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Single‑cell RNA sequencing 
data analysis suggests 
the cell–cell interaction patterns 
of the pituitary–kidney axis
Yiyao Deng1, Jingjing Da1,2,3, Jiali Yu1,2,3, Chaomin Zhou1, Jing Yuan1* & Yan Zha1,2,3*

Kidney functions, including electrolyte and water reabsorption and secretion, could be influenced by 
circulating hormones. The pituitary gland produces a variety of hormones and cytokines; however, the 
influence of these factors on the kidney has not been well explained and explored. To provide more 
in-depth information and insights to support the pituitary–kidney axis connection, we used mouse 
pituitary and kidney single-cell transcriptomics data from the GEO database for further analysis. Based 
on a ligand–receptor pair analysis, cell–cell interaction patterns between the pituitary and kidney cell 
types were described. Key ligand–receptor pairs, such as GH-GHR, PTN-SDC2, PTN-SDC4, and DLK1-
NOTCH3, were relatively active in the pituitary–kidney axis. These ligand–receptor pairs mainly target 
proximal tubule cells, principal cells, the loop of Henle, intercalated cells, pericytes, mesangial cells, 
and fibroblasts, and these cells are related to physiological processes, such as substance reabsorption, 
angiogenesis, and tissue repair. Our results suggested that the pituitary gland might directly regulate 
kidney function by secreting multiple hormones or cytokines and indicated that the above ligand–
receptor pairs might represent a new research focus for studies on kidney function or kidney disease.

All organs in the human body are connected directly or indirectly and work in conjunction to maintain the 
homeostasis of the internal environment under physiological or pathophysiological conditions. The brain and 
kidney are vital organs of the human body, and novel findings on brain-kidney crosstalk have been reported in 
recent years1–3. Under normal conditions, the brain is involved in kidney functions mainly through the neuroen-
docrine and autonomic nervous system. The pituitary gland produces cytokines, such as arginine vasopressin 
(AVP), which act on distal tubules or collecting ducts to regulate water reabsorption. Although the pituitary 
gland can produce various hormones targeted to specific organs, few of these hormones have been investigated 
to determine their effect on the kidney. Many kidney diseases are directly or indirectly related to hormone 
secretion dysfunction because hormones released from the pituitary gland can regulate a series of physiological 
processes, such as metabolism, cell behavior, tissue repair, which are relevant to kidney functions4–6. Thus, the 
effect of these hormones on kidney components must be determined.

Research has found that cerebrovascular disease, uremic encephalopathy, and cognitive malfunction are 
prevalent in patients with acute kidney injury or chronic kidney disease7–10. Toxic metabolite retention, high 
proinflammatory cytokine levels, and hyperosmolar status could lead to brain damage in patients with kidney 
disease. Thus, the brain and kidney could influence each other in a two-way feedback manner. As a main neu-
roendocrine component of the brain, the pituitary gland is an important component of the feedback loop of 
the internal environment and is responsible for producing hormones or cytokines that regulate target organ 
function. Moreover, hormones or cytokines produced by different cell types in the pituitary provide the basis 
for communication between the pituitary and target organs.

In our current study, single-cell RNA sequencing data on the pituitary and kidney of C57BL/6 mice were used 
to reveal the cell communication between the pituitary and kidney cell types. The findings may provide a new 
perspective for studying kidney function regulation or identifying new targets for kidney disease.
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Results
Combination of pituitary and kidney single‑cell transcriptomic data.  Pituitary and kidney 
single-cell RNA sequencing data for C57BL/6 mice were obtained from the GEO database (GSE120410 and 
GSE129798). The two datasets were combined for analysis, and the R package “Harmony” was used to remove 
batch effects. After stringent raw data processing and filtration, 27815 cells in total were identified, among which, 
22961 kidney cells and 4854 pituitary cells were used for further analysis. Cell clustering showed that pituitary 
cell clusters were clearly separated from kidney cell clusters, which indicated that the quality of the data used 
for analysis is good (Fig. 1A and Supplemental Fig. 1). Based on classical cell markers of pituitary and kidney 
cells, cell cluster annotation showed that most kidney and pituitary cell types were obtained (Fig. 1B). The top 
3 genes in each cell cluster in terms of expression were identified, and each cell type could be distinctly distin-
guished (Fig. 1C). The proportion of each cell type varied among the different samples (Fig. 1D). Classical hor-
mone expression in the pituitary showed that growth hormone (GH), pleiotrophin (PTN), luteinizing hormone, 
prolactin, and proopiomelanocortin were expressed by the pituitary cells. However, the expression of follicle-
stimulating hormone, thyroid stimulating hormone, AVP, and oxytocin was not observed (Fig. 1E), which may 
have been caused by technical reasons, such as cell loss during single-cell preparation or failure to capture these 
cell types because the pituitary gland of mouse is tiny and difficult to handle.

Exploration of pituitary and kidney cell–cell interaction patterns.  Cell–cell interactions of these 
cell types were explored based on the ligand–receptor expression of the cells. The ligand–receptor database 
CellChatDB was used to match all ligand–receptor pairs for each cell type. The numbers and weights of the 
ligand–receptor pairs were calculated and described, and the loop of Henle, endothelial cells, pituitary stem cells, 
pericytes, mesangial cells, fibroblasts, and somatotropes were relatively active among all cell types (Fig. 2A,B). 
We also calculated the cell communication patterns among the cell types based on the similarity of ligand and 
receptor expression among the different cell types. We found that the ligand patterns of secreting cells were clus-
tered automatically based on similar cell types; patterns 1, 3, and 5 mainly included clusters of kidney cells, and 
adhesion molecules like L1CAM and ICAM, growth factors like PDGF, VEGF, and IGF were included in these 
patterns; pattern 2 mainly included clusters of immune cells, and chemokines like CXCL and CCL, Cluster of 
Differentiation of immune cells like CD45, CD52, and CD86 were included in pattern 2; and pattern 4 mainly 
included clusters of pituitary cells, hormones like PTN, GH, and PRL were included in pattern 4. The ligands 
for each pattern are shown in Fig. 2C. Receptor patterns were also explored, and the results showed that most 
of the immune and kidney cell types were active among the five receptor patterns. The receptors of each pattern 
are shown in Fig. 2D.

Most contributing ligand–receptor pairs between pituitary cell and other cell types.  To inves-
tigate the major ligand–receptor pairs between pituitary cells and other cell types, all ligand receptor pairs of 
somatotropes, lactotropes, melanotropes, corticotropes, and pituitary stem cells were observed (Fig. 3 and Sup-
plemental Fig.  2). We found that several ligand–receptor pairs, such as GH-GHR, PTN-SDC2, PTN-SDC4, 
PTN-NCL, APP-CD74, and DLK1-NOTCH3, have higher weights between pituitary cells and other cell types. 
Among these pairs, APP-CD74 was mainly observed between resident cells and immune cells. Functional and 
structural analyses were carried out for all ligand–receptor pairs (Supplemental Fig. 3).

GH, PTN, and DLK1 signaling network among all cell types.  To investigate the specificity of the 
GH, PTN, and DLK1 signaling network of pituitary cells, we calculated the communication probability between 
each cell-type pair. The GH signaling network was most active between the proximal tubule and pituitary cells 
(Fig. 4A). The PTN signaling network was most active among pericytes, mesangial cells and fibroblasts, the 
loop of Henle, proximal tubule, principal cells, intercalated cells, somatotropes, lactotropes, and pituitary stem 
cells (Fig. 4B). The DLK1 signaling network was most active among pericytes, mesangial cells, fibroblasts, and 
pituitary cells (Fig. 4C). GH was expressed in all pituitary cell types and showed relatively higher expression in 
somatotropes; PTN was mainly expressed in somatotropes, lactotropes, and pituitary stem cells; and DLK1 was 
mainly expressed in somatotropes, lactotropes, and corticotropes (Fig. 4D). SDC2 was mainly expressed in peri-
cytes, mesangial cells, fibroblasts, and the loop of Henle; SDC4 was mainly expressed in proximal tubules, the 
loop of Henle, principal cells, and intercalated cells; GHR was only expressed in proximal tubules; and NOTCH3 
was only expressed in pericytes, mesangial cells, and fibroblasts (Fig. 4D). To validate the expression of these 
receptors in the kidney, immunohistochemical staining results were searched in the Human Protein Atlas, and 
we found that SDC2, SDC4, GHR, and NOTCH3 are highly expressed in human kidneys, which is consistent 
with our data analysis.

Discussion
Organs of mammals are separated but united, and they fulfill different biological functions and exhibit coordina-
tion to maintain homeostasis in the body. Thus, good communication between organs is extremely important. 
The brain represents the “commander” of the body and is often involved in regulating organ function through 
neuroregulation or neuroendocrine processes. Recently, researchers showed that brain-kidney crosstalk plays 
a role in normal kidney functions or abnormal kidney conditions1–3. AVP is a well-known hormone produced 
by the pituitary that targets the kidney to regulate the reabsorption of water. However, whether other hormones 
produced by the pituitary also have an effect on kidney functions has not been clarified. Therefore, we used 
single-cell RNA sequencing data for the pituitary and kidney to explore the hormones or cytokines that act on 
the kidney and identify the potential underlying mechanisms.
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After removing batch effects, high-quality merged pituitary and kidney single-cell transcriptomics data were 
obtained, and the results showed a distinct separation between pituitary and kidney cell clusters (Fig. 1A and 

Pericytes & Mesangial & Fibroblast
Lactotrope Somatotrope

Melanotrope
Corticotrope

Macrophage

Dendritic cells

T Cells

Endothelial cells

Pituitary stem cells

B cells

Proximal tubule

Intercalated cells

Principal cells
Thin limb of Loop of Henle

−10

−5

0

5

10

−10 −5 0 5 10
UMAP_1

U
M

A
P

_2

−10

−5

0

5

10

−10 −5 0 5 10
UMAP_1

U
M

AP
_2

pituitary
kidney cortex
kidney outer medulla
kidney inner medulla

pituitary

pituitary

A B

0.00

0.25

0.50

0.75

1.00

Endothelial cells
Macrophage
Somatotrope
B cells
Lactotrope
Proximal tubule
T Cells
Melanotrope
P & M & F
LOH
Principal cells
Dendritic cells
Intercalated cells
Corticotrope
Pituitary stem cells

pit
uit

ary

kid
ne

y c
ort

ex

kid
ne

y o
ute

r m
ed

ull
a

kid
ne

y i
nn

er 
med

ull
a

C
End

oth
eli

al 
ce

lls

Mac
rop

ha
ge

Som
ato

tro
pe

B ce
lls

La
cto

tro
pe

Prox
im

al 
tub

ule

T C
ell

s

Mela
no

tro
pe

P & M
 & F

LO
H

Prin
cip

al 
ce

lls

Den
dri

tic
 ce

lls

Int
erc

ala
ted

 ce
lls

Cort
ico

tro
pe

Pitu
ita

ry 
ste

m ce
lls

Apoe
Hexb

Ms4a7
Jun

Hspb1
Cldn10
Clcnka

Psca
Retnlg

S100a9
S100a8

Spp1
Mia

Gzma
Mt1
Fos
Mt2

S100g
Klk1

Wfdc15b
Pam

Plac8
Lyz2
Ear2
Ccl6
Ccl9

Cd209a
Plat

Ehd3
Pi16

Cd3d
Ms4a4b

Aqp3
Fxyd4
Aqp2

Hspa1a
Dnajb1
Sptssb
Cryab

Akr1b3
Myl9
Rgs5
Acta2
Apela
Pomc
Cd3g
Nkg7
Ccl5

Slc34a1
Aldob
Gpx3
Nnat
Chgb

Prl
Cd79b

Ly6d
Cd79a
Meg3
Dlk1

Gh
Cldn5

Tspan8
Aqp1

Ednrb
Plvap

Igf1
C1qc
C1qb
C1qa

Igfbp5
Gpihbp1

Esm1

−1
0
1
2

Expression

D

Gh

Ptn

Lhb

Fshb

Prl

Pomc

Tshb

Avp

Oxt

End
oth

eli
al 

ce
lls

Mac
rop

ha
ge

Som
ato

tro
pe

B ce
lls

La
cto

tro
pe

Prox
im

al 
tub

ule

T C
ell

s

Mela
no

tro
pe

P & M
 & F

LO
H

Prin
cip

al 
ce

lls

Den
dri

tic
 ce

lls

Int
erc

ala
ted

 ce
lls

Cort
ico

tro
pe

Pitu
ita

ry 
ste

m ce
lls

Ex
pr

es
si

on

E

Figure 1.   Combination of the pituitary and kidney single-cell transcriptomic data. (A) UMAP of the sample 
distribution in cell clusters based on a combination of pituitary and kidney single-cell transcriptomic data. (B) 
Cell cluster annotations of the combined pituitary and kidney single-cell transcriptomic data. (C) Heatmap of 
top three highest expressed genes of each cell type. (D) Bar plot of the percentage of cell types in each sample. 
(E) Expression of classical hormones of the pituitary.
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Figure 2.   Exploration of the pituitary and kidney cell–cell interaction patterns. (A) Circle plot of the ligand–
receptor pairs of all cell types, with the thickness of the string representing the number of ligand–receptor pairs. 
(B) Circle plot of the ligand–receptor pairs of all cell types, with the thickness of the string representing the 
weight of the ligand–receptor pairs. (C) Ligand patterns of each cell type, with each pattern representing a set 
of ligands that have similar properties. The color range represents the contribution scores of patterns or ligands 
(left panel), and the river plot shows the contribution of ligands to different patterns and the contribution 
of patterns to different cell types (right panel). (D) Receptor patterns of each cell type, with each pattern 
representing a set of receptors that have similar properties. The color range represents the contribution scores 
of the pattern or receptor (left panel), and the river plot shows the receptors that contribute to different patterns 
and the patterns that contribute to different cell types (right panel).
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Supplemental Fig. 1). We could see some cells cluster of pituitary and kidney clustered together which mainly 
are some resident macrophage or dendritic cells in Fig. 1A. Cell annotation showed that most of the pituitary 
and kidney cell types were captured. Thus, the combined data on the pituitary and kidney used for analysis were 
of high-quality and reliable. However, the expression of certain classical hormones, such as Fshb, Tshb, Avp, 
and Oxt (Fig. 1E), was not observed in pituitary cells, which may have been related to the difficulty of preparing 
single-cell suspensions of pituitary cells, owing to the relatively tiny pituitary of mice, resulting in tissue or cell 
loss during the preparation of single-cell suspensions. Further, the number of kidney cells was much higher than 
that of pituitary cells in the current data, and because of the size and properties of the pituitary, certain rare cell 
types may not have been captured during sample preparation.

Based on the amounts and expression levels of the ligand–receptor pairs among different cell types, we 
inferred the communication patterns of secreting and targeting cells. As shown, the ligand–receptors patterns 
were automatically clustered among similar cell types, such as kidney resident cells, immune cells, and pituitary 
cells, which also indicates that the current data used for analysis are of good quality (Fig. 2C,D). In addition, 
these ligand or receptor patterns could be used as featured modules to investigate pituitary–kidney communica-
tion in future studies.

All ligands of pituitary cells were then studied. Ligand–receptor pairs, such as GH-GHR, PTN-SDC2, PTN-
SDC4, PTN-NCL, APP-CD74, and DLK1-NOTCH3, were highly active in the pituitary cell types (Fig. 3). Growth 
hormone is related to organ development, cell reproduction, cell regeneration, etc.; however, it also has other 
functions related to metabolism, such as increasing calcium retention, promoting lipolysis, and promoting glu-
coneogenesis. Therefore, growth hormone could target many cell types to regulate different biological process. In 
the kidney, GH is related to renal development, glomerular functions, and tubular handling of sodium, calcium, 
phosphate, and glucose16. GHR is expressed in kidney cells, with the most abundant expression observed in 
proximal tubules17,18. Our data support the above findings from a single-cell perspective, and the highest GHR 
expression was primarily observed in proximal tubules, which primarily perform the substance reabsorption 
function. These findings indicate that the pituitary could directly regulate kidney reabsorption by secreting 
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(F) Hypothesis of the pituitary–kidney axis.



7

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11147  | https://doi.org/10.1038/s41598-022-14680-2

www.nature.com/scientificreports/

GH, and it may further coordinate via AVP to maintain the electrolyte concentration and osmolality of blood. 
Moreover, the pituitary may also be involved in regenerating tubular cells.

Although studies have shown that PTN is associated with the development of the nervous system, few studies 
have focused on the effect of PTN on the kidney. However, our data showed that PTN receptors, such as SDC2 
and SDC4, are expressed in several cell types in the kidney. Few research studies have focused on SDC2 in the 
kidney; thus, this might be a novel study direction for kidney cell regeneration. SDC4 is related to tubulointer-
stitial fibrosis, and interference in SDC4 could relieve tubulointerstitial fibrosis in mouse models of unilateral 
ureteric obstruction and aristolochic acid nephropathy19. These findings indicated that PTN-SDC4 may be 
involved in kidney repair and regeneration; moreover, overactivation of the PTN-SDC4 signaling pathway may 
cause abnormal repair functions. Thus, our data imply that PTN-SDC2 or PTN-SDC4 may play a role in the 
pituitary–kidney axis.

DLK1 is a member of the EGF-like family of homeotic proteins, and it has been shown to inhibit the activity of 
the NOTCH family, which is involved in adipogenesis and the differentiation of preadipocytes into adipocytes20. 
Although DLK1 is not a classical hormone secreted by the pituitary, our data revealed relatively high DLK1 
expression in somatotropes, lactotropes, and corticotropes (Fig. 4D). Therefore, DLK1 secreted by the pituitary 
may be involved in adipogenesis of the whole body. However, whether DLK1 could regulate other biological 
processes in addition to adipogenesis has not been clarified. Our current data showed that NOTCH3 expres-
sion was relatively high in the mesenchymal cells of the kidney. Pericytes, mesangial cells, and fibroblasts have 
similar embryonic progenitors and also share some common cell markers, such as PDGFRβ and αSMA. These 
cell types present strong proliferation and differentiation and are often involved in local tissue repair or angio-
genesis. This function is similar to that of DLK1, which influences the differentiation of preadipocytes. Thus, the 
DLK1-NOTCH3 pair may influence the proliferation and differentiation of mesenchymal cells in the kidney.

Cell–cell interactions between the pituitary and kidney were clearly revealed in the current study based 
on a combined analysis of single-cell RNA sequencing data. Ligand–receptor pairs found among all cell types 
of the pituitary and kidney were described, and more direct connections between the pituitary and kidney 
were revealed. GH-GHR, PTN-SDC2, PTN-SDC4, and DLK1-NOTCH3 may play important roles in the pitui-
tary–kidney axis, which may be related to the target cells and their functions (Fig. 4F). We provide fundamental 
evidence that the pituitary might regulates various kidney functions through multiple signaling pathways. A 
limitation of the current study is that the data were not obtained from one study. Moreover, although we applied 
the batch effect correction method to reduce the impact of confounding factors, bias was inevitable and may 
have influenced the data analysis. Moreover, the mechanism associated with our findings should be validated 
in the future.

Methods
Data sources.  Single-cell RNA sequencing data for the pituitary (n = 6) and kidney (n = 3) of C57BL/6 mice 
from 10 × Genomics were used for the analysis. Data were collected from the Gene Expression Omnibus (GEO) 
database (GSE120410, GSE129798). All relevant analyses were carried out in R (version 4.1.3).

Single‑cell raw data quality control.  The Seurat R package (version 4.1.0) was applied for further 
analyses11, with the “MergeSeurat” function used to merge multiple datasets. According to the median number 
of genes and the percentage of mitochondrial genes in the kidney samples, cells with < 200 and > 2,500 genes, 
a mitochondrial gene percentage of > 10%, and a hemoglobin gene percentage > 3% were filtered. Gene expres-
sion matrices were normalized to the total cellular unique molecular identifiers (UMIs) count. The normalized 
expression was scaled by regressing the total cellular UMI counts. After data normalization, all highly variable 
genes in single cells were identified after controlling for the relationship between average expression and disper-
sion. Subsequently, we performed a principal component analysis with variable genes as the input and identified 
significant principal components (PCs) based on the “jackstraw” function. Twenty PCs were selected as the 
input for uniform manifold approximation and projection.

Batch effect correction and cell type identification.  Since these data were obtained from different 
samples, the R package “Harmony” was used for batch correction (version 1.0) to prevent the batch effect from 
disrupting downstream analyses 12. At a resolution of 0.8, cells were clustered using the “FindClusters” function 
and classified into 28 different cell types. Next, we used the “FindAllMarkers” function to identify differentially 
expressed genes of each cell type. Cluster identification was performed based on the top differentially expressed 
genes of each cluster, and each gene was manually checked on the CellMarker database or in published articles 
to match the cell types.

Cell–cell interaction analysis.  To evaluate cell–cell interactions, the R package CellChat (version 1.1.3) 
was used to evaluate the expression of pairs of ligands and receptors within cell populations based on the data-
bases CellChatDB and STRINGDB13,14. The function “computeCommunProb” was used to calculate the com-
munication probability and infer the cellular communication network. The communication probability of a 
signaling pathway was computed by summarizing the probabilities of its associated ligand–receptor pairs and 
the communication probability here only represents the interaction strength and is not exactly a probability. The 
function “computeCommunProbPathway” was used to infer the cell–cell communication at a signaling pathway 
level, and the function “aggregateNet” was used to calculate the aggregated cell–cell communication network. 
The expression of key receptors in the human kidney were validated using the Human Protein Atlas15.
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Data availability
The datasets analysed during the current study are available in the GEO repository, GSE120410 and GSE129798.

Received: 27 April 2022; Accepted: 10 June 2022

References
	 1.	 Lu, R., Kiernan, M. C., Murray, A., Rosner, M. H. & Ronco, C. Kidney-brain crosstalk in the acute and chronic setting. Nat. Rev. 

Nephrol. 11(12), 707–719. https://​doi.​org/​10.​1038/​nrneph.​2015.​131 (2015).
	 2.	 Tanaka, S. & Okusa, M. D. Crosstalk between the nervous system and the kidney. Kidney Int. 97(3), 466–476. https://​doi.​org/​10.​

1016/j.​kint.​2019.​10.​032 (2020).
	 3.	 Nongnuch, A., Panorchan, K. & Davenport, A. Brain-kidney crosstalk. Critical Care (London, England) 18(3), 225. https://​doi.​org/​

10.​1186/​cc139​07 (2014).
	 4.	 Drube, J. et al. Clinical practice recommendations for growth hormone treatment in children with chronic kidney disease. Nat. 

Rev. Nephrol. 15(9), 577–589. https://​doi.​org/​10.​1038/​s41581-​019-​0161-4 (2019).
	 5.	 Wesson, D. E., Buysse, J. M. & Bushinsky, D. A. Mechanisms of metabolic acidosis-induced kidney injury in chronic kidney disease. 

J. Am. Soc. Nephrol. 31(3), 469–482. https://​doi.​org/​10.​1681/​asn.​20190​70677 (2020).
	 6.	 Veldhuis, J. D. Changes in pituitary function with ageing and implications for patient care. Nat. Rev. Endocrinol. 9(4), 205–215. 

https://​doi.​org/​10.​1038/​nrendo.​2013.​38 (2013).
	 7.	 Conroy, A. L. et al. Acute kidney injury is associated with impaired cognition and chronic kidney disease in a prospective cohort 

of children with severe malaria. BMC Med. 17(1), 98. https://​doi.​org/​10.​1186/​s12916-​019-​1332-7 (2019).
	 8.	 Kurella, M. et al. Chronic kidney disease and cognitive impairment in the elderly: The health, aging, and body composition study. 

J. Am. Soc. Nephrol. 16(7), 2127–2133. https://​doi.​org/​10.​1681/​asn.​20050​10005 (2005).
	 9.	 Wu, V. C. et al. The impact of acute kidney injury on the long-term risk of stroke. J. Am. Heart Assoc. https://​doi.​org/​10.​1161/​jaha.​

114.​000933 (2014).
	10.	 Grams, M. E. & Rabb, H. The distant organ effects of acute kidney injury. Kidney Int. 81(10), 942–948. https://​doi.​org/​10.​1038/​ki.​

2011.​241 (2012).
	11.	 Stuart, T. et al. Comprehensive integration of single-cell data. Cell 177(7), 1888-1902.e1821. https://​doi.​org/​10.​1016/j.​cell.​2019.​

05.​031 (2019).
	12.	 Korsunsky, I. et al. Fast, sensitive and accurate integration of single-cell data with Harmony. Nat. Methods 16(12), 1289–1296. 

https://​doi.​org/​10.​1038/​s41592-​019-​0619-0 (2019).
	13.	 Jin, S. et al. Inference and analysis of cell-cell communication using CellChat. Nat. Commun. 12(1), 1088. https://​doi.​org/​10.​1038/​

s41467-​021-​21246-9 (2021).
	14.	 Szklarczyk, D. et al. The STRING database in 2021: Customizable protein–protein networks, and functional characterization of 

user-uploaded gene/measurement sets. Nucleic Acids Res. 49(D1), D605-d612. https://​doi.​org/​10.​1093/​nar/​gkaa1​074 (2021).
	15.	 Uhlén, M. et al. Proteomics. Tissue-based map of the human proteome. Science 347(6220), 1260419. https://​doi.​org/​10.​1126/​scien​

ce.​12604​19 (2015).
	16.	 Haffner, D., Grund, A. & Leifheit-Nestler, M. Renal effects of growth hormone in health and in kidney disease. Pediatr. Nephrol. 

36(8), 2511–2530. https://​doi.​org/​10.​1007/​s00467-​021-​05097-6 (2021).
	17.	 Chin, E., Zhou, J. & Bondy, C. A. Renal growth hormone receptor gene expression: Relationship to renal insulin-like growth factor 

system. Endocrinology 131(6), 3061–3066. https://​doi.​org/​10.​1210/​endo.​131.6.​14466​40 (1992).
	18.	 Mertani, H. C., Delehaye-Zervas, M. C., Martini, J. F., Postel-Vinay, M. C. & Morel, G. Localization of growth hormone receptor 

messenger RNA in human tissues. Endocrine 3(2), 135–142. https://​doi.​org/​10.​1007/​bf029​90065 (1995).
	19.	 Scarpellini, A. et al. Syndecan-4 knockout leads to reduced extracellular transglutaminase-2 and protects against tubulointerstitial 

fibrosis. J. Am. Soc. Nephrol. 25(5), 1013–1027. https://​doi.​org/​10.​1681/​ASN.​20130​50563 (2014).
	20.	 Traustadóttir, G. et al. The imprinted gene Delta like non-canonical Notch ligand 1 (Dlk1) is conserved in mammals, and serves 

a growth modulatory role during tissue development and regeneration through Notch dependent and independent mechanisms. 
Cytokine Growth Factor Rev. 46, 17–27. https://​doi.​org/​10.​1016/j.​cytog​fr.​2019.​03.​006 (2019).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (81960139), and Guizhou Science 
and Technology Department (QKHPTRC2018-5636-2; QKHPTRC2020-2201; QKHJC2020-1Y304), Science and 
Technology Foundation of Guizhou Province ([2019]1194) and Science and Technology Foundation of Guizhou 
Provincial Health Commission (gzwjkj2019-1-107).

Author contributions
Y.D., Y.Z., and J.Y. conceived the project. Bioinformatics were performed by Y.D. with assistance from J.D., J.Y. 
and C.Z.. Y.D. wrote the manuscript with the help from all authors.

Funding
Science and Technology Foundation of Guizhou Province,[2019]1194,Science and Technology Founda-
tion of Guizhou Provincial Health Commission,gzwjkj2019-1-107,National Natural Science Foundation of 
China,81960139,Guizhou Science and Technology Department,QKHPTRC2018-5636-2; QKHPTRC2020-2201; 
QKHJC2020-1Y304.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​14680-2.

Correspondence and requests for materials should be addressed to J.Y. or Y.Z.

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

https://doi.org/10.1038/nrneph.2015.131
https://doi.org/10.1016/j.kint.2019.10.032
https://doi.org/10.1016/j.kint.2019.10.032
https://doi.org/10.1186/cc13907
https://doi.org/10.1186/cc13907
https://doi.org/10.1038/s41581-019-0161-4
https://doi.org/10.1681/asn.2019070677
https://doi.org/10.1038/nrendo.2013.38
https://doi.org/10.1186/s12916-019-1332-7
https://doi.org/10.1681/asn.2005010005
https://doi.org/10.1161/jaha.114.000933
https://doi.org/10.1161/jaha.114.000933
https://doi.org/10.1038/ki.2011.241
https://doi.org/10.1038/ki.2011.241
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
https://doi.org/10.1007/s00467-021-05097-6
https://doi.org/10.1210/endo.131.6.1446640
https://doi.org/10.1007/bf02990065
https://doi.org/10.1681/ASN.2013050563
https://doi.org/10.1016/j.cytogfr.2019.03.006
https://doi.org/10.1038/s41598-022-14680-2
https://doi.org/10.1038/s41598-022-14680-2
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11147  | https://doi.org/10.1038/s41598-022-14680-2

www.nature.com/scientificreports/

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

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

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

© The Author(s) 2022

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

	Single-cell RNA sequencing data analysis suggests the cell–cell interaction patterns of the pituitary–kidney axis
	Results
	Combination of pituitary and kidney single-cell transcriptomic data. 
	Exploration of pituitary and kidney cell–cell interaction patterns. 
	Most contributing ligand–receptor pairs between pituitary cell and other cell types. 
	GH, PTN, and DLK1 signaling network among all cell types. 

	Discussion
	Methods
	Data sources. 
	Single-cell raw data quality control. 
	Batch effect correction and cell type identification. 
	Cell–cell interaction analysis. 

	References
	Acknowledgements


