted to ERαKO as to wildtype females during preference tests, suggesting that ERα was not critical to female attractivity (114). It is important to note that ubiquitous Esr1 deletion induced elevated levels of estrogen and testosterone in mutant animals compared to wildtypes, which may affected brain functions through developmental processes (70, 71, 115).

The role of ERα in ERE-independent mechanisms of estradiol was investigated using the ERα-/AA mice model. In this model, ERα signaling through ERE binding mechanisms was abolished (76, 77). ERα-/AA males showed a strong deficit in sexual behaviors suggesting that ERE-independent ERα signaling was not sufficient to maintain sexual behavior in males and that genomic action of estradiol is critical (77). Another model harboring a mutation of the ERα palmitoylation site, which prevents membrane ERα signaling, showed no change in female sexual behavior but a strong reduction in male sexual behavior, suggesting an involvement of ERα membrane-initiated estrogen signaling in the organization of male sexual behavior (116).




4.1.2 Models of brain specific Esr1 deletion

To understand the specific role of neural ERα in the regulation of sexual behavior, several studies have used more restricted deletion models.

Sexual behavior was assessed in both ERαNesCre males and females (80). Female sexual behavior, under normalized hormonal levels, was completely abolished with mutant females never exhibiting lordosis posture in response to male mounts. This impairment was linked with a drastic decrease in the number of progesterone receptor (PR)-expressing cells in the VMH of mutant animals compared to control littermates. In males, neural Esr1 deletion induced a less severe behavioral phenotype (80). Mutant males were able to emit courtship vocalizations although with reduced number and duration of syllables. They also initiated mounts, intromissions and reached ejaculation, but with disturbance in the numbers and latencies of the events, provoking a less effective sexual behavior compared to control littermates and to mutants lacking both neural Esr1 and Ar (80). Olfactory preference tests showed that both ERαNesCre females and males presented similar preference toward males or receptive females as control littermates, suggesting an effect of Esr1 deletion downstream the olfactory system (80). In particular, immunohistochemical analyses showed feminized calbindin and tyrosine hydroxylase neuronal populations of the mPOA, suggesting an implication of ERα in the perinatal organization of the neural circuitry underlying male sexual behavior (80).

To determine the role of ERα in either excitatory (glutamatergic) versus inhibitory (GABAergic) neurons, Vglut2-Cre;Esr1lox/lox and Vgat-Cre;Esr1lox/lox males were subjected to sexual behavior phenotyping (90). To date, female sexual behavior has not been tested in these models. In adult males, ERα-expressing neurons are mostly GABAergic in the mPOA, BNST and posterior dorsal MeA while they are predominantly glutamatergic in the VMHvl and posterior ventral MeA. Analysis demonstrated that the percentage of animals displaying mounting, intromission and ejaculation behaviors during the 30 min test was unchanged between Vglut2-Cre;Esr1lox/lox and wildtype males. In contrast, Vgat-Cre;Esr1lox/lox males showed similar mounting and intromission behaviors, but with a deficit in the ability to ejaculate, with only 25% of mutant males reaching it compared to controls, suggesting a role for GABAergic signaling in controlling male sexual behavior (90).




4.1.3 Models of region-specific and time dependent Esr1 deletion

Further studies addressed the developmental versus activational roles of ERα and the hypothalamic nuclei involved.

In males, using viral mediated RNA interference technique, deletion of Esr1 specifically in adulthood or during prepuberty, in the mPOA or VMH, altered components of male sexual behavior illustrated by a reduced number of mounts and intromissions during the 30-minute test (29, 117). In contrast, adult deletion in the MeA did not affect these behaviors, while prepubertal deletion resulted in a reduced number of mounts and intromissions in adulthood. Ejaculation was not analyzed in this paradigm (29, 117). These results suggested that ERα within the mPOA and VMH is essential for the activational role of estradiol on male sexual behavior, whereas ERα in the MeA may not be crucial in adulthood but is necessary for the organization of the neural circuits underlying sexual behavior during prepuberty. Going further, calcium recordings of Esr1+ neurons activity in the mPOA, using fiber photometry, confirmed that mPOA-Esr1+ neurons were activated during male mounts. Optogenetic stimulation of these neurons elicited mounting behavior, while the inhibition reduced it (118, 119). mPOA-Esr1+ neurons are mostly GABAergic (80%), and specific optogenetic activation of mPOA-Esr1+-Vgat+ neurons increased the mounting response compared to activation of all mPOA-Esr1+ neurons (119). Importantly, in both studies, activation of mPOA-Esr1+ or mPOA-Esr1+-Vgat+ neurons promoted male-typical mounting behavior also in females suggesting that female adult mPOA maintains the functional neural circuits to execute this behavior (118, 119). Thus, it is suggested that sexually dimorphic activation of mPOA-Esr1+ cells would underlie sex differences in the expression of reproductive behaviors. Indeed, as detailed in section 5, the activation of mPOA-Esr1+ cells also regulate female-typical pup retrieval behavior.

Regarding the role of the VMH in regulating male sexual behavior, additional studies showed that unlike the mPOA, adult inhibition of the VMHvl or VMHvl-Esr1+ neurons did not disrupt mounting behavior (120). This suggests that while the mPOA is critical for the expression of male-typical mounting behavior, the VMH may contribute but is not necessary. Although defensive behaviors are not the focus of this review, in males the VMH and especially ERα expressing neurons in this region have been shown to control aggressive behavior (119–121).

Another region known to control sexual behavior is the BNST, a major upstream region of the mPOA and the VMH. Esr1+ neurons of the principal subdivision of the BNST (BNSTpr) were chemogenetically silenced during ongoing social behaviors. The results showed reduced male mounting behavior towards a female when silencing took place during the approach phase, but this reduction was not observed during female mounting (122). However, silencing during the attack interrupted this behavior. Going further with optogenetic silencing of BNST projections, the authors showed that the appetitive phase of male sexual behavior (sniffing to mount) depended primarily on the activity of BNSTpr-mPOA projections, while aggression was triggered by BNST-VMHvl projections. BNST is also a node for olfactory sex recognition, with optogenetic inhibition of BNST-Esr1+ neurons reducing olfactory preference for females over males (122, 123). Interestingly, single-cell calcium measurements showed that different BNST-Esr1+ cell populations responded to male versus female stimuli. The same was observed in the mPOA and VMH-Esr1+ populations. BNSTpr-Esr1+ neurons were therefore found involved in controlling the transition between the appetitive and consummatory phases of male sexual behavior (122).

In females, the ablation of Esr1 specifically in the VMH, in adulthood, was performed by RNA interference, using AAV vectors encoding for small hairpin RNA (shRNA) targeting the Esr1 gene. An 80% reduction in Esr1 expression abolished proceptive as well as lordosis behaviors in female mice (124) and rats (125), in association with a reduced estradiol-induced PR expression in this region (124). In the VMH, the neurons expressing Pgr (coding for PR) co-express Esr1. This neuronal population has been shown to project to the RP3V, the POA and the PAG (126). Interestingly, projections to RP3V showed strong structural plasticity, with more projections in females in estrus stage than in diestrus, suggesting a role for this neuronal population in linking sexual behavior and ovulation. This hormone-driven change was not observed for projections to the POA or PAG. Going further, using electrophysiological and optogenetics studies, the authors showed that these VMH-RP3V projections were mostly glutamatergic, and that ovarian sex hormones enhanced these excitatory projections by increasing the number of glutamatergic synapses formed into RP3V neurons (126).

Regarding the role of MeA or POA in female sexual behavior, the suppression of ERα in the MeA of female rats did not show any effects (125), but the reduction of Esr1 expression specifically in the mPOA increased lordosis behavior in mutant females compared to controls, without modification of proceptive behaviors (127). These results suggested that ERα is involved in the inhibitory action of the mPOA on lordosis behavior. Surprisingly, a study in female mice showed that reduction of Esr1 expression in the mPOA induced a small decrease in receptive behaviors compared to control (128). However, these experiments were performed on gonadally intact female mice that expressed low levels of lordosis behaviors, making it difficult to compare the estradiol-induced effects between control and mutants.





4.2 Role of ERβ in the regulation of sexual behavior

Although ERβ is less expressed than ERα, it is found in most regions involved in the expression of sexual behavior. Fewer studies have investigated its function in the regulation of sexual behavior.



4.2.1 Models of ubiquitous Esr2 deletion

Behavioral characterization of the first lines of ERβKO mice (93) showed no disturbance in any aspects of male (latency and number of mounts and intromissions) or female sexual behaviors (lordosis quotient) evaluated at adulthood (129, 130). Olfactory preference was also unaffected in ERβKO males (130). Nevertheless, a role for ERβ in the defeminization of the brain has been suggested by the increase in female-like lordosis behavior displayed by adult ERβKO males when primed with estradiol and progesterone (130). In addition, a delay in behavioral pubertal maturation was observed, with ERβKO males showing a delay in the age of first ejaculatory behavior (94). Interestingly, ERβKO displayed elevated testosterone levels in pubertal and young adults (5–12 weeks), not found in older mice, supporting a potential role for ERβ during pubertal development (131). It is important to note that in this ERβKO mouse line, some Esr2 transcripts were still present. Different results were observed using the genetic model devoid of all Esr2 transcripts (ERβSTL−/L− (96);). Indeed, in this model, mutant males exhibited mild alteration of sexual behavior, with an increase in the number of mounts and intromissions and in the latency to ejaculate compared to controls. Differences observed between controls and mutants declined with sexual experience (132). In females, ERβSTL−/L− mice showed reduced attractiveness and lordosis behavior (132).




4.2.2 Models of brain specific Esr2 deletion

The first studies were carried out in female rats, in which adult intracerebroventricular administration of an Esr2 antisense oligonucleotide showed no effect on lordosis behavior (133). Then, the role of neural ERβ in regulating sexual behavior was evaluated using ERβNesCre males and females (99, 100). In males, neural Esr2 deletion had no impact on the expression of sexual behavior, with mutant animals displaying the full range of sexual behaviors and achieving ejaculation similarly to wildtypes (100). No change in olfactory preference was observed either. In contrast to what was observed in ubiquitous ERβKO males, the analysis of female-like lordosis behavior in castrated ERβNesCre males primed with estradiol and progesterone did not reveal any significant change between mutants and controls (100). Regarding the females, ERβNesCre animals displayed unchanged olfactory preference and lordosis behavior compared with controls (99). These results showed that neural ERβ is not necessary for the proper expression of male and female sexual behaviors at adulthood.




4.2.3 Model of region-specific and time dependent Esr2 deletion

Few studies have gone further in discriminating between potential developmental versus activational roles of ERβ, and hypothalamic neural pathways involved.

In males, site-specific knockdown of ERβ in MeA and mPOA was obtained by injecting small-hairpin RNA (shRNA)-associated adenoviruses (AAV) into these regions during prepuberty (PND21) or at adulthood (134). Prepubertal or adult silencing of Esr2 in mPOA or MeA did not alter the latencies and numbers of mounts and intromissions in adult males. An alteration in olfactory preference towards receptive versus non-receptive females was observed with adult Esr2 silencing. No alteration was observed when tested for preference between a receptive female and a male (134). Going further, fiber photometry recording did show higher activity of MeA-ERβ+ cells when sniffing a receptive female than when sniffing a non-receptive one or a gonadally intact male. Interestingly, chemogenetic inhibition of these neurons abolished the preference for a receptive female over a non-receptive female, but did not change the preference for a receptive female over a male. The authors also identified that MeA-ERβ+ neuronal projections to the BNST participate in this olfactory preference based on female receptivity but not on sex (135). In the MeA, ERβ appeared to be involved in distinguishing receptive states of female mice.

Very few studies have been done in females. In rats, the silencing of ERβ by injection of an shRNA-associated AAV in the VMH, did not modify the lordosis response (136). In addition, in female mice, injection of shRNA-associated AAV into the dorsal raphe nucleus to specifically knockdown ERβ in adulthood, did not modify the lordosis response on the day of estrus, but led to a sustained lordosis response on the day following behavioral estrus (137). The same observations have been made previously in ubiquitous ERβKO females, suggesting a role for ERβ in the inhibitory regulation of female sexual behavior outside the estrus phase (129).

Collectively, these genetic studies have demonstrated the crucial role of neural ERα in regulating both male and female sexual behavior. Its roles and mechanisms of action are extremely complex and depend on sex, age and brain region. Recent elegant studies, using a combination of innovative techniques, have paved the way for establishing the precise neural pathways at play in the control of these behaviors. Fewer studies have focused on the role of ERβ, as the data indicate a less important role for this receptor in the control of sexual behavior. Indeed, ERβ appears to be more involved in the control of other social and mood related behaviors (99, 138). Nevertheless, studies suggest that ERβ participates in the pubertal organization of neural circuits involved in the control of sexual behavior, at least in males (94, 131). Further studies will be instrumental to go deeper into the mechanism of action and establish whether the same is true in females.






5 Estradiol regulation of parental behavior

In addition to their role in regulating sexual behaviors, several neural regions that express ERα and ERβ are also known to control parental behavior, especially the POA, VMH, BNST, and MeA. Parental behavior is crucial for species survival and offspring development (Figure 3). These brain regions exhibited an increase in Fos expression, a marker of neural activation, in response to the display of maternal behavior. Between 25% and 45% of these Fos+ immunoreactive cells co-expressed ERα, suggesting that maternal behavior possibly involved neural ERα activity (139). Furthermore, natural variations in the level of maternal care were associated with changes in Esr1 expression, but not that of Esr2 (140). This suggests a potential role of ERα in regulating maternal behavior, which was further investigated in the genetic studies described below. To date, no genetic studies have addressed the role of ERβ in the expression of parental behavior.



5.1 Role of ERα in the regulation of parental behavior


5.1.1 Models of ubiquitous Esr1 deletion

Studies using ubiquitous ERαKO animals were performed in mice (104, 111, 112) and more recently in rats (141, 142). Due to the infertility of ERαKO animals, analysis of parental behavior was carried out in nulliparous animals following a pup sensitization process, which involves repeated exposure of the animals to pups produced by donor lactating mothers. Maternal behavior of ERαKO mice was strongly disturbed in both intact and gonadectomized females. Mutant females displayed impaired pup-retrieving behavior and a high level of infanticide (111, 112). In male mice, ubiquitous Esr1 deletion had no effects on pup retrieval, but ERαKO males showed a high percentage of infanticide, that was abolished after gonadectomy (104). The authors suggested that the increase in testosterone levels observed in ERαKO males could be sufficient to promote infanticide, by acting on AR. Surprisingly, in rats, juvenile and adult ERαKO females showed no modification in maternal behavior. The latency score for retrieving and regrouping the pups and adopting a crouched position over them was identical in mutant and control animals (141, 142). Only a slight impairment was observed when the experimental tests were performed in a novel cage (142). The discrepancy with the data obtained in mice is not yet understood, but could result from different underlying mechanisms controlling maternal behavior in the two species. Moreover, deletion strategies diverged between the two ERαKO animal lines, with homologous recombination targeting exon 2 in mice (63, 143), and zinc finger nucleases (ZFNs)-mediated genome editing targeting exon 3 in rats (144). In juvenile male rats, ubiquitous Esr1 deletion did not alter the pup retrieval latency score compared with controls. The level of infanticide was not analyzed in these animals (141).

The discrepancies observed in these models underline the need to conduct genetic research under physiological conditions and to use more targeted approaches of Esr1 deletion in the neural regions of interest. Maternal behavior was only studied in nulliparous females, which did not experience the hormonal changes that occur during gestation and parturition in preparation for behavioral processing. Moreover, males and females lacked stimulation of the ERα signaling pathway during embryonic, postnatal and pubertal development periods, which could interfere with the organization of the neural pathways underlying parental behavior.




5.1.2 Models of region-specific and time dependent Esr1 deletion

Over the last decades, a growing number of studies have focused on region-specific deletions of Esr1, with particular emphasis on the mPOA, the main region controlling parental behavior.

In female mice, reduction of Esr1 expression in the mPOA, via targeted viral-vector mediated siRNA silencing, significantly diminished pup retrieving behavior in sexually naive females (128). A similar behavioral impairment was observed when mPOA-Esr1+ cells were ablated (118) or chemogenetically inhibited (145) in naive and lactating females. In addition, experiments performed optogenetic inhibition of mPOA-Esr1+ neurons at specific time points in the behavioral sequence. This study demonstrated the critical role of these neurons in promoting pup contacts once females have initiated pup approach, and in facilitating the completion of pup retrieval once females have initiated this behavior (118). However, inhibition of these mPOA-Esr1+ neurons after the females had initiated crouching over the pups had no effect on this behavior. Conversely, optogenetic activation of mPOA-Esr1+ cells increased pup retrieval in both naive and lactating females (118, 145). With regards to the expression of other maternal behaviors, the reduction in Esr1+ expression in the mPOA decreased the time the female spent licking and nursing the pups without affecting maternal aggression (128). Fang et al., 2018 also reported that chemogenetic inhibition of mPOA-Esr1+ cells had no effect on sniffing, grooming, and crouching over the pups (145).

In the mPOA, galanin-expressing neurons (mPOA-gal) are crucial for the expression of parental behavior in mice (146, 147). They represent about 20% of mPOA neurons, and the majority of them express ERα. A recent study showed that AAV-mediated ablation of Esr1 in mPOA-gal neurons drastically reduced the expression of pregnancy-induced maternal behaviors, including intensive nest building and pup retrieval behaviors, that occur from the first days of gestation. The parental behavior of these animals remained impaired after birth, indicating that these effects could not be compensated for by the effect of the hormonal milieu during parturition (148). Interestingly, the authors also demonstrated that estradiol play a role in the neural modeling of the mPOA-gal neurons during pregnancy, by transiently silencing mPOA-gal neurons and contradictively increasing their excitability. The deletion of Esr1 in mPOA-gal neurons prevented this remodeling (148). These results indicated that within the mPOA, ERα signaling appears to facilitate pup care behaviors.

Other studies have focused on other parameters of parental behavior, such as increased interest in the pups leading to a reduction in infanticide, while there is an increased aggressivity towards intruders. In this context, Mei et al. (2023) uncovered a neural circuit between the BNSTp and the mPOA that modulates the display of female infanticide towards pups (149). Indeed, although the mechanism underlying this state-dependent switch remains unclear, sexually naive females often kill their pups, while lactating females show maternal care. Interestingly, chemogenetic inhibition of mPOA-Esr1+ cells projecting to the BNSTp increased pup attacks by females, while chemogenetic activation of these cells reduced infanticide. On the contrary, blocking the input from BNSTp-Esr1+ to the mPOA suppressed infanticide, while activating this projection suppressed maternal behavior. Furthermore, in vitro current-clamp recording showed that BNSTp-Esr1+ neuronal population switched from excitable in naive females to less excitable in lactating dams, in contrast to mPOA-Esr1+ cells which became more excitable in lactating dams than in naive females (149). These results support the existence of a neural circuitry remodeling between mPOA and BNSTp during motherhood that is dependent on estrogen signaling. In particular, there appears to be reciprocal inhibition between these two regions to control the levels of infanticide versus maternal behavior.

On the other hand, females typically display low levels of aggression, except during gestation and lactation, when dams show high levels of maternal aggression towards perceived threats to their offspring (150). This behavior is displayed from the first days of gestation, in response to the hormonal changes occurring with pregnancy. The ventrolateral part of the VMH (VMHvl) has been identified as a key hypothalamic region controlling maternal aggression in females. The same region has been extensively studied for its role in territorial aggression in males (151). Importantly, the role of VMHvl neural population in controlling female aggression is dependent on the genetic background and the reproductive state of the animals. Focusing on experiments using lactating females only, it has been showed that VMHvl-Esr1+ cells are critical for maternal aggression. Indeed, using the GCaMP fiber photometry approach, it was shown that VMHvl-Esr1+ cells were activated during attacks by a lactating female towards a juvenile or adult male intruder, but not when the lactating female was investigating or retrieving pups. Moreover, inhibition of VMHvl-Esr1+ cells in these mice drastically decreased aggression against intruders (152). Further studies, described below in 6., have used omics analyses to identify specific neural populations located in the POA and VMH which mediate maternal behaviors, and have differentiated them from cell clusters specifically activated during sexual behavior.

Collectively, these studies provide evidence that ERα regulates maternal behavior in mice. Within the mPOA, ERα appears to facilitate pup care behaviors, while it seems implicated in regulating infanticide in the BNSTp, and maternal aggression in the VMHvl. Because mouse strains used in laboratory experiments are a monoparental species, the investigation of paternal behavior remains very limited. One study in male mice showed that ablation of mPOA-Esr1+ neurons had no effect on pup retrieval behavior, whereas optogenetic activation of these cells induced this behavior (118). These results suggested that unlike in females, mPOA-Esr1+ neurons may not be necessary for the display of pup retrieval in males. Nevertheless, additional studies are needed to establish the role of estradiol in the regulation of paternal behavior, especially using biparental species like prairie voles or Californian mice.





5.2 Lack of models of Esr2 deletions

No genetic study has addressed the role of ERβ in the regulation of parental behavior. Yet this receptor appears to be tightly associated with oxytocin, a key hormone that facilitates maternal behavior. It has been shown that estrogen treatment increased oxytocin gene expression in the rat paraventricular nucleus (153). Oxytocin neurons in this region were found essential for the regulation of emotional and social behaviors, including parental care (for reviews: Acevedo-Rodriguez, Mani & Handa, (154); Neumann, (155)). In the paraventricular nucleus, approximately 84% of oxytocin neurons co-express ERβ, a colocalization not observed in other oxytocinergic regions such as the supraoptic nucleus (156). Estradiol treatment also increased oxytocin expression in the paraventricular nucleus of both male and female mice. This effect was not observed in ERβKO animals (157, 158). These data highlight the need for genetic studies to unravel the implication of ERβ in the regulation of parental behavior, notably in relation to oxytocin.





6 Molecular profiling of brain circuits controlling sex- and reproductive state- dependent reproductive behaviors

In recent years, several innovative techniques have allowed the identification of specific neural populations that control especially male versus female behaviors in the main regions controlling reproductive behaviors (POA, VMH, BNST and MeA).

Combination of single-cell RNA-seq (scRNA-seq) and multiplexed error-robust fluorescence in situ hybridization (MERFISH) analysis of the POA allowed the identification of 70 transcriptomic cell types (T-types), including T-types preferentially activated in females or males during specific social behaviors, particularly parenting, aggression, and mating (159). In this study, by including fos probes in MERFISH measurements, it was shown that cell clusters activated by parenting and mating (i.e. enriched in fos-positive cells) appeared to belong to two transcriptionally distinct cell populations localized into distinct preoptic nuclei (159). Interestingly, Esr1 expression has been found in nearly all behaviorally activated clusters. With regard to mating, it was shown that some clusters enriched in fos-positive cells were activated in both sexes after mating, while a few clusters exhibited sexually dimorphic activation (159).

Several clusters expressing Esr1 in the VMH have also been found to be enriched in a sexually dimorphic manner. For example, Esr1+ cells located in the VMHvl have been shown to co-express PR and control especially female sexual behavior and male aggression (120, 160–162). In males, calcium imaging analysis of VMHvl-Esr1+ neurons showed distinct cell populations activated by male versus female stimuli during resident-intruder assays. Intriguingly, these differences appeared with social and sexual experience, since in naive animals, male and female intruders activated overlapping neuronal populations (163). Going further into synaptic connectivity, viral-genetic tracing in Esr1-Cre male and female mice revealed that most inputs and outputs of VMHvl-Esr1+ neurons were located in the hypothalamus and extended amygdala with a high degree of bidirectional connectivity (164). scRNA-seq analysis identified 17 different sub-types of cells in the VMHvl, including seven Esr1+ T-types (162). Among them, the authors identified two anatomically distinct subsets of VMHvl-Esr1+ neurons, which preferably project to dPAG or mPOA, and would therefore play a role in the control of behavior, or provide feedback to hypothalamic and amygdala circuits, respectively (162, 164). A female-specific cluster has also been identified and subsequently confirmed to be specifically activated during mating (162, 165). Indeed, in females, a reproductive state-dependent switch in female behavior has been revealed, with molecularly distinct subpopulations of VMHvl-Esr1+ neurons excited during maternal aggression or sexual behavior (152, 165). The use of activity-dependent single-cell RNA sequencing allowed the identification of VMHvl T-types specifically activated in either lactating females exhibiting attack or virgins exhibiting lordosis (165). Among these clusters, using several optogenetic manipulations, the authors identified two transcriptomically distinct VMHvl-Esr1+ subtypes and were able to assign causal roles in mating versus aggression in virgins and lactating mothers, respectively. Interestingly, aggression-specific cells displayed changes in bulk-calcium activity depending on the reproductive status, showing an increase in response to social cues (male or female intruders) across the transition from virginity to lactation (165).

A broader approach used translating ribosome affinity purification and sequencing (TRAPseq), and scRNA-seq to identify differentially expressed genes (DEGs) between males and females (comprising females at two estrous stages, estrus and diestrus), specifically in Esr1+ neuronal population. These analyses were carried out in the BNSTpr, MeA, POA and VMHvl. The authors identified 1,415 DEGs between sexes and estrous stages, divided in 137 Esr1+ cell types (166). Almost all Esr1+ cell types co-expressed PR and AR, showing a strong hormonal influence on these populations. This study also confirmed that BNSTpr and POA are mostly GABAergic, the MeA composed of both excitatory and inhibitory neurons, whereas the VMHvl is largely glutamatergic. Nevertheless, a small population of Esr1+ inhibitory neurons was identified in the VMHvl (166). The authors focused on the behavioral role of two specific cell types.

First, BNSTpr-Esr1+-Tac1+ GABAergic neurons were found to be the most enriched in males compared with females, independently of their estrous stage. Chemogenetic inhibition of this population in adult males reduced sex recognition, mounting and intromission during mating, but also attacks during aggression. Interestingly, these effects were not observed when inhibiting BNSTpr-Esr1+-Tac1- neurons, showing the specific involvement of cells expressing both Esr1 and Tac1 in BNSTpr for the regulation of male reproductive behaviors (166). Further studies showed that BNSTpr-Esr1+-Tac1+ neurons project in the POA to POA-Tacr1+ neurons (167) and that these projections regulated male mating but not aggression. POA-Tacr1+ neurons co-express Esr1, and fiber photometry imaging showed that these neurons were activated during mounting and intromission toward females, but not activated during male-male attacks. The neuropeptide substance P encoded by the tachykinin 1 gene (Tac1), is the ligand for the tachykinin receptor 1 (Tac1r). Its release by BNSTpr-Tac1+ cells was shown to potentiate the activation of POA-Tacr1+ neurons and initiate male mating. The authors also revealed that POA-Tacr1+ projections to VTA and PAG control male sexual behavior (167).

Secondly, in females, the authors identified the VMHvl-Esr1+-Cckar+ glutamatergic cell type enriched in females in estrus compared to diestrus. Chemogenetic inhibition of this population highly reduced lordosis behavior without altering maternal behaviors, including pup retrieval and maternal aggression. An additional viral strategy showed that these VMHvl-Esr1+-Cckar+ neurons project preferentially to the AVPV and that these projections peak at estrus. These effects were specific to Esr1+-Cckar+ cells and were not observed in VMHvl-Esr1+-Cckar- neurons. Interestingly, there was no change in the number of projections to the PAG or POA, indicating a specific projection pattern for this neuronal population. In addition, inhibiting VMHvl-Esr1+-Cckar- neurons did not affect lordosis behavior in female but inhibited male mounting behavior and abolished maternal aggression (166).

Altogether these innovative techniques open the way to deciphering the specific neural pathways that control sexually dimorphic reproductive behaviors. Indeed, discrete cell populations appear to be involved in the activation/repression of specific behaviors, according to sex and hormonal state.




7 Discussion and perspectives

Survival of the species relies on the proper regulation of the HPG axis and optimal expression of sexual and parental behavior. These reproductive function and behaviors are strongly influenced by hormonal regulation, especially by estradiol. Extensive research has been carried out since the 1950s, leading to a better comprehension of the specific role of ERα and ERβ and their underlying mechanisms of action. Importantly, all this research points to the existence of an extremely complex neural circuit, which is regulated in different ways according to sex, hormonal status, and age. Recent technological progress has rendered increasingly possible the differentiation of these different parameters in order to obtain a precise view of the neural populations and neural circuits involved in these neuroendocrine and behavioral functions.

The data presented here show that neural ERα is mandatory for the activation and functioning of the gonadotropic axis, expression of sexual and parental behavior in females. In males, it plays a critical role, but it is not indispensable. Indeed, testosterone and its neural metabolite estradiol act in a complementary manner via both AR and ERs in males, with a crucial role established for AR (34, 80). The role of neural ERβ is not entirely clear, but it appears that it is not required for fertility and instead plays a more subtle role in modulating the HPG axis in adults of both sexes. Nevertheless, it is important to bear in mind that the majority of studies analyzing the role of estradiol in regulating the HPG axis have been carried out in females, and that further studies in males are needed to achieve a more thorough understanding. Evidence reported so far has revealed the important role of ERα signaling in the control of maternal behaviors. Further studies, especially in males, will be instrumental in gaining a better understanding of the estradiol regulation of parental behavior.

The recent studies monitoring the activity of Esr1+ cell populations during very specific reproductive behaviors, in different brain regions, as a function of sex and/or hormonal state highlight the existence of a strong neuroplasticity of the brain circuits controlling distinct reproductive behaviors. Interestingly, within the same hypothalamic nucleus, sexually dimorphic activation of different cell clusters corresponds to sexually dimorphic expression of behaviors. Further studies are needed to understand the role of estradiol and other sex steroids in the organization of these neural circuits. Indeed, most of the region-specific deletions have been carried-out in adulthood, but as techniques improve, it is becoming possible to make these genetic modifications at younger ages. It would be particularly interesting with regard to ERβ, whose role in adulthood seems more subtle, but for which several indications point to an implication during pubertal development. It is important to note that, while outside the scope of this review, ERβ is known to play important roles in estradiol regulation of emotional state and social behaviors (99, 138).

Finally, a better understanding of ERs signaling pathways in the regulation of reproductive function and behaviors has an important translational perspective. Indeed, human fertility is under the control of estrogens and ESR1 and/or ESR2 gene mutations and polymorphisms have been associated with reproductive defects in both men and women, including abnormal timing of puberty and infertility (168–175). Loss-of-function mutations in ESR1 induce estrogen resistance in both men and women. The first men case reported normal pubertal development with normal male genitalia and sperm density (168). In addition, the patient had tall stature and delayed skeletal maturation and osteoporosis, with at adulthood a bone age of 15 years old. Indeed, while not in the scope of this review, it is well known that estrogen plays critical role in bone development and mineralization during puberty in both sexes. Testosterone concentrations were normal while estrogen and FSH and LH serum levels were increased. He indicated having sexual interests and had normal functioning, including morning erections and nocturnal emissions. The treatment with estrogen had no detectable effect (168). A loss-of-function ESR1 mutation was identified in a woman without breast development, primary amenorrhea, a small uterus and multicystic ovaries (170). She also had elevated estrogen serum levels, mildly elevated gonadotropins and delayed bone age. Estrogen treatment did not change breast development but diminished ovarian and cyst size (170). Subsequently, few other ESR1 mutations (2 females and 1 male) were identified describing similar clinical phenotypes (174). All suggested estrogen resistance syndrome and were in accordance with the reproductive phenotype of Esr1 ubiquitous knockout mouse models described in section 4.1.1. ESR2 mutations are even rarer. Monoallelic and biallelic ESR2 variants have been identified in one syndromic and two nonsyndromic 46, XY patients with differences of sex development, presenting absent gonadal development or partial and complete gonadal dysgenesis. This suggested a role for ERβ in early gonadal development (175). In addition, a point mutation in ESR2 was identified in a young woman with absent puberty without breast development, a small infantile uterus, no detectable ovaries and severe osteoporosis (173). In contrast to ESR1-deficient patients, estrogen levels were low. Estrogen and progestin replacement therapy enabled breast development, menarche and uterine maturation (173). These results suggest that ESR2 is also necessary for human ovarian development and that ESR1 is not sufficient to support ovarian function in human. ESR1 and ESR2 are expressed in human gonads, making it difficult to distinguish peripheral from central effects in these patients. Some studies have also associated ESR1 and ESR2 gene polymorphisms with infertility and assisted reproduction outcomes (171, 172). Further studies will be needed to understand the neural role of ERα and ERβ in regulating reproductive function in humans. The acquisition of greater knowledge could lead to the development of sex- and age-specific therapeutic strategies for fertility disorders, which represent a major public health issue as their frequency are increasing due to medical, environmental and societal causes.
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Subgroup Variable Total Event (%) HR (95%Cl) P for interaction

Overall

Crude GLR=3.9 1806 148(8.2) 2.25(1.56~3.23) -

Adjust GLR=>3.9 1806 148(8.2) 1.73(1.18~2.52) Rl

Age 0.581
<65 GLR=3.9 432 42 (9.7) 1.7 (0.9~3.22) ——
=65 GLR=3.9 531 66 (12.4) 1.8 (1.1~2.95) —e—

Gender 0.823
Female GLR=3.9 417 54 (12.9) 1.65 (0.96~2.86) —e—
Male GLR=3.9 546 54 (9.9) 2.02 (1.19~3.42) —e—

Race 0.163
White GLR=3.9 612 62 (10.1) 1.47 (0.94~2.31) ——
Non-White GLR=3.9 351 46 (13.1) 2.92 (1.33~6.41) ——

BMI 0.153
<28 GLR=3.9 569  70(12.3) 2.12(1.32~3.4) —e—

=28 GLR=3.9 394 38 (9.6) 1.15(0.6~2.22) ——

GCs 0.13
<8 GLR=3.9 109  30(27.5) 0.94 (0.47~1.88) ——
=8,<12 GLR=3.9 115 16 (13.9) 2.98 (0.93~9.56) ——
=12 GLR=3.9 739 62 (8.4) 2.22 (1.23~4.01) —e—

Diaglosis 0.865
Cerebral hemorrhage GLR=3.9 348 42 (12.1) 1.99 (1.01~3.95) ——

Subarachnoid hemorrhage GLR=3.9 187 17 (9.1) 0.58 (0.21~1.63) _—
- e T

0.250.50 1.0 20 40 80
Effect(95%Cl)





OPS/images/fendo.2023.1290176/fendo-14-1290176-g005.jpg
Subgroup Variable Total Event (%) HR (95%Cl) P for interaction

Overall

Crude GLR=3.9 1806  225(12.5) 1.44(1.1~1.89) -

Adjust GLR=3.9 1806  225(12.5) 1.31(1.04~1.47) -

Age 0.758
<65 GLR=3.9 432 42(9.7) 1.68 (0.89~3.18) ——
=65 GLR=3.9 531 66 (12.4) 1.71 (1.06~2.77) ——

Gender 0.888
Female GLR=3.9 417 54 (12.9) 1.59 (0.92~2.72) ——
Male GLR=3.9 546 54 (9.9) 1.81(1.07~3.07) ——

Race 0.151
White GLR=3.9 612 62 (10.1) 1.36 (0.88~2.12) ——
Non-White GLR=3.9 351 46 (13.1) 2.99 (1.36~6.56) ——

BMI 0.112
<28 GLR=39 569 70(12.3) 207 (1.29~3.31) —e—
=28 GLR=39 394  38(9.6) 1.13 (0.6~2.13) ——

GCS 0.119
<8 GLR=3.9 109 30(27.5) 1.11(0.58~2.11) ——
=8,<12 GLR=3.9 115 16 (13.9) 2.42(0.8~7.37) —_——
=12 GLR=3.9 739 62 (8.4) 2.27 (1.29~3.99) ——

Diaglosis 0.042
Cerebral hemorrhage GLR=3.9 535 59 (11.0) 1.85 (0.94~3.62) ——
Subarachnoid hemorrhage GLR=3.9 428 40 (11.4) 2.1(1.07~4.14) e e
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Variables The number of The percent of

missing values missing values(%)
Hemoglobin 17 0.94%
Platelets 21 1.16%
Sodium 25 1.38%
Potassium 26 1.43%
Bicarbonate 27 1.49%
Aniongap 34 1.88%
| Chloride 35 1.94%
Calcium 41 221%
partial 64 3.54%
thromboplastin
time
Blood glucose 92 5.09%
Blood 650 35.99%

lymphocyte
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GLR: blood glucose-to-lymphocyte ratio

Characteristics Total Tertilel (<3.9) Tertile2 ((>3.9) p-value
n = 1806) (n = 843) (n = 963)

Age, years 64.7 + 169 638 +17.5 655+ 165 0.038
Gender, Male (%) 1043 (57.8) 497 (59) 546 (56.7) 0332
Race, White (%) 1200 (66.4) 588 (69.8) 612 (63.6) 0.005
BMIKg/m* 27.5+54 272+ 438 278+ 59 0.025
SOAL hours 4.7 (3.0, 6.0) 4.8 (2.0, 4.0) 44 (20, 5.5) 0.151
Vital signs

SBP,mmHg 1184 17.2 117.9 + 167 1189 + 17.7 0234
DBP,mmHg 640+ 11.6 636+ 115 643+ 117 0239
MBP,mmHg 78.6 + 11.6 781+ 11.4 79.0 + 11.8 0.131
RRbeats/min 19.5+ 39 19.1£36 19.8 + 4.1 <0.001
HR,beats/min 856+ 156 841150 869 + 159 <0.001
Temperature,’C 37107 37.0 0.7 37108 0.008
Sp02, (%) 96.8 + 2.4 97.0 £2.2 96.7 + 2.5 0.028

Hospitalization status

ICU length of stay, days 2.0 (1.1, 4.0) 2.0 (L1, 3.8) 2.1 (1.1, 4.1) 0.127
ICU mortality, n (%) 148 (8.2) 40 (4.7) 108 (11.2) <0.001
Hospital length of stay, days 7.1 (4.0, 12.1) 7.0 (4.1, 12.1) 74 (40, 12.2) 0.609
Hospital mortality, n (%) 225 (12.5) 84 (10) 141 (14.6) 0.003

Scoring systems

GCS 12.7 £ 34 128 £3.3 12.7 £ 34 0539
SOFA 53+38 50+3.6 56 +39 <0.001
LODS 48+33 44 3.1 51+34 <0.001

Comorbidities, n (%)

Chronic pulmonary disease, n (%) 319(17.7) 132(15.7) 187(19.4) 0.031
Coagulation abnormality, n (%) 301(16.7) 133(15.8) 168(17.4) 0.52
Liver diseases, n (%) 185(10.2) 80(9.5) 105(10.9) 0.141
Cardiovascular diseases, n (%) 398(22.0) 170(20.2) 228(23.7) 0.006
Malignancy, n (%) 124 (6.9) 47 (5.6) 77 (8) 0.304
Renal diseases, n (%) 317(17.6) 136(16.1) 181(18.8) 0.008

Laboratory tests

Hemoglobin, (g/dL) 114 +22 114 +£22 115 +22 0.624
Platelets, (10°/L) 235.1 + 68.1 234.8 £ 60.5 2353 + 64.5 0.936
WBC, (10°/L) 14.1 £ 10.0 144 +11.4 13.8 £ 85 0.252
Anion gap 17.0 £ 5.2 16.0 + 4.4 17.8 £ 5.6 <0.001
Bicarbonate, (mmol/L) 24.6 £ 4.6 247 45 244 £ 47 0.216
Creatinine, (mmol/L) 1.7+£20 1.6 £2.0 L7:£ 19 0.297 |
Sodium, (mmol/L) 139.8 £ 5.1 1395 £4.7 140.1 £ 54 0.02 ‘
PTT, seconds 440 £314 ‘ 424 £29.1 45.4 + 33.2 0.042
Glucose,(mmol/L) 7.9 (6.4, 10.6) 6.8 (5.8,8.2) 94 (7.2, 13.2) < 0.001
Lymphocytes,(10°/L) 2.1 (14,3.0) 29 (23,3.5) 1.4 (1.1, 2.0) <0.001

GLR:serum blood glucose/lymphocyte count; BMI,Body mass index; SOAL stroke onset to the admission to ICU; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood
pressure; RR, respiratory rate; HR, heart rate; SpO2, percutaneous oxygen saturation; GCS, Glasgow Coma Score; SOFA, Sequential organ function score; LODS, The Logistic organ dysfunction
system; WBC, white blood cell; PTT, Partial thromboplastin time.
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Items Result Normal range

Serum cortisol (nmol/L, 8 a.m.) >1380 138-690
‘ Serum cortisol (nmol/L, 0 a.m.) >1380 138-690
‘ ACTH (pg/ml, 8 a.m.) 820 0-46

24h-UFC (nmol) >5114 ‘ 157-645
!

Serum cortisol after large dose dexamethasone test (nmol/L, 8 a.m.) >1380 <138
|

CEA (ng/ml) 229 0-5

APF (ng/ml) 52.73 0-13.4

CA199 (U/ml) 844.19 0-37
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Symptom and sign

Pl Fla4 depression hysteria, weight gain, weakness,
oedema, facial plethora, hirsutism, striae and
bruise, quadriceps wasting

P2 Fl68
Not given

3 F/61 edema of the lower extremities, weight gain,
moon face, truncal fat deposition, hirsutism,
skin hyperpigmentation

P FI65

weakness, anorexia, proximal muscle weakness
hirsutism, moon face, buffalo hump

Conversion for plasma cortisol: 1 pg/dl = 27.64 nmol/l; ND, not done.

25

21

21

18

161
(N 10-46)

1459

1340

24

Cortisol
(8a.m.)
(nmol/
L)

137.48
(N 270-
540)

2500

>1380

Not gi

ND.

ND.

>900

Not
given

Pathology

poorly differentiated
anaplastic
adenocarcinoma

atypical carcinoid

liver adenocarcinoma
of bile duct origin

ACTH-producing
large cell
neuroendocrine
carcinoma

Management and

follow up

bilateral adrenalectomy;
died in three months;

metyrapone;
di

cholecystostomys
died one month after surgery

cholecystectomy and wedge-
shaped liver resection, followed
by arterial embolization;

died;

Tumor loca-

o Reference

in the gallbladder,  (3)
with a secondary
tumor in the liver

in the gallbladder @
with liver metastasis

the bile duct with  (5)
metastatic deposit in
liver

in the gallbladder ©
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Characteristic Univariate analysis Multivariate analysis

Odds Ratio (95% Cl) P value Odds Ratio (95% Cl) P value

Ang 1 (ng/ml) 0.336(0.184-0.616) <0.001 0.26(0.124-0.547) <0.001

Blood routine indexes

WBC (1079/L) 1.045(0.909-1.201) 0538
RBC (10A12/L) 0.887(0.312-2.520) 0822
Hb (g/L) | 0.981(0.947-1.017) 0297
HCT (%) 0.939(0.836-1.055) 0289
Neutrophil ratio (%) 1.013(0.970-1.057) 0567
Lymphocyte ratio (%) 0.970(0.922-1.021) 0240
Monocyte ratio (%) 1.073(0.900-1.279) 0433
PLT (10A9/L) 0.997(0.987-1.007) 0571

Biochemical indexes

Albumin (g/L) 0.997(0.870-1.141) 0.961
Globulin (g/L) 1.164(1.004-1.349) 0.045 - 0.997
AGR (%) 0.053(0.004-0.687) 0.025 0.011(0.000-0.306) 0.008
ALT (U/L) 1.001(0.946-1.060) 0.960
AST (U/L) 1.111(1.022-1.207) 0.013 - 0.081
BUN (mmol/L) 1.118(0.861-1.451) 0.403
Cr (umol/L) 1.004(0.981-1.028) 0.725
Uric acid (umol/L) 0.998(0.992-1.004) 0.439
Glucose (mmol/L) 1.070(0.891-1.284) 0471

Electrolyte indexes

K+ (mmol/L) 0.124(0.028-0.555) 0.006 - 0263
Na+ (mmol/L) 0.971(0.847-1.114) 0.678
Cl- (mmol/L) 0.984(0.844-1.147) 0833
Ca2+ (mmol/L) 0.789(0.015-42.147) 0907

Coagulation indexes

Prothrombin time (s) 1.577(0915-2.716) 0.101
Prothrombin activity (%) 0952(0.914-0.991) 0017 - 0.106
INR 8.858(0.028-2822.600) 0458
ﬁ:‘eia(ls)'hm imboplestin 0.910(0.805-1.029) 0.134
Thrombin time (s) 0.933(0.846-1.029) 0.165
Fibrinogen (g/L) 1.559(0.834-2.915) 0.164
D-Dimer (mg/L) 1.174(0.499-2.759) 0713
Prothrombin time (s) 1.203(1.046-1.384) 0010 = 0.194

AIS, acute ischemic stroke; Ang I, angiotensin I; WBC, white blood cell; RBC, red blood cell; HCT, hematocrit; PLT, platelets; AGR, albumin-globulin ratio; ALT, alanine aminotransferase; AST,
aspartate transaminase; BUN, blood urea nitrogen; INR, international normalized ratio.
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Odds Ratio
(95% CI) P value

Ang I (ng/ml) 0.763 0.633-0.894 0.001

Characteristic AUC

Blood routine indexes

WBC (1079/L) 0.520 0.372-0.668 0.793

RBC (10712/L) 0.523 0.373-0.673 0.759
Hb (g/L) 0573 0.421-0.725 0341
HCT (%) 0577 0.426-0.728 0311
Neutrophil ratio (%) 0.575 0.426-0.723 0.326
Lymphocyte ratio (%) 0.597 0.449-0.744 1 0.205
Monocyte ratio (%) 0.468 ‘ 0.314-0.622 0.675
PLT (1019/L) 0.569 0.419-0.719 0.364

Biochemical indexes

Albumin (g/L) 0.504 0.354-0.654 0.958

Globulin (g/L) 0.639 ‘ 0.498-0.781 0.067
AGR (%) 0.663 0.521-0.805 0.033
ALT (U/L) 0.498 0.344-0.652 0.982
AST (U/L) 0.687 ‘ 0.553-0.822 0.014
BUN (mmol/L) 0.591 | 0.443-0.739 0.233
Cr (umol/L) 0.530 ‘ 0.380-0.680 0.691
Uric acid (umol/L) 0.609 0.460-0.758 0.152
Glucose (mmol/L) 0.557 0.402-0.712 0.458

Electrolyte indexes

K+ (mmol/L) 0715 0.585-0.846 0.005
Na+ (mmol/L) 0569 0.422-0.715 0368
Cl- (mmol/L) 0539 0.388-0.690 061
Ca2+ (mmol/L) 0501 0.350-0.652 0.994

Coagulation indexes

Prothrombin time (s) 0.673 0.532-0.813 0.024
Prothrombin activity (%) 0.705 ‘ 0.568-0.841 | 0.007
INR 0.606 0.458-0.753 0.165
Partial thromboplastin time (s) 0.574 0.421-0.726 0.333
Thrombin time (s) 0.526 ‘ 0.373-0.526 0.73
Fibrinogen (g/L) 0.583 0.437-0.729 0.277
D-Dimer (mg/L) 0.573 0.414-0.732 0.337

AIS, acute ischemic stroke; Ang I, angiotensin I; WBC, white blood cell; RBC, red blood cell; HCT,
hematocrit; PLT, platelets; AGR, albumin-globulin ratio; ALT, alanine aminotransferase; AST,
aspartate transaminase; BUN, blood urea nitrogen; INR, international normalized ratio.
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Good prognosis Poor prognosis

Characteristic

(n=25) (n=35)
Age 63.967+10.133 58.24+10.887 68.057+7.292 <0.001
Sex 0.164
Female 23 (38333) 7 (28) 16 (45.714)
Male 37 (61.667) 18 (72) 19 (54.286)
Ang1 (ng/ml) 152£1.141 2.205+1.256 1.03120.745 <0.001

Blood routine indexes

‘WBC (1019/L) 8.968+3.798 8.612+2.343 9.222+4.583 0.504
RBC (10712/L1) 4.222+0.497 4.239+0.402 4.21£0.56 0.816
Hb (g/L) 128.583+14.922 130.96+16.349 126.886+13.805 0.316
HCT (%) 38.985+4.537 39.72+4.57 38.46+4.506 0.295
Neutrophil ratio (%) 79.563+12.086 78.512%11.196 80.314£12.791 0.565
Lymphocyte ratio (%) 13.96+10.482 15.868+11.538 12.597+9.598 0.252
Monocyte ratio (%) 5.745+3.019 5.385+2.896 6.003+£3.12 0.434
PLT (1079/L) 168.433+50.686 172.8+48.267 165.314+52.816 0.571

Biochemical indexes

Albumin (g/L) 36.72+3.819 36.748+3.481 36.7+4.094 0.961
Globulin (g/L) 24.33+4.207 23+2.992 25.28+4.708 0.026
AGR (%) 1.54£0.23 1.62+0.23 1.48+0.21 0.018
ALT (U/L) 18.677+9.071 18.608+9.039 18.7269.226 0.961
AST (U/L) 24.05+7.619 21.04+6.248 26.2+7.858 0.006
BUN (mmol/L) 5.129+2.111 4.858+2.242 5.322+2.023 0.415
Cr (umol/L) 71.047+22.588 69.84+24.781 71.909+21.214 0.737
Uric acid (umol/L) 291.65+89.136 302.176+73.593 284.131+£99.119 0.422
Glucose (mmol/L) 7.848+2.97 7.521+2.891 8.081+3.045 0.472

Electrolyte indexes

K+ (mmol/L) 3.803+0.428 3.992+0.337 3.668+0.438 0.002
Na+ (mmol/L) 137.393+3.787 137.632+2.255 137.223+4.608 0.651
Cl- (mmol/L) 104.04+3.384 104.148+3.603 103.963+3.27 0.839
Ca2+ (mmol/L) 2.14£0.13 2.143%0.133 2.139+0.13 0.909

Coagulation indexes

Prothrombin time (s) 11.778+1.103 11.496+1.241 11.98+0.962 0.11
Prothrombin activity (%) 90.49+14.785 96.064+14.444 86.509+13.888 0.013
INR 1.036+0.094 1.025+0.109 1.043£0.083 0.484
E:Sa([s)'hmmb"?las“" 27.75746.136 29.35248.704 2661742.941 0.142
Thrombin time (s) 17.508+6.567 19.056+9.626 16.403+2.533 0.19
Fibrinogen (g/L) 2.852+0.919 2.654+0.683 2.993+1.043 0.134
D-Dimer (mg/L) 0.75140.612 0.717+0.67 0.776+0.576 0.726

AIS, acute ischemic stroke; Ang I, angiotensin I; WBC, white blood cell; RBC, red blood cell; HCT, hematocrit; PLT, platelets; AGR, albumin-globulin ratio; ALT, alanine aminotransferase; AST,
aspartate transaminase; BUN, blood urea nitrogen; INR, international normalized ratio.
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Odds Ratio (95% Cl) Odds Ratio (95% Cl)
Age 1.098(1.057-1.141) <0.001 1.137(0.99-1.306) 0.07
Ang T (ng/ml) 0.048(0.013-0.184) <0.001 0.019(0.001-0.266) 0.003

Blood routine indexes

WBC (1079/L) 1327(1.131-1.557) <0.001 - 0764
RBC (10712/L) 0.879(0.480-1.612) 0677
Hb (g/L) 1.013(0.989-1.038) 0278
HCT (%) 1.057(0.973-1.148) 0.190
Neutrophil ratio (%) 1.114(1.070-1.160) <0.001 = 0764
Lymphocyte ratio (%) 0.892(0.852-0.934) <0.001 = 0484
Monocyte ratio (%) 0.797(0.687-0.925) 0.003 = 0514
PLT (10A9/L) 0.988(0.981-0.996) 0.002 - 0.406

Biochemical indexes

Albumin (g/L) 0.652(0.556-0.764) <0.001 0.614(0.391-0.964) 0034
Globulin (g/L) 1.012(0.933-1.098) 0771

AGR (%) ] 0.039(0.008-0.193) | <0.001 - 0384
ALT (U/L) 0.959(0.927-0.992) 0015 - 0.881
AST (U/L) 0.983(0.942-1.025) 0423
BUN (mmol/L) 0.993(0.810-1.217) 0.947
Cr (umol/L) 1.015(0.996-1.036) 0.125
Uric acid (umol/L) 1.000(0.995-1.004) 0884
Glucose (mmol/L) 4512(2.454-8.295) <0.001 4.731(0.712-31.448) 0.108

Electrolyte indexes

K+ (mmol/L) 1.012(0.374-2.734) 0982
Na+ (mmol/L) 0.895(0.801-0.999) 0049 - 0.606
Cl- (mmol/L) 0.974(0.871-1.089) 0639
Ca2+ (mmol/L) | 0.002(0.000-0.054) <0.001 - 0729

Coagulation indexes

Prothrombin time (s) 0.614(0.410-0.920) 0018 - 0304
Prothrombin activity (%) 1.064(1.032-1.097) <0.001 2 0.103
INR 0.055(0.001-2.890) 0.151
i::a(ls)th“’mb""lm" 1.082(0.981-1.193) 0.113
Thrombin time (s) 0.987(0.914-1.066) 0.740
Fibrinogen (g/L) 1.009(0.623-1.634) 0.970
D-Dimer (mg/L) 3.515(1.480-8.351) 0.004 - 0.246

AIS, acute ischemic stroke; Ang I, angiotensin I; WBC, white blood cell; RBC, red blood cell; HCT, hematocrit; PLT, platelets; AGR, albumin-globulin ratio; ALT, alanine aminotransferase; AST,
aspartate transaminase; BUN, blood urea nitrogen; INR, international normalized ratio.
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Crude Model | Model Il Model Ill
Variable

HR (95%Cl) P-value HR (95%Cl) HR (95%Cl) P-value HR (95%ClI) P-value

ICU all-cause mortality

GLR 1.05 (1.02~1.08) 0.001 1.05 (1.02~1.08) 0.001 1.03 (1~1.06) 0.063 1.02 (0.97-1.04) 0.673
GLR<3.9 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)
GLR=3.9 2.25 (1.56~3.23) <0.001 2.19 (1.52~3.15) <0.001 1.85 (1.28~2.67) 0.001 1.71 (1.16~2.54) 0.005

Hospital all-cause mortality

GLR 1.02 (1.01~1.05) 0.002 1.02 (1~1.05) 0.099 1.01 (0.98~1.04) 0.56 099 (0.97~1.03) 0.531
GLR<3.9 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)
GLR=3.9 1.44 (1.19~1.89) 0.008 1.4 (1.17~1.83) 0.015 1.42 (1.13~1.61) 0.018 1.33 (1.04~1.49) 0.032

>Crude model: adjusted for none; Model I: adjusted for age, gender, race and BMI; Model Il:adjusted for Model I +GCS+SOFA+LODS;
Model I1I: adjusted for Model II +SOAI+hemoglobin+Platelets+ WBC-+anion gap+bicarbonate+BUN-+chloride-+creatinine+sodium+PTT.
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Andreassen Cross-sectional + Age, sex, BSA 16°/16 50.0/50.0 49.0/49.0 GHRH + PD 12
etal, 2011  Observational GH cut-off:

(42) < 6.5 ng/ml

De Cobelli Cross-sectional Age, sex, BSA, BMI 15/15 53.3/53.3 52.0/49.0 GHRH + ARG NA
etal, 2019 GH cut-off:

(43) BMI-dependent®

Gonzalez Cross-sectional + Age, sex 17916 58.8/56.3 48.4/NA T 12°
etal, 2017 RCT + OLE GH cut-off:

(44) < 3 ng/ml

Thomas Cross-sectional + Age, sex 10710 80.0/80.0 55.0/54.0 ITT or GST 12
etal., 2016  Observational GH cut-off:
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“Data regarding the GHD patient group and the control group are reported in this order, separated by a slash.

®Two patients were excluded from longitudinal analyses because they were lost at follow-up.
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‘One patient was excluded because he was discovered to have hypertension and diabetes; his age- and sex-matched control subjects was excluded as well; two more patients were
excluded from longitudinal analyses because they were lost at follow-up.

ARG, arginine; BMI, body mass index; BSA, body surface area; GH, growth hormone; GHD, growth hormone deficiency; GHRH, growth hormone releasing hormone; GST, glucagon
stimulation test; ITT, insulin tolerance test; N, number; NA, not applicable/not available; OLE, open-label extension; PD, pyridostigmine; RCT, randomized controlled trial; rhGH,
recombinant human growth hormone.
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TRIO PRISMA PRISMA

Type of scanner

Type of progestin Unknown AA

Sample size (1) 32 20 30 23 ‘ 24 32 29 21 20

HC use duration in years

M (SD) 4.71 (2.80) 4.89 (2.34) 3.25(1.82) 5.32(3.39)

4.24 (3.00) 4.65 (4.33) 2.09 (2.00) 3.97 (3.01) 3.80 (3.50)

Age

M (SD) 22,53 (2.77) | 21.80 (2.84) | 20.00 (1.44) | 23.26 (4.05)

2596 (4.62) 2447 (3.72) 25.45 (5.51) 2424 (332) | 25.00 (4.00)

HC, hormonal contraceptive; A, androgenic; AA, anti-androgenic; M, mean; SD, standard deviation.
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‘GENETIC GROWTH HORMONE DEFICIENCIES
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CAUSES OF ISOLATED PITUITARY DEFICIENCIES

ACQUIRED CAUSES

Pituitary tumors:
+ Hormone sccretng adenoma
+ Non-functioning adenoma

N pituitary tumors:
+ Rathke's clet yst, Craniopharyngioma, Meningiom. Chordoma,
Astrocytoma, Ependymoma, Germinoma, Lymphoma, others
+ Metastases

Oncological tratments:
+ Neorosurgery.

+ Irndistion

+ Chemotherapy

Inflraive disorders:
"+ Sarcoidosis, Wegener granulomatosis, Hacmochromatosis, Langerhans cell
Histioeytoss, Erdheim-Chestr discase

Autoimmune discases:
« Primary hypophysts (lymphocytic, granulomatous, xanthomatous,
necrotizing)
+ Drug induced hypophysitis (Immune checkpoint inhibitors: PDI, PDI
CTLAY inhibitors)

Traumatic brain injuries and vascular damage:
“Traumatic bain injury.

Sub-arachnoid haemorthage

Stuoke

Piaitay apoplexy

+ Shechan syndrome.

Drugs

Idiopathic

GENETIC CAUSES
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ABPM Baseline

variables

24 h results

SBP (mmHg) 1347 £ 11.9 133.8 £ 13.4 0.577

DBP (mmHg) 78.3+£6.6 78.0 £ 8.7 0.684

MAP (mmHg) 96.8 £7.8 96.3 £ 9.6 0.625

HR (bpm) 77.7 £10.4 78.3£8.2 0.639

HRV (bpm) 10.9 (9.1-12.3) 12.2[(10.5-13.1) 0.011

PP (mmHg) 56.4£8.2 558+ 8.8 0.566

Day-time results

SBP (mmHg) 139.6 £13.0 136.8 & 12.7 0.245

DBP (mmHg) 82.1+£7.1 80.6 £ 8.2 0.320

MAP (mmHg) 100.9 £ 8.5 99.0£9.1 0.261

HR (bpm) 81.8+£7.7 81.5+84 0.980

HRV (bpm) 10.3 (8.7-12.5) 11.8 (10.6-13.1) 0.006

PP (mmHg) 57.6 £9.0 56.2+ 8.6 0.299

Nigh-time results

SBP (mmHg) 1247 £15.0 126.0 £ 17.0 0.901

DBP (mmHg) 702 £8.1 70.9 £ 10.7 0.974

MAP (mmHg) 88.1£9.8 889+ 12.1 0.948

HR (bpm) 71.9£9.9 69.2 £ 9.5 0.023

HRV (bpm) 5(3.7-6.9) 5(4.3-6.2) 0.395

PP (mmHg) 54.5£10.1 55.1+£10.6 0.919

Nocturnal BP profile

Reverse dipping 4.5% 0% 0.635

Reduced dipping 54.6% 47.8%

Normal dipping 40.9% 47.8%

Extreme dipping 0% 4.4%

AASI 0.5+0.1 0.5+0.16 0.572
Paired samples t-test and Wilcoxon test significant results (p < 0.05) reported in bold. AASI,

ambulatory arterial stiffness index; BP, blood pressure; bpm, beats per minute; DBP, diastolic
blood pressure; HR, heart rate; HRV, heart rate variability; MAP, mean arterial pressure; PP,

pulse pressure; SBS, systolic blood pressure.
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Variables Baseline 30 days 90 days P-value
Anthropometric

Weight (Kg) 823 +214 81.5+21.4 80.5£21.1 0.01*
BMI (Kg/mz) 29.1+6.0 28.8+£6.0 284+£57 0.008*T
Waist circumference (cm) 101.5 4+ 12.1 100.6 £ 11.6 1002 +11.3 0.151
Metabolic

HbA 1c (mmol/mol) 54 (49-67) 53 (50.5-59.9) 53 (46-57) 0.144
P-glucose (mg/dl) 122 (113-153) 114.5 (102-144) 115.5 (104-142) 0.038"
S-creatinine (mg/dl) 0.83 (0.73-0.91) 0.83 (0.74-0.95) 0.83 (0.71-0.91) 0.216
Creatinine clearance (ml/min) 110 (86-127) 105.6 (76-132) 109.5 (71-146) 0.359
Urinary albumin (mg/die) 14.9 (11.6-31.7) 23.2(16.5-36.2) 26.7 (19.5-43.4) 0.016"
ACR (pg/mg) 10.5 (7.8-25.4) 19.5 (14.1-34.2) 23.6 (14.4-33.1) 0.0271
Hydro-electrolyte balance

S-Na (mmol/L) 141 (140-142) 141 (140-142) 141 (138-142) 0.743
S-K (mmol/L) 4.5 (4.2-4.8) 4.4 (4.1-47) 4.5 (4.3-4.9) 0.528
P-Osm (mOsm/Kg) 291.1+£45 291.7£54 292.1 £4.1 0.274
HCT (%) 42.5 (40.4-45.5) 432 (41.2-45.3) 46.3 (42.2-48.1) <0.00017F
Daily diuresis (L/die) 2.0 (1.5-2.5) 2.5 (2.0-2.8) 2.1(1.7-2.6) 0.0006*
U-Osm (mOsm/Kg) 552 (510-728) 734 (637-807) 772 (697-826) <0.001*"
U-Na (mmol/L) 99.6 £+ 38.9 88.1+£1233 89.5£28.1 0.193
FENa (%) 0.76 (0.57-0.71) 0.84 (0.71-1.4) 0.89 (0.57-1.18) 0.02¢4*
EFW clearance (L/die) 0.1+£0.72 0.38 £+ 0.45 0.28 +0.52 0.042
SFW clearance (L/die) —1.8(—=2.7-1.5) —3.3 (—4.5-2.5) —3.6 (—4.5-2.6) <0.0001*+
Endocrine systems

Copeptin (pmol/L) 7.5 (4.7-11.9) 9.8 (7.4-16.2) 9.5 (7.4-12.5) 0.001*t
PRA (ng/ml/h) 0.4 (0.18-0.98) 0.66 (0.41-1.18) 0.51 (0.35-1.10) 0.164
Aldosterone (pg/ml) 50 (30-88) 89 (30-110) 45 (38-100) 0.19
ARR 112 (64.9-222.2) 69 (44.8-201.7) 94.1 (37-180) 0.405
NT-proBNP (pg/ml) 46 (23-77) 34 [15-67] 46.8 (16-73) 0.33
MR-proANP (pmol/L) 42 (36.7-79.1) 47.2 (28.5-81.5) 44.7 (30.7-72.6) 0.16

*

Significant difference between baseline and 30 d

Repeated measures ANOVA and Friedman test significant results (p < 0.05) reported in bold; significant results of repeated measures ANOVA on log-normalized variables shown in italics.

ays.

Significant difference between baseline and 90 days.
Significant difference between 30 and 90 days after starting SGLT2i.

ACR, urine albumin-to-creatinine ratio; ARR, al

dosterone-to-renin ratio; BMI, body mass index; bpm, beats per minute; DBP, diastolic blood pressure; EFW, electrolyte-free water; FENa,

sodium fractional excretion; HbA1lc, glycated hemoglobin; HCT, hematocrit; HR, heart rate; MR-proANP, mid-regional pro atrial natriuretic peptide; NT-proBNP, N-terminal prohormone of
brain natriuretic peptide; p-glucose, plasma glucose; p-Osm, plasma osmolality; PRA, plasma renin activity; SBS, systolic blood pressure; s-creatinine, serum creatinine; SFW, solute-free water;

s-Na, serum sodium; u-Na, urine sodium; u-Osm, urine osmolality.
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Number of patients Variables Baseline 90 days P-value

All patients (26, 100%) Rz (Ohm) 388 (317—477.8) 415 (345—467) 0.354
Xc (Ohm) 39 (33—-52) 45.12 (39—54) 0.029

PhA (°) 5.9 (5.5—-6.4) 5.8 (5.7—6.5) 0.447

TBW (L) 489+ 113 47.5£10.3 0.183

ECF (L) 222452 212+ 46 0.018

ICF (L) 267+ 6.7 263+ 6.4 0.574

Patients with overhydration resolution (7, 27%) Rz (Ohm) 356 (303.5—366) 410 (359.7—443.2) 0.031
Xc (Ohm) 34 (33-37) 39 (37.5—43.2) 0.016

PhA (°) 5.9(5.4—6.2) 5.7 (5.3—6.4) 0.469

TBW (L) 5266 473+ 47 0.007

ECF (L) 242425 22424 0.002

ICF (L) 284+ 4.1 252 %3 0.021

Paired samples ¢-test and Wilcoxon test significant results (p < 0.05) reported in bold. ECE, extracellular fluid; ICF, intracellular fluid; PhA, phase angle; Rz, resistance; Xc, reactance; TBW
total body water.
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NO. Name Molecular Formula P value VIP M/Z  RT Fold Change HMDB

1 Glycine CYH23NO2Si2 0.028 1.59968 173.9 7.414 127 HMDB0000123
2 D-(-)-Lactic acid C9H22038i2 0.013 1.67382 | 73 7.642 0.90 HMDB0001311
3 Propanoic acid C9H2203Si2 0.015 1.6416 74.1 7.667 L19 HMDB0000237
4 L-(+)-Lactic acid C9H22038i2 0.013 1.64365 147 7.675 116 HMDB0000190
5 Butanoic acid C10H24038i2 0.010 1.70604 131 9.261 178 HMDB0000039
6 1H-Indole-3-ethanamine C16H28N2Si2 0.001 1.89296 175 12.895 1.87 HMDB0000303
7 Benzaldehyde C8H7FO3 0.014 1.46248 169.9 13.148 1.30 HMDB0006115
8 L-Isoleucine C12H29NO2Si2 0.002 1.85282 159 13.585 1.56 HMDB0000172
9 L-Norleucine C12H29NO2Si2 0.003 1.82305 158 13.587 153 HMDB0001645
10 L-Proline C11H25NO2Si2 0.030 1.30067 142 13.702 1.46 HMDB0000162
11 L-Homoserine CI13H33NO3Si3 0.040 1.41885 73 15.945 128 HMDB0000719
12 (R*,$%)-2,3-Dihydroxybutanoic acid CI13H3204Si3 0.034 141502 291 15.948 1.40 HMDB0000498
13 Butanedioic acid C13H30058i3 0.000 2.01385 147.9 18.494 1.88 HMDB0000254
14 2-Butenedioic acid C10H2004Si2 0.017 1.49511 73 18.500 1.44 HMDB0000176
15 2-Piperidinecarboxylic acid C12H27NO2Si2 0.026 1.45946 219 19.226 1.54 HMDB0000070
16 2-Pentanone C8H180Si 0.016 1.53469 146.9 20.022 1.61 HMDB0034235
17 Phosphoric acid C9H22NO4PSSi2 0.007 1.62415 188 21.077 | 235 HMDB0002142
18 Glutamic acid C14H33NO4Si3 0.014 1.56212 246 21.595 161 HMDB0000148
19 1H-Indole-2,3-dione C17H25NO2Si 0.009 1.63988 73 21.598 157 HMDB0061933
20 Pentadecane C21H44 0.031 1.22446 174 24.455 1.87 HMDB0059886
21 DL-Ornithine C17H44N202Si4 0.046 1.09941 73 25.832 151 HMDB32455

22 L-Ornithine C17H44N202Si4 0.012 1.40929 146.9 25.846 1.59 HMDB0000214
23 1,5-Anhydro-D-sorbitol C18H4405Si4 0.005 1.72214 75 26.527 1.63 HMDB0002712
24 D-Fructose C22H55N068i5 0.013 1.71509 73 26913 151 HMDB0000660
25 L-(-)-Sorbose C22H55N06Si5 0.016 1.709 335.1 26915 170 HMDB0001266
26 D-Allose C24H61NO6Si6 0.005 1.56378 205 27434 0.84 HMDB0001151
27 D-Mannose C24H61NO6Si6 0.034 1.27105 319.1 27.463 0.92 HMDB0000169
28 D-Glucose C24H61NO6Si6 0.027 1.4162 208 27.467 115 HMDB0000122
29 L-Tyrosine C18H35NO3Si3 0.003 1.63524 218 28.271 1.85 HMDB0000158
30 Myo-Inositol C24H6006Si6 0.009 1.36863 305 28.539 245 HMDB0000211
31 L-Tryptophan C20H36N202Si3 0.021 1.44616  45.1 33.277 1.60 HMDB0000929
32 D-Glucuronic acid C21H50078i5 0.013 1.46307 217 34439 | 244 HMDB0000127
33 D-Ribose C17H42058i4 0.050 1.37958 33115 | 34.465 @ 243 HMDB0000283

34 Probucol C31H480252 0.015 1.66934 279 44.309 0.19 HMDBO0015537
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NO. Name Molecular Formula P value VIP M/z RT e HMDB

1 Acetic acid C8H20035i2 0.044 1407 1469 5161 0.80 HMDB0000042
2 1-Alanine C9H23NO2Si2 0.045 1444 2439 5377 081 HMDB0000161
3 Propanedioic acid C9H2004Si2 0.019 1.604 151.9 6.036 0.69 HMDB0000691
4 Phosphoric acid C7H2104PSi2 0.017 1.885 261 6.469 0.32 HMDB0002142
5 L-Valine C11H27NO2Si2 0.033 1.625 144 6.936 139 HMDB0000883
6 Urea C7H20N208i2 0.024 1674 189 7475 0.55 HMDB0000294
7 L-Tsoleucine CI12H29NO2Si2 0.034 1628 158 7955 138 HMDB0000172
8 2-Butenedioic acid C10H2004Si2 0.001 2362 431 8.669 172 HMDB0000176
9 Gluconic acid C16H35N06Si3 0.002 2178 1559 10.635 0.50 HMDB0000625
10 Propanoic acid C13H33NO2Si3 0.026 1.468 146.95 10.990 0.76 HMDB0000237
11 Butanoic acid CI3H33NO025i3 0015 1922 174.1 11.021 0.76 HMDB0000039
12 3-Todo-L-tyrosine CI8H34INO3Si3 0018 1.691 1769 12315 141 HMDB0000021
13 L-Asparagine C13H32N203Si3 0.032 1.649 2579 12.841 0.71 HMDB0000168
14 N-Acetyl-D-glucosamine C21H50N206Si4 0.007 1.946 97 13.463 0.82 HMDB0000215
15 2-Propanone CI5H40NOGPSi4 0019 1.762 114 14532 0.67 HMDB0001659
16 L-(-)-Sorbose C22H55NO06Si5 0.044 1401 73 15872 128 HMDB0001266
17 D-(-)-Fructose C22H55NO6Si5 0026 1777 308 15952 140 HMDB0000660
18 D-Allose C22H55N06Si5 0.022 1.880 146.9 16.105 1.86 HMDB0001151
19 D-Galactose C22H55N06Si5 0.003 2.107 73 16.290 1.54 HMDB0000143
20 D-Glucose C22H55NO6Si5 0.038 1.707 103 16.295 333 HMDB0000122
21 Inositol C24H60065i6 0.022 1678 1909 19.469 131 HMDB0000211
2 Myo-inositol C24H60065i6 0.001 2.060 73 19.481 085 HMDB0000211
23 D-(+)-Galactose C24H61NO6Si6 0.043 1.813 146.9 20.252 1.69 HMDB0000143
24 Heptadecanoic acid C20H4202Si 0.029 1.708 73 20.491 091 HMDB0002259
25 Octadecanoic acid C21H44025i 0.005 1.834 1279 22,050 0.67 HMDB0000827
2 11-Eicosenoic acid C23H46025i 0014 1619 83 23.876 0.74 HMDB0034296
27 3-Indoleacrylic acid C23H37NO2Si2 0.050 1.565 1739 24.224 0.70 HMDB0000734

28 D-Altro-2-Heptulose C29H74NO10PSi7 0.002 2.147 2859 24.827 157 HMDB0003219
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Controls AIS patients

Characteristic (n=60) (n=60)

Age 56.925+14.282 49.883+14.418 63.967+10.133 <0.001
Sex 0.099
Female 55 (45.833) 32 (53.333) 23 (38.333)

Male 65 (54.167) 28 (46.667) 37 (61.667)

Ang 1 (ng/ml) 3.026+2.007 4.531£1.487 1.52£1.141 <0.001
Anticoagulation 0.347
No 109 (90.833) 56 (93.333) 53 (88.333)

Yes 11 (9.167) 4 (6.667) 7 (11.667)

Atrial fibrillation 0.127
No 100 (83.333) 54 (90) 48 (80)

Yes 20 (16.667) 6 (10) 12 (20)

RAS receptor blocker therapy 0.228
No 86 (71.667) 46 (76.667) 40 (66.667)

Yes 34 (28.333) 14 (23.333) 20 (33.333)

Blood routine indexes

‘WBC (1019/L) 7.882+3.123 6.796+1.687 8.968+3.798 < 0.001
RBC (10712/L) 4.244+0.596 4.267+0.684 4.222+0.497 0.68
Hb (g/L) 127.092+15.068 125.6%15.192 128.583+14.922 0.28
HCT (%) 38.453+4.435 37.92244.302 38.985+4.537 0.19
Neutrophil ratio (%) 72.61£12.922 65.657+9.612 79.563+12.086 < 0.001
Lymphocyte ratio (%) 19.473+11.161 24.987+8.919 13.96+10.482 < 0.001
Monocyte ratio (%) 6.514£2.719 7.283+2.144 5.745+3.019 0.002
PLT (10A9/L) 185.525+56.71 202.617+57.649 168.433+50.686 < 0.001

Biochemical indexes

Albumin (g/L) 38.977+3.972 41.233+2.621 36.72+3.819 <0.001
Globulin (g/L) | 24.212+4.436 24.095+4.686 24.33+4.207 0.773
AGR (%) 1.653+0.284 1.763+0.291 1.54240.231 <0.001
ALT (U/L) 21.609+12.614 24.542+14.871 18.677+9.071 0.011
AST (U/L) 24.677+8.581 25.303+9.469 24.05+7.619 0.426
BUN (mmol/L) 5.139+1.767 5.15+1.357 5.129+2.111 0.947
Cr (umol/L) 68.265+19.563 65.483+15.683 71.047422.588 0.12
Uric acid (umol/L) 292.733+81.525 293.817473.876 291.65+89.136 0.885
Glucose (mmol/L) 6.452+2.564 5.056+0.691 7.848+2.97 < 0.001

Electrolyte indexes

K+ (mmol/L) 3.802+0.361 3.802+0.284 3.803+0.428 0.982
Na+ (mmol/L) 138.031+3.481 138.668+3.044 137.393+3.787 0.044
Cl- (mmol/L) 104.177+3.22 104.315+3.07 104.04+3.384 0.642
Ca2+ (mmol/L) 2.185+0.127 2.23+0.108 2.14%0.13 < 0.001

‘ Coagulation indexes

Prothrombin time (s) 11995098 1221240789 11.778+1.103 0.015
Prothrombin activity (%) 85014214312 79.538+11.556 90.49+14.785 <0.001
INR 1.048£0.095 1.061£0.096 1.036£0.094 0.147
:)i:teia(ls)'h romboplestin 27.007+4.896 26.25743.091 27.7576.136 0.094
Thrombin time (5) 1765244736 17.795+1.442 17.50846.567 0.742
Fibrinogen (g/L) 2849+0.746 2.84740.525 2852£0919 0.971
D-Dimer (mg/L) 06150497 0.479+0.293 075120612 0.003

AIS, acute ischemic stroke; Ang I, angiotensin I; WBC, white blood cell; RBC, red blood cell; HCT, hematocrit; PLT, platelets; AGR, albumin-globulin ratio; ALT, alanine aminotransferase; AST,
aspartate transaminase; BUN, blood urea nitrogen; INR, international normalized ratio.
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Kisspeptin #Kp052, INRAe 1:10000
Progesterone #63605, Abcam 1:800

cFOS #sc-52, Santa Cruz 1:1000
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Experienced Male

Mounts
Mounts with Intromission

Pelvic Thrusts

“*p-<0.01, *p-<0.05.

NENZRVE
(Test 1)

Control (n=9) PNAM (n=12)
13.22 +/- 3227 8.417 +/- 3.607
6.889 +/- 2.664 2417 +/- 1.598*
1532 +/- 55.46 58.42 +/- 36.14*

(Test 2)

Control (n=9) PNAM (n=12)
22.67 +/- 5.649 3.667 +/- 1.982%
10.67 +/- 3.078 225 +/- 1.415*
211 +/- 65.71 » 54.58 +/- 26.08*
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Anogenital Sniffing bouts

Control (n=11)

PNAF (n=5/6)

Aggressive behaviors bouts

Control (n=11)

PNAF (n=5/6)

w1 030 +/- 0.20 1.17 +/- 0.65 3.0 +/- 0.75 5.17 +/- 1.51
w2 1.45 +/- 0.62 1.50 +/- 0.56 3.45 +/- 1.36 4.0 +/- 1.81
w3 191 +/-0.72 1.50 +/- 0.50 091 +/- 4.17 4.17 +/- 1.80
W4 0.73 +/- 0.36 1.00 +/- 0.63 2.36 +/- 0.89 1.67 +/- 0.84
W5 1.18 +/- 0.40 1.00 +/- 0.55 1.09 +/- 0.74 3.40 +/- 1.40
w6 2.55 +/- 0.79 220 +/- 0.86 2.64 +/- 0.86 7.20 +/- 2.69
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