Glucocorticoids: novel agents to stimulate beta-cell neogenesis?
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All forms of diabetes lead to impaired glucose homeostasis, and together they exert a significant
financial burden on health services worldwide (1). In each case, the exact aetiology of the disease
may differ, but, in a similar outcome, insufficient endogenous insulin is produced to manage the
body’s metabolic requirements. In type 2 diabetes (T2D), increased provision of insulin is required to
counteract insulin resistance (IR) in the primary sites of glucose storage and utilisation, i.e. the liver
and muscle. In this phenotype of disease insulin has a greatly diminished efficacy at these target
sites; this, in turn, leads to impaired glucose uptake and necessitates increased levels of insulin to
manage blood glucose levels. Alternatively, a targeted autoimmune attack causes the selective
depletion of beta-cells in type 1 diabetes (T1D), ultimately leading to a lifelong requirement of
exogenous insulin provision. As stated, irrespective of the disease phenotype, more insulin than can
be endogenously generated is required to maintain normoglycemia, thus mechanisms to promote
increased insulin release from beta-cells are attractive therapeutic targets, and where much
research effort is focussed. One method by which this could be achieved is to identify strategies
which, at best increase, or at the least, maintain pancreatic beta-cell mass in patients. There are
several potential routes to achieving this goal with the most obvious aim to prevent beta-cell
destruction. However, research aimed at promoting beta-cell mass “recovery” by increasing
proliferation of existing beta-cells within the pancreas, inducing differentiation of other endocrine
cells into beta-cells, as well as attempts to stimulate beta-cell neogenesis are gaining momentum.
Sadly, these seemingly sensible goals are difficult to realise, particularly in the context of the human

condition.

Studying beta-cells in humans is a challenging proposition, and studying living beta-cells in situ is, as
yet, not a possibility. Therefore, much of what we know in humans is derived from the study of post-
mortem tissue, where discrete data points from individuals who have died are combined to

extrapolate the birth, life and death of a beta-cell in vivo.

Histological studies of the human pancreas have revealed that proliferation of the existing mature
human beta-cells is vanishingly low (approximately 0.2% of beta-cells/24h). Therefore, to achieve
the aim of inducing proliferation of residual beta-cells in disease, much effort has been invested in
identifying factors which can stimulate beta-cell growth; and although several mitogenic compounds
have been identified in mouse studies (2), only a small subset of these compounds can modestly
enhance proliferation of human beta-cells. An example of this is harmine (and other ‘harmalogs’),
which stimulates proliferation through inhibition of the kinase, DYRK1A (resulting in a ~1.5-2%
proliferation rate in human cells) (3). Encouragingly, a recent study has revealed that the
combination of harmine with inhibitors of TGFp signalling has a much more potent effect on human

and rodent beta-cell proliferation, and these compounds synergise together to stimulate as many as



18% of cells to replicate (4). However, these effects were not restricted to beta-cells; alpha-cells and
ductal cell were also stimulated to proliferate. It is thus important to identify strategies to better
focus the mitogenic signal delivered by such compounds to ensure that these treatments do not

cause unwanted tumorigenic side-effects.

Neogenesis, the process of forming new beta-cells from progenitor populations within the pancreas,
is also an attractive alternative; particularly for those people who have suffered an aggressive
autoimmune-mediated destruction of beta-cells, or for those who have had long-standing disease,
and have few, if any, residual beta-cells remaining from which to proliferate (5). This process is
understood to be integral to the regulation of beta-cell mass during pancreatic development, but it
has also been reported to be potentially important during periods of metabolic stress, such as
pregnancy or obesity. The evidence supporting these observations has largely come from the study
of rodent models. In such models, beta-cell neogenesis has been reported to be experimentally
induced by partial pancreatectomy, pancreatic ductal ligation or B-cell ablation (6-8). However, other
studies have been unable to replicate these findings (9, 10). Thus the potential utility of these
processes remains unclear. In humans, it has been similarly challenging to gather conclusive
evidence for beta-cell neogenesis. Lineage tracing experiments in humans are impossible to carry
out. As such, the identity of the progenitor cells within the human pancreas from which new adult
beta-cells could be derived remains a matter of debate; moreover, it remains uncertain whether
beta-cell neogenesis occurs at all in the adult human pancreas. However, if, under certain
conditions, the neogenesis of beta-cells is a bone fide response, identifying novel agents to stimulate

this process is a tantalising prospect.

Glucocorticoids (GC) are a group of steroid hormones, whose anti-inflammatory properties are used
in the treatment of inflammatory diseases such as asthma, multiple sclerosis or rheumatoid arthritis.
Importantly a common sequela of chronic administration of these drugs is the development of
insulin resistance, increased serum insulin and, ultimately, diabetes. Therefore understanding the

mechanisms induced by GCs in IR and increased insulin levels is important.

It is asserted that chronic treatment with GC can lead to an elevation in insulin release upon glucose
challenge in humans (11). A proportion of this response will be to compensate for the already well-
characterised insulin-resistant state that long-term GC treatment can stimulate. However, a variety
of beta-cell studies have reported there is a functional change in insulin secretion when cells are
treated with GC in vitro. One such study reported that in vitro treatment of beta-cells or islets can
inhibit insulin secretion (12). Conversely, a recent report by Fine et al. did not find an overall change

in insulin release when cells were treated with GC. These investigators revealed that despite GC



reducing glucose stimulated calcium influxes, a concomitant elevation in intracellular cAMP

appeared to maintain the insulin secretory response (13).

One explanation then for increased circulating insulin in GC treated patients, if there is no change or
even a decrease, in beta-cell secretion, is that there are elevated numbers of beta-cells.
Interestingly, it has been reported that GC treatment can also increase beta-cell mass. In one study,
dexamethasone treatment of rats increased absolute beta-cell mass, with a ~4-fold rise in the
number of proliferating beta-cells compared to untreated control animals (14). However, beta-cell

neogenesis has hitherto not been examined in this context.

A recent article by Courty et al., published in Diabetes, has revealed that the chronic treatment of
mice with glucocorticoids (4-8 weeks) stimulated an increase in islet size, beta-cell mass and beta-
cell to alpha cell ratio (15). Detailed analysis revealed increased numbers of proliferating beta-cells
as determined by Ki-67 and BrdU staining. However, an increased number of insulin-positive cells
were also found away from the islets sites, within ducts of treated animals, and more islets were
found to be in close association with these ducts. Additionally, significantly more islets/mm? (islet
density) were observed in the mice that had undergone chronic GC treatment. The authors,
therefore, suggested that taken together these data provided evidence of both increased

proliferation and neogenesis of beta-cells, in mice, following GC treatment.

The pancreatic duct is regularly touted as the most likely source of newly formed beta-cells.
Concurrent with this hypothesis, as stated above, these investigators observed elevated numbers of
beta-cells within ducts, and increased numbers of islets near to these ducts. Indeed, analysis of
pancreata from individuals who have undergone partial pancreatectomy reveals little evidence of
beta-cell replication after the procedure, whilst increased numbers of insulin-positive cells can be
found within the ductules (16). However, this response is not found in all cohorts and remains
controversial (17). Furthermore, certain lineage tracing experiments outlined in the literature, also
suggest ductal progenitors may not contribute to the neogenesis of beta-cells (18). Similar
approaches have also discounted acinar and islet cells as the source of new beta-cells (16). Thus,

there is no solid consensus as to the origin of these cells.

In concordance with these latter reports, Courty et al. were also unable to determine the source of
the new beta-cells. Lineage tracing experiments revealed that they did not derive from Sox9+
progenitor cells from the pancreatic duct; nor did they derive from an endocrine precursor lineage,
expressing Ngn3+ (15). These results are surprising since these lineages would represent the two
most likely sources of beta-cells generated by neogenesis. However, important endocrine progenitor

cells markers (e.g. Nkx2.2), and transcription factors (such as Nkx6.1 (19)) important to beta-cell fate



were found to be elevated in islets isolated from GC treated mice. Conversely, ARX (necessary for
the development of alpha-cells (20)) was found to be reduced - this was in keeping with the
investigator’s finding that the beta to alpha cell ratio was affected in GC treated animals. When
taken together, these findings could support the hypothesis that GC administration, in vivo, is
associated with neogenesis of beta-cells in mice. However, following on from studies into ARX and
Nkx6.1 (21), it might also suggest that alpha to beta-cell transdifferentiation, at least in part, may be
responsible for the shift in the ratio of alpha to beta cells in these GC treated animals. Thus, the

source of these nascent beta-cells remains unclear.

Importantly, Bonner-Weir (22) asserts that increased neogenesis of beta-cells associated with
pregnancy, in mice, is reversed by apoptosis following the birth of the pups, however whilst beta-cell
mass was found to reduce upon cessation of GC treatment in the work of Couty et al. (15), the islet
density did not concomitantly return to pretreated levels. This is of importance since it implies that
with appropriate stimulation neo-islets may persist beyond the cessation of GC treatment, although
it is unclear how stable these islets are. However, it opens up the possibility that intermittent

treatment with GC may promote the maintenance of neo-islets without generating long term IR.

Finally and importantly, the investigators also showed that pancreatic neogenesis might not be
mediated by the direct effect of GC activity. The treatment of murine pancreatic buds with serum
from glucocorticoid-treated mice was sufficient to stimulate beta-cell neogenesis (15). These data
suggest that one or more circulating soluble factor(s) secreted in response to GC treatment (or
insulin-resistance) is responsible for these effects, although the identity of this molecule was not
established. It is unclear whether beta-cell neogenesis during pancreas development or the
stimulation of new beta-cell formation by other experimental means (e.g. partial pancreatectomy) is
mediated by a similar mechanism; and if so whether the same secreted factor (or group of factors) is
responsible. However, if the soluble agents responsible can be identified, it opens up a possibility to
potentially dissociate the beneficial stimulation of beta-cell neogenesis from the damaging effects of

GC induced insulin resistance.

Despite the clear significance of these findings, it is important to keep in mind that these data have
been generated from a whole animal mouse model, and as such have not been validated in human
tissue or cells. As previously noted, there are a plethora of compounds or treatments reported to
manipulate beta-cell mass in rodents, but whose efficacy does not translate to human beta-cells. For
example, GLP-1 can effectively induce beta-cell replication in rodent models but does not induce
proliferation of human beta-cells (2). Therefore, the concepts introduced by Courty et al. (15), whilst

potentially important, will be difficult to study in humans. The challenges involved in identifying the



potential soluble factor responsible for beta-cell generation notwithstanding, if such neogenesis
occurs in humans, even isolated human islets are likely not a sufficient model to use, since the
progenitors of the newly formed beta-cells may be of extra-islet origin. Thus alternative strategies

will need to be considered when extending this study to the human condition.

One initial step could be to examine available human pancreas samples. Unfortunately, this is a
challenging proposition because biopsying or resecting pancreata from patients who have been
treated long-term with GCs is not an option (the reasons for this are multifold and beyond the remit
of this commentary but are introduced here (23, 24)). However, examining post mortem (donor)
pancreas, recovered from patients who died with extensive clinical history (such as those available in

the JDRF nPOD collection http://www.jdrfnpod.org//for-partners/npod-partners/), might provide a

good starting point. Assessment of beta-cell proliferation (via Ki-67 staining) and potential
neogenesis (as measured by mean islet density analysis and progenitor markers) in relevant GC
treated patients, when compared to aged-matched, non-diabetic/non-GC treated adults, may

illuminate if these phenomena also occur in humans.

There is much to be gained by discovering methodologies that protect or augment beta cells mass,
particularly for people with diabetes. In this context, the study by Courty et al. (15) promises much:
increased proliferation of beta-cells, increased beta-cell neogenesis, and indeed, the study even
reports regeneration after beta-cell depletion, all linked to a mechanism associated with chronic GC
treatment. These novel findings are important, informative and provide potential new avenues of
study. However, critically, the caveat stands that these studies are performed in rodents, and
therefore their relevance to the pathways regulating beta-cell mass in the human pancreas is
unclear, especially when considering the number of agents identified in rodent studies that have
failed to induce similar increases in beta-cell mass in humans. Thus, it is critical that these findings
can be validated in human cells, since until that is achieved, GC will be another agent in a long list
which, whilst effectively increasing beta-cell mass in rodents, do not do this in equivalent human

cells.
Acknowledgements

The authors gratefully acknowledge the helpful comments of Dr Nicola Jefferies (University of

Exeter) in the preparation of this manuscript.
Footnote
Conflicts of Interest: The authors declare no conflicts of interest.

References


http://www.jdrfnpod.org/for-partners/npod-partners/

1. Kanavos P, van den Aardweg S, Schurer W. Diabetes Expenditure, Burden of Disease and
Management in 5 EU Countries. London: LSE Health, LondonSchool of Economics; 2012.

2. Kulkarni RN, Mizrachi EB, Ocana AG, Stewart AF. Human beta-cell proliferation and
intracellular signaling: driving in the dark without a road map. Diabetes. 2012;61(9):2205-13.
3. Wang P, Alvarez-Perez JC, Felsenfeld DP, Liu H, Sivendran S, Bender A, et al. A high-

throughput chemical screen reveals that harmine-mediated inhibition of DYRK1A increases human
pancreatic beta cell replication. Nat Med. 2015;21(4):383-8.

4, Wang P, Karakose E, Liu H, Swartz E, Ackeifi C, Zlatanic V, et al. Combined Inhibition of
DYRK1A, SMAD, and Trithorax Pathways Synergizes to Induce Robust Replication in Adult Human
Beta Cells. Cell Metab. 2018.

5. Leete P, Willcox A, Krogvold L, Dahl-Jorgensen K, Foulis AK, Richardson SJ, et al. Differential
Insulitic Profiles Determine the Extent of beta-Cell Destruction and the Age at Onset of Type 1
Diabetes. Diabetes. 2016;65(5):1362-9.

6. Hao E, Lee SH, Levine F. Efficient beta-cell regeneration by a combination of neogenesis and
replication following beta-cell ablation and reversal of pancreatic duct ligation. Stem Cells.
2013;31(11):2388-95.

7. Van de Casteele M, Leuckx G, Baeyens L, Cai Y, Yuchi Y, Coppens V, et al. Neurogenin 3+ cells
contribute to beta-cell neogenesis and proliferation in injured adult mouse pancreas. Cell Death Dis.
2013;4:e523.

8. Ackermann Misfeldt A, Costa RH, Gannon M. Beta-cell proliferation, but not neogenesis,
following 60% partial pancreatectomy is impaired in the absence of FoxM1. Diabetes.
2008;57(11):3069-77.

9. Lee SH, Hao E, Levine F. beta-Cell replication and islet neogenesis following partial
pancreatectomy. Islets. 2011;3(4):188-95.

10. Rankin MM, Wilbur CJ, Rak K, Shields EJ, Granger A, Kushner JA. beta-Cells are not generated
in pancreatic duct ligation-induced injury in adult mice. Diabetes. 2013;62(5):1634-45.

11. Beard JC, Halter JB, Best ID, Pfeifer MA, Porte D, Jr. Dexamethasone-induced insulin
resistance enhances B cell responsiveness to glucose level in normal men. Am J Physiol. 1984;247(5
Pt 1):E592-6.

12. Lambillotte C, Gilon P, Henquin JC. Direct glucocorticoid inhibition of insulin secretion. An in
vitro study of dexamethasone effects in mouse islets. The Journal of clinical investigation.
1997;99(3):414-23.

13. Fine NHF, Doig CL, Elhassan YS, Vierra NC, Marchetti P, Bugliani M, et al. Glucocorticoids
Reprogram beta-Cell Signaling to Preserve Insulin Secretion. Diabetes. 2018;67(2):278-90.

14. Protzek AO, Costa-Junior JM, Rezende LF, Santos GJ, Araujo TG, Vettorazzi JF, et al.
Augmented beta-Cell Function and Mass in Glucocorticoid-Treated Rodents Are Associated with
Increased Islet Ir-beta /AKT/mTOR and Decreased AMPK/ACC and AS160 Signaling. Int J Endocrinol.
2014;2014:983453.

15. Courty E, Besseiche A, Do TTH, Liboz A, Aguid FM, Quilichini E, et al. Adaptive beta-Cell
Neogenesis in the Adult Mouse in Response to Glucocorticoid-Induced Insulin Resistance. Diabetes.
2019;68(1):95-108.

16. Bonner-Weir S, Li WC, Ouziel-Yahalom L, Guo L, Weir GC, Sharma A. Beta-cell growth and
regeneration: replication is only part of the story. Diabetes. 2010;59(10):2340-8.

17. Patti ME, McMahon G, Mun EC, Bitton A, Holst JJ, Goldsmith J, et al. Severe hypoglycaemia
post-gastric bypass requiring partial pancreatectomy: evidence for inappropriate insulin secretion
and pancreatic islet hyperplasia. Diabetologia. 2005;48(11):2236-40.

18. Solar M, Cardalda C, Houbracken I, Martin M, Maestro MA, De Medts N, et al. Pancreatic
exocrine duct cells give rise to insulin-producing beta cells during embryogenesis but not after birth.
Dev Cell. 2009;17(6):849-60.



19. Schaffer AE, Taylor BL, Benthuysen JR, Liu J, Thorel F, Yuan W, et al. Nkx6.1 controls a gene
regulatory network required for establishing and maintaining pancreatic Beta cell identity. PLoS
Genet. 2013;9(1):e1003274.

20. Chakravarthy H, Gu X, Enge M, Dai X, Wang Y, Damond N, et al. Converting Adult Pancreatic
Islet alpha Cells into beta Cells by Targeting Both Dnmt1 and Arx. Cell Metab. 2017;25(3):622-34.
21. Courtney M, Gjernes E, Druelle N, Ravaud C, Vieira A, Ben-Othman N, et al. The inactivation
of Arx in pancreatic alpha-cells triggers their neogenesis and conversion into functional beta-like
cells. PLoS Genet. 2013;9(10):e1003934.

22. Scaglia L, Smith FE, Bonner-Weir S. Apoptosis contributes to the involution of beta cell mass
in the post partum rat pancreas. Endocrinology. 1995;136(12):5461-8.

23. Krogvold L, Edwin B, Buanes T, Ludvigsson J, Korsgren O, Hyoty H, et al. Pancreatic biopsy by
minimal tail resection in live adult patients at the onset of type 1 diabetes: experiences from the
DiViD study. Diabetologia. 2014;57(4):841-3.

24, Schultz NJ, Sanders RJ. Evaluation of Pancreatic Biopsy. Ann Surg. 1963;158:1053-7.



