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Endocrine gland size is proportional
to its target tissue size

Moriya Raz," Tomer Milo," David S. Glass," Avi Mayo,’ and Uri Alon-2*

SUMMARY

Endocrine glands secrete hormones into the circulation to target distant tissues and regulate their func-
tions. The qualitative relationship between hormone-secreting organs and their target tissues is well es-
tablished, but a quantitative approach is currently limited. Quantification is important, as it could allow us
to study the endocrine system using engineering concepts of optimality and tradeoffs. In this study, we
collected literature data on 24 human hormones secreted from dedicated endocrine cells. We find that
the number of endocrine cells secreting a hormone is proportional to the number of its target cells. A sin-
gle endocrine cell serves approximately 2,000 target cells, a relationship that spans 6 orders of magnitude
of cell numbers. This suggests an economic principle of cells working near their maximal capacity, and
glands that are no bigger than they need to be.

INTRODUCTION

Hormones are regulatory molecules secreted by endocrine cells into the circulation where they affect target tissues.! Most hormones are
secreted by dedicated endocrine cells according to specific signals. Hormones are sensed by receptors in the cells of the target tissues,
and trigger metabolic, developmental and behavioral effects. Dysregulation of hormones underlies a wide range of pathologies, including
diabetes, reproductive disorders, and mood disorders.”*

Several specialized endocrine glands are found in humans, such as the hypothalamus and pituitary in the brain, the thyroid and parathyroid
atthe neck, the adrenal above the kidneys and the ovaries/testes. These secretory glands vary in size by many orders of magnitude, and so do
the tissues that they target.” Some hormones are secreted from non-dedicated endocrine cells such as liver and fat cells. The primary func-
tion of these cells is not hormone secretion, and therefore they devote only part of their resources to hormone production, and the rest to their
other functions.

Hormones vary in their structure, including protein/peptide, steroid, and catecholamine hormones.’ The physiological effects of hormones
are diverse, ranging from highly specific targets such as thyroid-stimulating hormone (TSH) that has a direct effect mainly on the thyroid
gland,” to hormones that affect virtually all nucleated cells in the body such as cortisol.” Some hormones provide homeostasis to key metab-
olites, such as the parathyroid hormone (PTH) that regulates the levels of calcium in the blood,® whereas others control acute responses to
stimuli, such as adrenaline in response to stress.” The range of effects of hormones in some cases is limited to a single system, such as the gut
enteroendocrine hormones that facilitate digestion of food (e.g., gastrin and secretin),®’ whereas in other cases their effect coordinates mul-
tiple systems, such as insulin that has metabolic effects on muscle, fat, liver, and other tissues.'”"" Endocrine systems also vary in their reg-
ulatory logic—some hormones are secreted under the control of neuronal stimulation, such as antidiuretic hormone (ADH),"? others are
secreted under the control of other hormones, such as the thyroid hormone tetraiodothyronine (T4) that is controlled by TSH'® and yet others
are secreted in response to metabolic signals, such as insulin that is secreted in response to elevated blood glucose."

Extensive molecular and anatomic knowledge exists for each hormone system.' Itis of interest to supplement this detailed knowledge with
principles that relate hormone systems in a quantitative way. Such quantitative characterization can facilitate the understanding of basic prin-
ciples of the endocrine system as a whole, and contribute to the field of systems endocrinology.”

One open question regards the diversity of sizes of endocrine glands—why do some glands have a small number of endocrine cells, such
as the 120 mg parathyroid glands that total about 107 PTH-secreting cells'*(BNID 111609),'® whereas other glands such as the 5.5 g adrenal
cortex is a thousand times bigger with about 100 cortisol-secreting cells (BNID 111609)'"'®? Since structure and function are linked in
biology,'” the answer to this question can reveal principles regarding the function of endocrine cells and organs.

To address this, we investigated the relationship between the number of hormone-secreting cells and the total number of target cells for
each hormone. We hypothesize that endocrine tissue size correlates with its target tissue size. Several possibilities exist—a slope of one would
mean isometric scaling, with a fixed number of target cells served by each endocrine cell. A slope different from one means diminishing or
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increasing returns with endocrine cell number—for example, large endocrine glands might conceivably have decreased vascularization and
thus each cell could serve fewer target cells than smaller glands.

RESULTS
Endocrine gland size is approximately proportional to the size of its target tissues

We considered a comprehensive set of 64 human hormones." "’ For each hormone, we used the literature to estimate the number of cells that
secrete it. We found this information for 45 hormones. To determine the target cell types of each hormone, we used the literature to deter-
mine the cells that express high levels of the receptor for the hormone and where the hormone has a documented physiological function
(Table 1). We then estimated the total number of cells in the target tissues. We derived such information for 29 hormones, which is the set
of hormones considered here. Of these, 26 are secreted by a dedicated cell type, and the remaining 3 are secreted by cell types with other
major functions (Figure 1).

Of the 26, we did not analyze two hormones further—thyroid hormone T3 (triiodothyronine) and noradrenaline. T3 is made from T4 (tet-
raiodothyronine) by deiodinases in many tissues and secreted in small amounts by the thyroid gland, and is thus an exception to most hor-
mones whose primary source is a dedicated cell type. Noradrenaline resembles adrenaline and therefore was not included to avoid
redundancy.

Details of the approach by which we estimated cell numbers are provided in the STAR Methods. In the minority of cases, we found data on
the number of cells in humans in the literature. For most tissues, we calculated the number of cells after investigation of histologic slides in
order to estimate the volume fraction occupied by the specific population of cells x (a number between zero and one). We used literature data
on mass per cell m (grams) and total tissue mass M (grams) to estimate cell numbers n = x M/m. The calculations are detailed in the STAR
Methods section.

We explored the relation between the number of secreting cells and the total number of target cells using linear regression on log cell
counts (Figure 2). We find that target cell number and secreting cell number are well correlated (R? =0.89, p<0.0001). The slope of the
log-log regression line is 0.95 with a 95% confidence interval of (0.82,1.05). The slope is close to one, suggesting isometric scaling. The ratio
of target to secreting cell numbers averages 1033495 This roughly corresponds to 2,000 target cells served by each dedicated endocrine cell.

Hormones secreted by cell types with a non-endocrine major function

We next investigated hormones secreted by cell types that are not dedicated endocrine cells. We focused on the hormone insulin-like growth
factor 1 (IGF-1) made primarily in the liver,”” and the adipocyte-secreted hormones leptin and adiponectin.®®' These cell types have other
major functions—hepatocytes secrete plasma proteins, detoxify the blood, and perform metabolic functions®'; Adipocytes store and release
fatty acids.®?

We plot the secreting and target cell numbers for these hormones in Figure 3. The hormones lie below the regression line of Figure 2. The
number of secreting cells is much larger per target cell than for the dedicated endocrine cell-types. If these hormones had obeyed the same
relation as the hormones in Figure 2, they would have target cell numbers that exceed the total number of nucleated cells in the human body
(dashed line in Figure 3).

DISCUSSION

We explored the relationship between the number of cells that secrete a hormone and the total number of cells in its target tissues. We find
that secreting and target cell numbers are proportional to a good approximation across about 6 orders of magnitude of cell numbers. Each
endocrine cell serves about 2,000 target cells. Hormones secreted by non-dedicated endocrine cells with other major functions lie below this
proportionality line, such that they serve fewer target cells per secreting cell.

The relationship we have discussed is a question of scaling and allometry, which is a widely studied topic including the mechanisms
that generate it.°® We find essentially isometric scaling of the sizes of glands and their targets (power law of one). This is scaling between

different organ systems within the same species (human). Most studies of scaling concern the relation between different species. For example,
67,68

64,65

endotherm organ sizes scale with body mass with isometry for fat and subisometry for brain and other organs (power laws smaller than 1).
Fractional scaling laws are found for metabolic rate and other properties with organism mass across species.®’

The proportionality of the number of secreting and target cells may stem from a maximal hormone production rate per endocrine cell. This
suggests that gland size evolved to be large enough to serve the size of its target tissues and no larger.

According to this principle, hormones secreted as a secondary function of a cell type (which has a non-endocrine major function) should lie
below the line—the secreting cell number should be much larger than its predicted target size. We find that this is the case for hormones
secreted by fat (e.g., leptin that targets mainly the brain™) and liver (IGF-1, targeting almost all nucleated cells in the body™®) that have
secreting cell numbers of 100 — 10" cells; their targets, however, are much smaller than the 10" — 10™ cells that would be predicted by
the proportionality line in Figure 2. This exceeds the total number of nucleated cells in humans, about 5 x 10'? cells.®?

The current study focused on cell number. [t would be intriguing to explore whether linear scaling is seen when considering total cell mass
instead of cell number. This is because cells can vary in mass. Muscle cells, fat cells, and neurons can be hundreds of times more massive than a
typical cell.'® The proportionality in terms of number of cells may indicate that an important factor is gene regulation rather than cytoplasmic
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Table 1. Hormone-secreting and target cell numbers

Hormone

Secreting cell

Major target tissues

Secreting cell
number

Total target cell number

Adiponectin (secreted from

non-dedicated endocrine

cells)
Adrenaline

Adreno-corticotropic
hormone (ACTH)

Aldosterone

Androgen (male)

Cholecystokinin (CCK)

Corticotropin-releasing
hormone (CRH)

Cortisol

Estrogen—female

Estrogen—male

Follicle-stimulating

hormone (FSH)—female

Follicle-stimulating

hormone (FSH)—male

Gastrin

Adipocytes®’

Chromaffin cells (adrenal medulla)

Corticotrophs (anterior pituitary)'”

Zona glomerulosa (adrenal cortex)?*

Leydig cells (testicles)”®

I-cells located mostly in the

duodenum and jejunum?'

Parvocellular neurosecretory cells

(in the paraventricular nucleus
of the hypothalamus)**
Zona fasciculata (adrenal cortex)*

Granulosa cells of the ovaries®®

Leydig cells (testicles)®’

Gonadotrophs (anterior pituitary)*’

Gonadotrophs (anterior pituitary)®’

G-cells (stomach)*”

7,22

Mainly skeletal muscle cells and

hepatocytes (liver)?'

All nucleated cells in the body**

Adrenal cortex (mostly zona fasciculata

and zona glomerulosa)'’

Epithelial cells in the distal tubules
and collecting ducts of the kidneys,

cardiomyocytes, and cardiac fibroblasts®

Adipocytes, skeletal muscle cells,
several brain areas, seminiferous
ducts epithelial cells, Leydig cells
and epididymis glandular cells,
glandular cells inside seminal

vesicle?’ ¢

Pancreatic acinar cells, cholangiocytes

in the liver and gallbladder smooth

muscle cells®?

Corticotrophs (anterior pituitary)34

All nucleated cells in the body**
Vagina, fallopian tubes, uterine
endometrium, uterine cervix,
breast, smooth muscle, zona
reticularis of the adrenal glands
and endothelial cells*®
Testicles, seminal vesicles,
prostate, penis and

endothelial cells®®

Granulosa cells (ovaries), secretory
endometrium during the luteal
phase (uterus)*”

Sertoli cells (testicles)*’

Parietal cells (stomach), acinar

cells (pancreas)8

5.2 % 101 (1)

2 % 107 (H,L)

107 (L)

6 x 108 (H,L)

107 (H,L)

3.3 x 108 (L,H)

10% (L)

4.5 x 107 (H,1)

9.3 x 108 (H,L)

Leydig cells-
107 (H,L)

4 x 10 (L)

4% 108 (L)

107 (L)

skeletal muscle cells: 1.4 x 10" (H,L) hepatocytes:
2x 10" (H,L)

92UBI0GI

5% 102 (1)
5 %107 (H, L)

Epithelial cells in the distal tubules and collecting ducts of

the kidneys: 4 x 10'° (H,L), cardiac fibroblasts- 3 x 10" (H,L),
cardiac myocytes: 2.5 x 107 (L)

Adipocytes: 5.2 x 101 (L), skeletal muscle cells: 1.4 x 10"
(H,L) As these two population of cells outnumber the

other target tissues by several orders of magnitude,

we used their combined number as the number of

target cells

Pancreatic acinar cells: 9 x 107 (H,L), cholangiocytes in
the liver: 8 x 107 (L), smooth muscle cells in the
gallbladder, 1.5 x 10" (H,L)

107 (L)

5% 102 (1)
Vagina: 1.5 x 107 (H,L), fallopian tubes: 2 x 100 (H,L),

uterine endometrium: 2.4 x 10'° (H,L), uterine cervix: 2 x 10?
(H,L), breast- 3.5 x 10" (H,L), smooth muscle: ~ 3 x 10° (L),
zona reticularis: 0.6 x 107 (H,L), endothelial cells: 6 x 10" (L)

Testicles: 5.5 x 107 (H,L), seminal vesicles: 7 x 10® (H,L),
prostate: 5.5 x 107 (H,L), penis: 8 x 10" (H,L), endothelial
cells: 6 x 10" (L)

Granulosa cells: 9.3 x 108 (H,L), secretory endometrium
during the luteal phase: 1.6 x 10" (H,L)
107 (H,L)

Parietal cells: 107 (L), pancreatic acinar cells: 9 x 107 (H,L)

(Continued on next page)
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Table 1. Continued

Secreting cell

Hormone Secreting cell Major target tissues number Total target cell number

Glucagon Alpha cells (pancreas)*’ Hepatocytes (liver)** 6.3 x 108 (L) 2x 10" (L)

Gonadotropin-releasing Medial preoptic nucleus Gonadotrophs (pituitary)45 1.7 x 103 (L) 4 x 108 (H,L)

hormone (GnRH) (hypothalamus)45

Growth hormone (GH) Somatotrophs (pituitary)‘“’ Hepatocytes (liver) and adipocytes30 4 %107 (L) Hepatocytes: 2 x 10" (), adipocytes:
5.2 x 10'° ()

Insulin-like growth factor 1 Hepatocytes (liver)*” All nucleated cells in the body48 2 x 10" (L) 5x 10'2 (L)

(IGF-1) (secreted from

non-dedicated endocrine

cells)

Insulin Beta cell (pancreas)'™""*? Hepatocytes (liver), skeletal muscle 107 (L) 6 x 10" (L,H)

Leptin (secreted from
non-dedicated endocrine

cells)

Luteinizing hormone
(LH)—female

Luteinizing hormone
(LH)—male

Progesterone—female

Prolactin

Secretin

Thyrotropin-releasing
hormone (TRH)

Thyrotropin-stimulating
hormone (TSH)
Thyroxine (T4)

Adipocytes™

Gonadotrophs (anterior pituitary)”’

Gonadotrophs (anterior pituitary)”’

Granulosa cells after ovulation (ovary,

Lactotrophs (anterior pituitary)54

S-cells (duodenum)®®

Parvocellular neurosecretory cells
(located in the paraventricular
nucleus of the hypothalamus)®”

Thyrotrophs (anterior pituitary)46

Follicular cells (thyroid)®

)53

cells and adipocytes '

Hypothalamus®°

Theca cells (ovaries), interstitial and

mature granulosa cells (ovaries)™

Leydig cells (testicles)*”

Fallopian tubes, uterine endometrium,

uterine cervix, breast and smooth

muscle®®

Mammary gland cells (breast), B-cells
(pancreas), adipocytes, B cells

and T cells (immune system)54

Parietal cells (stomach), ductal cells

(pancreas) and cholangiocytes™>°

Thyrotrophs (anterior pituitary)®”

Follicular cells (thyroid gland)5

All nucleated cells in the body'®

5.2 % 101 (1)

4 x 10 (L)

4% 108 (1)

9.3 x 108 (H,L)

1.2 %107 (L)

2.8 x 107 (H,L)

10% (L)

4 x 10° (L)

4% 108 (L)

2% 107 (H,L)

Ovarian theca cells and interstitial and
mature granulosa cells 3 x 107 (H,L)

107 (H,L)

Fallopian tubes: 2 x 100 (H,L), uterine
endometrium: 2.4 x 10'° (H,L), uterine
cervix: 2 x 10° (H,L), breast: 3.5 x 10"
(H,L), smooth muscle cells: ~ 3 x 107 (L)
Breast mammary cells: 3.5 x 10" (H,L),
pancreatic B-cells: 107 (L), adipocytes- 5.2 x 10'°
(L), B cells: 10" (L), T cells:

4 x 10" (L)

Parietal cells: 107 (L), pancreatic ductal
cells: 100 (L), cholangiocytes: 8 x 10° (L)
4% 104 (L)

2.5 % 107 (H,L)

5% 102 (1)

L: cell number estimate found in literature, see “STAR Methods” for references, H: cell number estimated from histology, see “STAR Methods” for references. Calculations of the number of cells are detailed in

the “"STAR Methods” section.
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64 human hormones

Secreting cell number
available?

19 hormones

Yes
45 hormones

Target cell number
available?

16 hormones

Yes
29 hormones

Secreted by
endocrine
dedicated cell

type?

No Yes
3 hormones 26 hormones

Figure 1. Hormone selection process

biomass effects. In this regard, tissues with multinucleated cells, such as osteoclasts and aged liver cells, may result in deviations from pro-
portionality, which is a direction for future research.

The number of cells in many endocrine glands is not constant over time in adults. Regulatory circuits can increase and decrease the number
of cells in a controlled way.”® For example, TSH can cause thyroid cells to proliferate, causing goiter.”" Similarly, adreno-corticotropic hor-
mone (ACTH) can cause proliferation of adrenal cortex cells.”” These gland-mass control circuits have recently been analyzed and shown
to provide compensation ability to endocrine circuits.”””’? Cell population size can grow and shrink, and thus secrete more and less hormone
respectively, to compensate for changes in physiological parameters.” These changes, however, are much smaller than the range of gland
sizes studied here, and thus should not strongly affect the proportionality in Figure 2.

It would be interesting to compare these results in humans with other organisms—if scaling is found in several different organisms, one
may hypothesize that it is a universal feature of endocrine systems. Current data on cell counts in mice and other organisms are not sufficiently
extensive. Repeating the present analysis in other organisms is thus a challenge for future work. Recent advances signal the availability of large
scale data in other species in the near future, such as a study on the hormone network of the mouse lemur.”®

[twould also be interesting to explore a given organism at different developmental stages, at different ages and across states of health and
disease.

In summary, despite the diversity in hormone biology, a regularity emerges in which secreting cell number is proportional to the total cell
number of the hormone’s target tissues. This suggests a fixed capacity of production per endocrine cell, where an endocrine cell serves about
2,000 target cells. It would be interesting to explore additional principles to deepen our understanding of systems endocrinology.

Limitations of the study

This study used data from the literature or from histologic slides for the number of secreting and target cells, without differentiating between
sexes or other possible confounders because of the limited amount of data available. It may be problematic to fit a statistical model such as

iScience 27, 110625, September 20, 2024 5
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adrenaline @@~ cortisol

prolactin estrogen female

estrogen male
progesterone female
insulin

androgen male

glucagon
aldosterone

CCK

o

GH

,_§_<

secretin

FSH female

+ gastrin

>

ACTH
LH female

LH male

©

FSH male

o

logjg(number of target cells)

5 6 7 8
logjo(number of secreting cells)

Figure 2. The number of cells that secrete a hormone is approximately proportional to the total number of its target cells

Secreting versus target cell numbers for 24 hormones secreted by dedicated cell types. Regression line and 95% Cl are shown in blue, R? = 0.89, p<0.0001. The
slope of the log-log regression line is 0.95 with a 95% confidence interval of (0.82,1.05), which suggests isometric scaling. The ratio of target to secreting cell
numbers averages 10%3%0%_ This roughly corresponds to 2,000 target cells served by each dedicated endocrine cell. Error bars represent a log normal noise
model with a dispersion factor of two. ACTH, adrenocorticotropic hormone; CCK, cholecystokinin; CRH, corticotropin-releasing hormone; FSH, follicle-
stimulating hormone; GH, growth hormone; GnRH, gonadotropin-releasing hormone; LH, luteinizing hormone; TRH, thyrotropin-releasing hormone; TSH,
thyroid-stimulating hormone; T4, tetraiodothyronine.

linear regression to means as if they were raw data, an issue known as "aggregated data analysis” or “ecological regression” that in some
cases can lead to biases.”’® Since data are scarce, we could not estimate the distribution of values in the population; future work on cell
numbers from many individuals can help to address this.

=

prolactin estrogen female
® -y estrogen male .
12 - GH @< progesterone female adiponectin
> @ insulin
~-0—

]
~®=-@-androgen male

secretin
o)

+~®— aldosterone
]
CCK

FSH female

o

FSH male

©

leptin

logjg(number of target cells)

3 4 5 0 " 12

6 7 8 9 1
log(number of secreting cells)

Figure 3. Secreting versus target cell numbers for hormones secreted by cell types that have other major functions

The hormones IGF-1, adiponectin and leptin are shown in red, the hormones of Figure 2 in gray. Dashed line is the total number of nucleated cells in the human
body,** and the regression line was extrapolated using the regression in Figure 2 (red). Error bars represent log normal variation with dispersion of 2. ACTH,
adrenocorticotropic hormone; CCK, cholecystokinin; CRH, corticotropin-releasing hormone; FSH, follicle-stimulating hormone; GH, growth hormone; GnRH,
gonadotropin-releasing hormone; IGF-1, insulin-like growth factor 1; LH, luteinizing hormone; TRH, thyrotropin-releasing hormone; TSH, thyroid-stimulating
hormone; T4, tetraiodothyronine.
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Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o METHOD DETAILS
O Analysis of endocrine systems
o QUANTIFICATION AND STATISTICAL ANALYSIS
O Cell number analysis

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/}.isci.2024.110625.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Number of hormone secreting and target cells  This paper https://github.com/moriyaraz/Endocrine-gland-size-is-proportional-to-its-target-tissue-size

Software and algorithms

Python program for analyzing the data This paper https://github.com/moriyaraz/Endocrine-gland-size-is-proportional-to-its-target-tissue-size

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Uri Alon (uri.alon@weizmann.
ac.il).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e Python code including the database needed to reconstruct the analysis and figures is provided in the GitHub repository and publically
available as of the date of publication: https://github.com/moriyaraz/Endocrine-gland-size-is-proportional-to-its-target-tissue-size.
e Detailed resources and calculations of different numbers of secreting and target cells are listed below in the ‘method details’ section.
e Any additional information required to reanalyze the data reported in this paper is available from lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Data regarding the identity and the number of hormone secreting and target cells in humans was collected from the literature and from a
medical database.' "%

METHOD DETAILS

Analysis of endocrine systems

We aimed in this work to produce a list of all human hormones for which the number of secreting and target cells are known or could be
estimated to a reasonable accuracy. Of the known human hormones,”° we selected those with a well-defined cell of origin. We separately
considered hormones made by dedicated cells whose major function is to produce and secrete the hormone, and hormones made by cells
which have other major functions than hormone production, such as fat (adipocyte) or liver (hepatocyte) cells. We did not include hormones
for which we could not find or estimate (as explained below) reliable values for the number of secreting cells. This includes oxytocin, GHRH,
vasopressin, GLP, Ghrelin and motilin which we excluded.

For the remaining hormones, we searched the literature to find their target tissues. We defined the target cell types for each hormone
using the following criteria: 1. Cells that express the receptor for the hormone at a high level and 2. Cells where the hormone has a docu-
mented physiological function. We excluded cell types where the receptor is expressed but no physiological function is known. This includes
cases where the hormone has only known pathophysiological effects - for example TSH receptors are found in the eye orbital muscles, but
have a known effect only in cases of hyperthyroidism such as Graves disease.”” We also excluded hormones for which we could not find the
specific identity of their target cell types, such as melatonin.

For hormones that were selected according to the criteria stated above, we searched the literature for the number of secreting and target
cells. In cases of hormones for which we could not find an explicitly reported estimation of the secreting or target cell numbers, we used his-
tologic slides in order to estimate the volume fraction occupied by the relevant population of cells, x (a number between zero and one). We
then used literature data on mass per cell m (grams) and total tissue mass M (grams) to estimate cell numbers n = x M/m. Two independent
investigators with knowledge in histology inspected the histologic slides, and in places where there was disagreement between estimations
beyond a factor of 2, without the ability to reach a consensus, we did not include the hormone in the study. Also, in places where one of the
investigators reported uncertainty in estimates above factor 2, the hormone was excluded. This was the case for most hormones that target
the kidneys, whose complex anatomy makes the estimations of its specific cell populations difficult. In cases where we found multiple liter-

ature estimates of tissue or cell mass we used their geometric average.”
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In Table ST we provide a detailed list of all human hormones that we found, including explanations for those not included in Figures 2 and
3. We provide here a detailed account of the estimation process for each hormone, including hormones that were not included. For further
details regarding the selection process see also Figure 1.

m

Adrenaline- secreted from chromaffin cells in the adrenal medulla’ and targets all nucleated cells in the body.”* We estimated the
number of chromaffin cells, 2 107, using total adrenal mass, =8.5 gr, multiplied by the fraction of chromaffin cells, 0.25, estimated
using the literature and histologic slides.?""*” We used an average weight of 10~7 gr for each cell (BNID 111609).' The number of
nucleated cells in an adult human of average height and weight is 5 10'2.%®

Adrenocorticotropic hormone (ACTH)- secreted from corticotrophs in the anterior pituitary, and targets the adrenal cortex (mostly
zona fasciculata and zona glomerulosa).W The number of corticotrophs, 107, is known from the literature.?® We estimated the number
of target cells, 5 107, using the total weight of the adrenal glands, =8.5 gr,"” multiplied by the portion that these layers of the adrenal
cortex occupy from it, =0.6 relevant layers of cortex/adrenal, estimated from histologic slides.”’** We used an average cell weight
of 1077 gr BNID 111609)'® in order to calculate the number of cells per given mass of tissue.

Aldosterone- secreted from zona glomerulosa cells in the adrenal cortex and targets epithelial cells in the distal tubules and collect-
ing ducts of the kidneys and also cardiomyocytes and cardiac fibroblasts.”**> We estimated the number of zona glomerulosa cells,
6108, using the total weight of the adrenal glands, =8.5 gr,'” multiplied by the portion that zona glomerulosa cells occupy from the
adrenal glands-=0.06 zona glumerolosa/adrenals, estimated using histologic slides.®’®> We estimated the number of epithelial
cells in the distal tubules and collecting ducts cells in the kidneys, 4 10'°, and the number of cardiac fibroblasts, 3 10'°, using the
weight of the organs, kidneys-240 gr and heart- 320 gr as known in the literature®™ multiplied by the portion that the relevant pop-
ulation of cells occupy from the entire organ- =0.15 epithelial cells in the distal tubules and collecting ducts of the kidneys/kidneys,
=0.1 cardiac fibroblasts/heart, estimated from histologic slides.®’ The number of cardiac myocytes, 2.5 107, is known in the litera-
ture.® We used an average cell weight of 1077 gr (BNID 111609)'® in order to calculate the number of cells per given mass of tissue.
Androgen (male)- secreted from testicular Leydig cells?® and targets aolipocytes,77 skeletal muscle cells,”® several brain areas,”” sem-
iniferous ducts epithelial cells, Leydig cells and epididymis glandular cells located inside the testicles, and also the glandular cells
located in the seminal vesicles.”” We estimated the number of testicular Leydig cells, 10%, using the total weight of the testicles,
11 gr, multiplied by the portion that they occupy from it- =0.1 Leydig cells/testicles, estimated from histologic slides.®’ We used
an average cell weight of 10~ gr (BNID 111609)'® in order to calculate the number of cells per given mass of tissue. The number
of adipocytes, 5.2 109, is known in the literature (BNID 103488)."° We estimated the number of skeletal muscle cells, 1.4 10", using
their percentage from total body mass- 40%, from which about half is occupied by stroma. Total body mass of an averaged size hu-
man adult male is =70 kg as known in the literature.®’*” As muscle cells are about two orders of magnitude bigger than the average
cell according to histologic slides (taking into consideration that they have hundreds of nuclei),'*®""° we used an average cell weight
of 1077 gr in order to calculate the number of muscle cells per given mass of tissue. Because adipocytes and skeletal muscle cells
outnumber other target cell populations by several orders of magnitude, we used their combined estimated number as the estimated
number of target cells.

Cholecystokinin (CCK)- secreted from | cells located mostly in the duodenum and jejunum,*’ and targets pancreatic acinar cells, he-
patic bile producing cells and gallbladder smooth muscle cells.*” We estimated the number of | cells using data on their portion, =
6.3 1073, from all cells lining the proximal intestine, as analyzed in sections of human duodenal-jejunal junction using Visium (ltzkovitz
lab, unpublished), multiplied by the number of epithelial cells lining the duodenum and jejunum, 4.78 107 and 4.78 10'° respectively
(explanation is supplied below), to obtain 3.3 108 cells. We estimated the number of epithelial cells in the duodenum and jejunum
using the number of epithelial cells in the small intestine, 0.11 10'2, known in the literature,”’ multiplied by the portion occupied
by the duodenum and jejunum, 0.04 and 0.4 respectively, estimated according to their length.”> The number of pancreatic acinar
cells, 9 10?, was estimated using their diameter of 20um and their portion from total pancreatic volume, 85%,* given that the weight
of an adult pancreas is 100 gr as known from the literature.” The number of cholangiocytes, 8 107 , was estimated using their portion
from other liver cells, which is 3 — 5% from 2 10"" cells, according to the literature.””® We estimated the number of smooth muscle
cellsin the gallbladder, 1.5 10'°, using the total average weight of the gallbladder (empty from bile) which is on average 45 gr,”” muilti-
plied by the portion occupied by the muscularis layer, =0.3, estimated from histologic slides.®’ We considered an average weight of
1077 gr for one smooth muscle cell of the gallbladder in order to calculate the number of cells per given mass of tissue, as it is about
the same size as an average cell according to histologic slides.'®*’

Corticotropin-releasing hormone (CRH)- secreted from parvocellular neurosecretory cells located in the paraventricular nucleus of
the hypothalamus®® and targets corticotrophs located in the anterior pituitary.>* The number of CRH secreting neurons, 10%, and
corticotrophs, 107, is known in the literature.®>?’

Cortisol- secreted from cells in the zona fasciculata of the adrenal cortex” and targets all nucleated cells in the body.*® We estimated
the number of cells in the zona fasciculata, 4.5 10, using the total weight of the adrenal glands, =8.5 gr,'” multiplied by the portion
occupied by the zona fasciculata, =0.5 zona fasciculata/adrenals, estimated using histologic slides.®’ We used an average cell
weight of 1077 gr (BNID 111609)'® in order to calculate the number of cells per given mass of tissue. The number of nucleated cells
in an adult human of average height and weight is 5 102

Estrogen- in females, estrogen is produced mainly in granulosa cells of the ovaries™ and targets the vagina, fallopian tubes,
endometrium, uterine cervix, breast, smooth muscle, zona reticularis of the adrenal glands and endothelial cells.®® In males
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estrogen is produced in testicular Leydig cells’ and targets the testicles, seminal vesicles, prostate, penis and endothelial cells.*® We
estimated the number of secreting and target tissue cells using the weight of each of the organs as found in the literature: ovaries- 6 gr,
testicles- 11 gr, vagina- 3 gr, fallopian tubes- 40 gr, uterus- 60 gr, uterine cervix- 4 gr, breast- 700 gr, adrenal glands- 8.5 gr, seminal
vesicles- 7 mg, prostate- 11 gr and penis- 160 gr),'*®”?%'%* multiplied by the portion occupied by the relevant population of cells
(when indicated), as estimated from histologic slides: ovarian granulosa cells — 0.15 relevant tissue mass/ total mass of ovaries,
uterine endometrium — 0.4 relevant tissue mass/total organ mass, uterine cervix — 0.05 relevant tissue mass/total organ mass,
breast — 0.5 parenchyma/total tissue mass, adrenal zona reticularis — 0.05 relevant tissue mass/total organ mass,
testicular Leydig cells — 0.1 relevant tissue mass/total organ mass.’ When an entire organ was involved, we included only half of its
weight as it is on average the part occupied by stroma components, as known from the literature.’” We used an average cell weight
of 1077 gr (BNID 111609)'® in order to calculate the number of cells per given mass of tissue. Thus we obtained: granulosa cells of
the ovaries- 9.3 108 cells, vagina- 1.5 107 cells, fallopian tubes- 2 10'0 cells, uterine endometrium- 2.4 10'° cells, uterine cervix-
2107 cells, breast- 35 10'° cells, zona reticularis-0.6 107 cells, testicular Leydig cells- 107 cells, testicles- 5.5 107 cells, seminal vesicles-
7 10° cells, prostate- 5.5 107 cells, penis-8 10'° cells. The number of smooth muscle cells, ~ 3 107 , and the number of endothelial cells,
610", was found in the literature.®*'®

Follicle-stimulating hormone (FSH)- secreted from gonadotrophs in the anterior pituitary.”” In females, FSH targets ovarian
granulosa cells'® and the secretory endometrium during the luteal phase.”® In males, FSH targets testicular sertoli cells.”’ We esti-
mated the number of gonadotrophs using the number of corticotrophs, 107, and their ratios among anterior pituitary endocrine cells-
corticotroph — 10 — 15%, gonadotrophs — 5%,” to obtain 4 10 cells. We estimated the number of target cells using the weight of
the organs: ovaries- 6 gr, uterus- 60 gr, testicles- 11 gr, known in the literature,””'°"1% multiplied by the portion of the relevant pop-
ulation of cells: ovarian granulosa cells — 0.15 relevant mass/total mass of ovaries, secretory endometrium of uterus — 0.25
relevant mass/total mass of uterus. testicular sertoli cells— 0.1 relevant mass/total mass of testicles, estimated using histologic
slides.®” We used an average cell weight of 102 gr (BNID 111609)' in order to calculate the number of cells per given mass of tissue.
Thus we obtained the following numbers: granulosa cells of the ovary- 9.3 108 cells, secretory endometrium during the luteal phase-

1.6 10" cells, testicular sertoli cells- s107 cell.

Gastrin- secreted from stomach G -cells*® and targets stomach parietal cells and pancreatic acinar cells.® The number of stomach
G-cells, 107, and stomach parietal cells, 107, is from the literature.'”’'%® The number of pancreatic acinar cells, 9 107, was estimated
using their diameter, 20um, their fraction from total pancreatic volume, 85%,”* and the weight of an adult pancreas, 100 gr.”* We used
an average cell weight of 10~% gr (BNID 111609)'® in order to calculate the number of cells per given mass of tissue.

Glucagon- secreted from pancreatic alpha cells’® and targets liver hepatocytes.”* We estimated the number of pancreatic alpha cells,
6.3 108, using the portion of pancreatic islets occupied by this population of cells compared to the part occupied by pancreatic beta
cells, 35% : 55%,""” using the number of pancreatic beta cells, 10°.""° The number of liver hepatocytes, 2 10", is from the literature.”
Gonadotropin-releasing hormone (GnRH)- secreted from the medial preoptic nucleus of the hypothalamus and targets pituitary go-
nadotrophs.”® The number of GnRH secreting neurons, 1.7 103, is known from the literature.'"’ We estimated the number of gona-
dotrophs using the number of corticotrophs, 107,% and their ratios among anterior pituitary endocrine cells- corticotroph — 10 — 15%,
gonadotrophs — 5%,” to obtain s4 10° cell.

Growth hormone (GH)- secreted from pituitary somatotrophs™® and targets mainly liver hepatocytes and adipocytes.* We estimated
the number of somatotrophs using the number of corticotrophs, 107,%* and their ratios among anterior pituitary endocrine cells-
corticotroph — 10 — 15%, somatotrophs — 50%,”” to obtain 4 107 cells. The number of liver hepatocytes and adipocytes, 2 10"
and 5.2 10'° respectively, is in the literature” (BNID 103488)."°

Insulin- secreted from pancreatic beta cells, and targets liver hepatocytes, skeletal muscle cells and fat cells."®""? The number of
beta cells, 107, and liver hepatocytes, 2 10'" | is known in the literature.”>'%” We estimated the number of skeletal muscle cells,
1.4 10", using their percentage from total body mass, 40%, from which about half is occupied by stroma.®” Total body mass of
an averaged size human adult male is =70 kg.?’*® As muscle cells are about two order of magnitude bigger than the average cell
according to histologic slides (taking into consideration that they have hundreds of nuclei),'**"”°
of 1077 gr in order to calculate the number of muscle cells per given mass of tissue. The number of adipocytes, 5.2 100, is in the
literature (BNID 103488)."¢

Luteinizing hormone (LH)- secreted from gonadotrophs located in the anterior pituitary.”’ In females, LH targets ovarian theca

cells and interstitial and mature granulosa cells. In males, LH targets testicular Leydig cells.”’ We estimated the number of
07,

we used an average cell weight

gonadotrophs using the number of corticotrophs, 1
10— 15%, gonadotrophs — 5%,°° to obtain 410° cells. We estimated the number of target cells in females and males
using the weight of the organs, ovaries- 6 gr and testicles-11 gr,'°""% multiplied by the portion occupied by the relevant
cells, ovarian theca and interstitial and mature granulosa cells — 0.5 relevant mass/total mass of ovary, testicular Leydig cells —
0.1 relevant mass/total mass of testicles, estimated using histologic slides.®’ We used an average cell weight of 107 gr (BNID
111609)'® in order to calculate the number of cells per given mass of tissue. Thus, we obtained the following estimates: ovarian theca
cells and interstitial and mature granulosa cells-3 107 cells, testicular Leydig cells- 107 cells.

Progesterone- in females progesterone is secreted by ovarian granulosa cells after ovulation and targets the fallopian tubes, uterine
endometrium, uterine cervix, breast and smooth muscle.’® We estimated the number of secreting and target tissue cells

and their ratios among anterior pituitary endocrine cells- corticotroph —
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using the total weight of the organs: ovaries- 6 gr, fallopian tubes- 40 gr, uterus- 60 gr, uterine cervix- 4 gr, breast- 700 gr, as known
in the literature,'®!7 7897101106112 myltiplied by the portion of relevant cells: ovarian granulosa cells — 0.15
relevant mass/total mass of organ, uterine endometrium — 0.4 relevant mass/total mass of organ, breast — 0.5 relevant mass
(parenchyma)/total mass of organ, using histologic slides.®’ We used an average cell weight of 107 gr (BNID 111609)'¢ in order
to calculate the number of cells per given mass of tissue. Thus we obtained the following numbers: granulosa cells of the ovaries-
9.3 108 cells, fallopian tubes- 2 10'° cells, uterine endometrium- 2.4 10'° cells, uterine cervix- 2 10° cells, breast- 35 10'° cells. The
number of smooth muscle cells, ~ 3107 , is known in the literature.®

Prolactin- secreted from pituitary lactotrophs and targets breast mammary gland cells, pancreatic B-cells, adipocytes and B- and
T-cells.>* We estimated the number of pituitary lactotrophs using the number of corticotrophs, 107, and their ratios among anterior
pituitary endocrine cells- corticotroph — 10 — 15%, lactotrophs — 15%,” to obtain 1.2 107 cells. We estimated the number of breast
mammary cells, 3.5 10", as total breast tissue weighs about 700 gr on average, but only about 50% is parenchymal tissue.®” We used
an average cell weight of 10=7 gr (BNID 111609)'® in order to calculate the number of cells per given mass of tissue. The number of
pancreatic B-cells, 107, and adipocytes, 5.2 10'°, are both known in the literature (BNID 103488)."%"% The number of B- cells and
T-cells are 10" and 4 10" respectively, also mentioned in the literature.®

Secretin- secreted from S cells of the duodenum, located in the intestinal glands55 and targets the parietal cells of the stomach,
ductal cells of the pancreas and cholangiocytes.”™® The number of S cells, 2.8 107, was estimated using the fraction of S cells

among duodenal epithelium cells which is 0.006, as known in the literature,’ "

multiplied by the number of epithelial cells in the du-
odenum, 4.8 107. We estimated the number of epithelial cell in the duodenum using the portion of the duodenum from the small
intestine, 0.04, calculated according to its length” multiplied by the number of epithelial cells in the small intestine, 0.11 10'2, known
from the literature.”’ The number of stomach parietal cells, 107 , is known in the literature.'® Pancreatic ductal cells are the most
numerous target and amount to about 100 cells as they comprise about 10% from the 100 gr weight of the pancreas.”''* The num-
ber of cholangiocytes, 8 107, was estimated using their portion from other liver cells, which is 3 — 5% from 2 10" cells, according to
the literature.””°

Thyrotropin-releasing hormone (TRH)- secreted from parvocellular neurosecretory cells located within the paraventricular
nucleus of the hypothalamus and targets thyrotrophs in the anterior pituitary.”” The number of TRH secreting neurons, 107,
is known from the literature.”” In order to estimate the number of pituitary thyrotrophs we used the number of corticotrophs
107 and the proportion of endocrine cells in the anterior pituitary- corticotroph — 10 — 15%, thyrotrophs — 5%, to obtain 4 10¢ cells.
Thyrotropin-stimulating hormone (TSH)- secreted from pituitary thyrotrophs*® and targets mainly thyroid follicular cells.” In order to
estimate the number of pituitary thyrotrophs we used the number of corticotrophs, 107 , and the proportion of endocrine cells in the
anterior pituitary- corticotroph— 10— 15%, thyrotrophs — 5%, to obtain 4 10¢ cells. In order to estimate the number of thyroid
follicular cells, 2.5 10%, we used the total weight of an average adult thyroid gland, 25 gr,""® multiplied by the portion occupied by
follicular cells, 0.1, as estimated from histologic slides.®’ We used an average cell weight of 102 gr (BNID 111609)'® in order to calcu-
late the number of cells per given mass of tissue.

Thyroxine (T4)- secreted from thyroid follicular cells® and targets all nucleated cells in the body.w3 In order to estimate the number of
pituitary thyrotrophs we used the number of corticotrophs, 107, and the proportion of endocrine cells in the anterior pituitary-
corticotroph — 10 — 15%, thyrotrophs — 5%, to obtain 4 10¢ cells. The number of nucleated cells in an adult human of average
height and weight is 5 10'2.°° Note that T3 is made from T4 by deiodinases in many tissues, and is secreted in small amounts by
the thyroid; hence it is unlike T4 and not included in Figure 1.

Examples of main hormones not included in Figure 2.

m

Antidiuretic hormone (ADH, also known as vasopressin)- secreted from magnocellular neurosecretory cells in the posterior pituitary

(neuronal projections that arise in the parvocellular neurosecretory neurons in the hypothalamus) and targets cells in the kidneys and
in blood vessels.'”'"® Estimation of most cellular components in the kidneys is difficult as they are highly variable between different
individuals and because their spatial structure makes their estimation from histologic slides very difficult.

Adiponectin (included in Figure 2)- secreted from adipocytes and targets mainly skeletal muscle cells and liver hepatocytes.”’ As the

main function of adipocytes isn't endocrine, we did not include the hormone in Figure 2. Because the number of secreting and target
cells is known from the literature, we included the hormone in Figure 3.

Calcitonin- secreted from thyroid parafollicular cells and targets osteoclasts in the bone and tubular cells in the kidneys."""” Estima-
tion of most cellular components in the kidneys is difficult as they are highly variable between different individuals and because their
spatial structure makes their estimation from histologic slides very difficult.

Enteroendocrine hormones (list not provided here)- from this family of hormones, we included only those for which we could supply a

fare estimation for the population of secreting cells, as their estimation was challenging due to lack of information in the literature
regarding the portion they occupy in relation to other gastrointestinal epithelial cells.

Erythropoietin- secreted from extraglomerular mesangial cells in the kidney (Norn cells)'  and targets erythroid progenitor cells in
the bone marrow."'? Estimation of most cellular components in the kidneys is difficult as they are highly variable between different
individuals and because their spatial structure makes their estimation from histologic slides very difficult.

118
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(6) Growth Hormone- Releasing Hormone (GHRH)- secreted from neurosecretory cells in the arcuate nucleus of the hypothalamus and
targets somatotrophs located in the anterior pituitary.'””'?" We could not find literature sources for the number of GHRH secreting
neurons in humans.

(7)  Insulin-like growth factor 1 (IGF-1) (included in Figure 3)- secreted from liver hepatocyte547 and targets almost all nucleated cells in the
body."® As the main function of liver hepatocytes isn't endocrine, we did not include the hormone in Figure 1. Because the number of
secreting and target cells is known from the literature, we included the hormone in Figure 3.

(8) Leptin (included in Figure 2)- secreted by adipocytes and targets neurons located in the hypothalamus.® As the main function of ad-
ipocytes isn't endocrine, we did not include the hormone in Figure 1. Because the number of secreting and target cells is known from
the literature, we included the hormone in Figure 3.

(9) Melanocyte- Stimulating hormone (MSH)- secreted from corticotrophs in the anterior pituitary'?” and targets melanocytes located in
the skin, hair follicles, and eyes. Other target cells are located in the immune system and in the brain.'?*'?* Estimating the types and
numbers of cells which respond to MSH (other than melanocytes) was challenging with a high degree of uncertainty.

(10) Melatonin- secreted from pinealocytes in the pineal gland and targets the CNS and peripheral tissues.'?® We were not able to find the

specific types and number of target cells in the literature.

Osteocalcin- secreted from osteoblasts and targets different populations of cells in the bone, pancreas, adipose tissue, testes, brain

and the central nervous system.'?° We could not find the number of secreting cells in the literature or estimate it due to the complex

microscopic anatomy of the human bone.

Oxytocin- secreted from special hypothalamic neurons that project to the posterior pituitary,”” and targets different populations of

cells in the uterus, breast mammary glands, brain, kidneys and cardiovascular system.’ The number of secreting neurons could not be

found or estimated from the literature.

Parathyroid hormone (PTH)- secreted by chief cells in the parathyroid glands and targets different populations of cells in the bone,

kidneys and in the intestinal tract.'?” Estimation of most cellular components in the kidneys is difficult as they are highly variable be-

tween different individuals and because their spatial structure makes their estimation from histologic slides very difficult.

(14) Renin- secreted by kidney juxtaglomerular cells and targets kidney proximal tubule cells, among cells from other tissues.'”® Estima-
tion of most cellular components in the kidneys using histological slides is difficult due to their spatial structure.

(15) Somatostatin- secreted mostly from cells in several areas of the central nervous system, their number could not be found in the liter-
ature, and targets different populations of cells in the gastrointestinal tract, pancreas, pituitary, etc.'”’

(16) Testosterone- secreted from testicular Leydig cells in men?® and from ovarian theca cells in women'*° and targets different popula-
tions of cells in the reproductive tract and also in bones, brain, skin, blood vessels, etc,’ their exact type and number was difficult to
estimate.

=
—
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QUANTIFICATION AND STATISTICAL ANALYSIS
Cell number analysis
We used linear regression with 95% confidence interval in order to model the relationship between the number of hormone secreting cells
and their target cells (columns 4 and 5 in Table 1). We added noise to the data, using a lognormal noise model with a dispersion factor of two
according to the guidelines of.'® We used bootstrapping by sampling the data with returns, which provided a 95% confidence interval for the
slope. Statistical details are provided in Figure legend 2 and in the ‘results’ section. We used Python version number 3.9.12. for statistical
analysis.

Python notebook which contains the code needed for the statistical analysis is provided in the GitHub repository: https://github.com/
moriyaraz/Endocrine-gland-size-is-proportional-to-its-target-tissue-size.
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