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tation of adrenocortical cells,133-139 or various stem 
cells reprogrammed into steroidogenic-like cells.140-142 
Apart from allotransplantation of a whole human ad-
renal with its intact microenvironment, all the other 
experiments were performed in animals, preferentially 
using rodent models.129 Usually in these experiments 
adrenocortical cells were either transplanted directly 
under the kidney capsule or into the adrenal glands as 
single cell suspensions, or were incorporated inside 
various 3D scaffoldings or devices, such as polycar-
bonate cylinders,143 collagen sponges,139 alginate slabs 
or oxygenated immunoisolating devices.144 

In many of these approaches, the transplanted 
adrenocortical cells managed to survive in vivo and 
to restore adrenal function in animals that under-
went bilateral adrenalectomy.135,139,143 By contrast to 
adrenocortical cell transplantations, the majority of 
the studies using reprogrammed stem cells were per-
formed only in vitro, hence the protective abilities of 
these adrenocortical-like cells are not known. Another 

important aspect is whether the amount of steroids 
produced by these transplanted cells can sufficiently 
protect the animals during stress conditions. Interest-
ingly, in one of the very few studies that addressed this 
important issue, despite restoration of glucocorticoid 
levels to levels very similar to those found in control 
mice with intact adrenals, addition of another stress 
factor in the form of laparotomy resulted in 100% 
mortality. Modulation of the experimental protocol 
with removal of the second adrenal gland 1 week after 
cell transplantation demonstrated a 42% survival rate 
within the first 14-days after exposure.139 

Better understanding of the adrenal gland micro-
environment should greatly improve the functional 
efficiency of adrenal transplants. As in many of these 
approaches only a single clonal population of adren-
ocortical cells from the glucocorticoid-producing 
zone was used, few reports demonstrated successful 
restoration of aldosterone production, as e.g. in one 
study using primary cultures of bovine cells,143 or in 

Table 1. Adrenal gland (mal-)adaptation and its systemic impact during sepsis, obesity and regeneration. Adrenal gland function and structure 
is influenced by obesity and sepsis. Advances and challenges in regeneration or restoration of adrenal gland function.

SEPSIS OBESITY REGENERATION
Adrenal Gland (Mal-) Adaptation Adrenal Gland (Mal-) Adaptation Advances
Increased production of CAs  
and GCs

Adrenal hyperplasia Increased survival of transplants with 
decellularized ECM

Increased adrenal gland size  
and blood flow

Increased expression of steroidogenic 
enzymes. Enhanced secretion of GCs  
and aldosterone

Transplantation of mixed cultures 
of adrenal cells, including capsular 
progenitors, improves aldosterone 
secretion

Chronic exposure to cytokines and 
neutrophil-derived anti-microbial  
agents (NETs, ROS, Enzymes)

Decreased storage and secretion of 
epinephrine. Decreased adrenal  
medullary responsiveness

Reprogramming of own patients stem 
cells by Sf1 overexpression

Adrenal exhaustion: decreased cholesterol 
content, expression of key steroidogenic 
enzymes and GC response to ACTH

HPA-axis dysregulation Use of devices with semipermeable 
membranes for immune protection

Systemic Response to Adrenal Hormones Systemic Response to Adrenal Hormones Challenges
Protection against cardiovascular collapse, 
overt inflammation and mobilization of 
glucose

Visceral obesity, glucose intolerance, 
hypertension, dyslipidaemia,  
cardiovascular diseases

Low aldosterone and too high 
testosterone levels

Induction of immune paralysis and increase 
in risk of secondary infections

Elevation in TG, cholesterol, VLDL  
and LDL

Lack of circadian secretion of GCs

Differentiation of pre-adipocytes  
to adipocytes

Too low GCs levels to provide protein 
during extensive stress

Alteration of SAS activity Immune rejection
GCs-output from Adipocytes (11β-HSD1)


