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Abstract
A recent public interest in stem cell research has led to new approaches to treat various pathologies, including diabetes. Diabetes 
mellitus is characterized by elevated blood glucose levels due to the inability of the β cells in the pancreas to produce insulin. 
Therefore, the standard diabetes treatment is introducing insulin to the bloodstream. With the advancement of stem cell therapy, 
a new approach to treating diabetes mellitus is being researched. Scientists are working to differentiate pluripotent stem cells into 
mature insulin-producing pancreatic beta cells. These cells are then transplanted into in vivo models and observed after a glucose 
challenge for normal blood glucose and elevated C-peptide levels. The subjects in each study are  monitored, and the efficacy of 
each implantation is evaluated. Scientists have engineered novel retrievable encapsulation devices to prevent an autoimmune 
attack that can be easily removed in the event of tumor growth. It is evident that there is much potential to stem cell therapy and 
beta-cell encapsulation as an alternate treatment for diabetes.
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Can Stem Cell Transplantation Restore Insulin 
Levels in Diabetics?
Diabetes mellitus is a chronic health condition defined 
by hyperglycemia resulting from insufficient or dysfunc-
tional insulin. Insulin is a hormone secreted by beta (β) 
islet cells in the pancreas in response to blood sugar 
levels in the body. Diabetes is divided into two catego-
ries based on the age of onset and causes. Type I diabe-
tes is an autoimmune disease where the body creates 
cytotoxic T cells that aim to destroy their pancreatic β 
cells. These T cells recognize their cells based on their 
β cell antigens, insulin, and the GAD56 antibody. Type 
II diabetes is often caused by an unhealthy lifestyle and 
subsequent progressive β cell dysfunction. Standard 
care for diabetes requires constant monitoring of blood 
sugar levels and strict adherence to lifelong insulin in-
jections to keep within the normal range of 80-110 mg 
dl-1. Though people with diabetes can often live almost 
normal lives, compliance is exhausting, and negligence in 
diabetic management can lead to severe complications 
that may induce blindness, kidney and heart dysfunction, 
peripheral neuropathies, or premature death (Melton, 
2011). Unfortunately, the above plan is only a preemp-
tive method, and cannot replace the highly specific work 
of the pancreatic β cell. Therefore, replication or resto-
ration of functional β cells and autoimmune prevention 
is a sought treatment method for diabetes mellitus.

Stem Cells
Stem cell therapy is a potential way to form many cell 
lineages, and therefore an excellent source for cell re-
placement therapy, especially for diabetes. Mesenchymal 

stem cells, or stromal cells, are nonhematopoietic, multi-
potent cells that are self-renewable. They can be isolated 
from tissue such as the umbilical cord, liver tissue, adipose 
tissue, and bone marrow. Mesenchymal stem cells have 
many advantages that enable scientists to study them and 
use them for experiments. These cells are easily gener-
ated to large masses of cell numbers, can  maintain their 
plasticity, are multilineage, and are anti-inflammatory. They 
also perform potent secretome functions and contain im-
munomodulatory properties. (Kotikalapudi et al., 2021)  
Another advantage is that mesenchymal stem cells are 
less ethically controversial in comparison to other stem 
cell types (Lu et al., 2020). Therefore, they are well studied 
and experimented with to combat tissue degeneration 
immune-based pathologies such as heart disease, osteo-
genesis, graft vs. host disease, and Crohn’s disease.

Methods
Various databases, including Touro College Online Libraries, 
JSTOR, and PubMed were used to compile information for 
this paper. A spectrum of peer-reviewed, original articles on 
the topics of Diabetes Mellitus, stem cell therapy, islet cell 
transplantations, and ethics were found, and the relevant 
data was incorporated into this paper.

Discussion 
Formation of Beta Cells
To efficiently study diabetes mellitus, stem cells were gen-
erated and used to study the disease on a cellular level, 
to transplant into mice to create simulated components 
of the disease as preparation for experiments, and most 
importantly, to create the functional cells to transplant 
into human and nonhuman subjects. Methods for cell gen-
eration vary, but all techniques follow a basic procedure. 
Biopsies can be obtained from the skin, liver, pancreatic , 
embryonic, cadaver, and umbilical cord tissue (Maehr et 
al., 2009).  These cells were differentiated into spheroids, 
3D clusters that mimic the dimensions and gradients 
of signals that are found in early-stage embryonic cells 
(Fattahi et al., 2021).  The cells were then infected with 
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retroviruses that contain transcription factors such as 
OCT 4, SOX 2, and KLF4. After which, they were tested 
for pluripotency markers by confirming the presence of 
alkaline phosphate activity and reactivity to antibodies 
against pluripotency markers. Once the pluripotent stem 
cells resembled human embryonic stem cells, they were 
analyzed for correct differentiation into the endodermal, 
mesodermal, and ectodermal germ layers. The last step 
was to direct differentiation into glucose-responsive in-
sulin-producing cells (Maehr et al., 2009). 

Preparation of Host for Experimentation
Experimentation included transplanting stem cells into 
diabetic subjects and then monitoring and recording each 
success. Prior to experimentation, scientists prepared 
animal hosts that would undergo the islet cell transplan-
tation. In many studies, researchers replaced the islet cells 
of immunocompromised mice with dysfunctional beta 
cells. Other studies involved the creation of a good host 
by injecting 180 mg/kg of Sigma (streptozotocin) into 
nonobese diabetic severe combined immunodeficient 
male mice (Sapir et al., 2005). Alternatively, some stud-
ies were performed based on human experimentation. 
The subjects in these studies were chosen based on their 
diabetic history, BMI, and a fasting C-peptide level ≥100 
pmol/L (Lu et al., 2020).

C-peptide level was recorded to track the success of 
each transplantation. C-peptide is produced along with 
insulin and is responsible for the correct folding and link-
ing of alpha and beta sheets in insulin. Since it is produced 
at the same rate as insulin and is also released by β cells 
in equal amounts, C-peptide can be used as a marker for 
insulin production 

Efficacy of Multiple Islet Transplantations
In one experiment, umbilical cords were obtained from 
reportedly healthy women post-delivery. They were then 
cut, incubated, cultured, cryopreserved, and tested in a 
quality control lab. Patients received transfusions of these 
cells every three months along with dexamethasone in-
jections as prevention. Both the experimental group and 
control group were given intensive insulin therapy and 
diabetes education. They were then monitored and fol-
lowed up with blood tests, standard meal tolerance tests 
at 3, 6, and 12 months and then yearly. The primary effi-
cacy endpoint was clinical remission of the experimental 
group participants, as noted by a 10% increase from base-
line fasting and postprandial C-peptide level, indicating 
improved β cell function through the one-year follow-up. 
At that point, 40.7% of participants in the mesenchymal 
stem cell treated group kept up clinical remission, which is 

2.5 times higher than the control group, who maintained 
11% clinical remission on a standard insulin regimen. Even 
better, two treated participants remained insulin-free 
within the first three months of introduction and only 
restarted insulin a little over a year later. Another went 
3.8 months without introducing insulin, within six months 
after the second transplantation. Additionally, almost half 
of the treated group had increased fasting and postpran-
dial C-peptide levels instead of only 1/5th of the control 
group. (Lu et al., 2020)

A similar study was performed to test the efficacy of 
pluripotent stem cell-derived islet cell engraftment on 17 
human subjects. These subjects were monitored and given 
mixed-meal tolerance tests at specific intervals, after 
which their glucose and C-peptide levels were observed. 
The test’s primary efficacy endpoint was detectable levels 
of circulating C-peptide after increased blood glucose. 
Subjects who achieved this were classified as responders, 
whereas nonresponders had undetectable glucose levels. 
Explants from the responders showed more significant 
numbers of graft-derived β cells than non-responders. 
Additionally, 63% of engrafted cells from subjects high-
lighted insulin expression, and 35.3% of subjects had 
positive C-peptide as early as six months post-transplant 
(Shapiro et al., 2021).

The study led by Sapir et al. suggests the use of liver 
cells as a possible pancreatic progenitor to create func-
tional insulin-producing cells. First, recombinant ade-
noviruses were constructed. Then adult and fetal liver 
tissues were isolated, cut into slices, digested by 0.03% 
collagenase type I, and cultured. The medium was changed 
daily. The liver cells were then infected with recombinant 
adenoviruses and placed under 40 rounds of RT-PCR to 
denature their genes. The cells were also placed under SF 
(steroidogenic factor) treatment with PDX-1 until there 
were normalized human β-actin cDNA. Observations 
proved that only about half of human liver cells were sus-
ceptible to recombinant adenovirus infection, and 20-50% 
of the PDX-1 expressing cells responded to activation of 
the insulin promoter. 

Insulin secretion of the cells was measured, and the 
liver cells were then challenged with the introduction 
of increasing concentrations of glucose and tested for 
C-peptide reactivity. Mice were prepared as mentioned 
above, and once the mice’s blood glucose levels were 
measured to be ≥300 mg/dl twice consecutively, the 
adult liver cells were transplanted into them. After fast-
ing 6 hours, the mice received a glucose injection. Blood 
was drawn from their tails to monitor C-peptide, mouse 
insulin, and amylase levels. Results indicate that treated 
adult human liver cell implantation in the mice caused 
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a gradual, steady, and significant decline in blood sugar 
levels that lasted throughout the 60 days of the experi-
ment. Conversely, C-peptide levels increased at the same 
rate as the drop in blood glucose levels. The normal lives 
that the mice lived in the 60 days of the experiment and 
their reversal to hyperglycemia and low C-peptide levels 
following removal of the cells establish the potential for β 
cells to be replaced by PDX-1 treated hepatocytes in vivo 
in the future. This approach is another way to circumvent 
the ethical issues involved in using fetal or embryonic 
stem cells to achieve this (Shapiro et al., 2021).

In an experiment to test the capacity of β stem cells 
to function in vivo and to determine the period length 
of insulin response post-transplantation between stem 
cells and pancreatic progenitor cells, the cells were placed 
under the renal capsules of immunocompromised mice. 
After a two-week surgical recovery period, both groups 
of mice were injected with glucose, and after 30 minutes, 
their serum was collected. In contrast to the pancreatic 
control progenitor transplanted mice that undergo a 3-4 
week maturation phase before producing insulin-secret-
ing islets, 73% of the β-cell transplanted mice showed in-
creased human insulin levels in the bloodstream following 
a glucose challenge. Even more, two out of six control 
mice died within eight weeks post-transplantation versus 
zero out of six β-cell transplanted mice. After at least four 
months of observation, five out of six control mice died 
compared to one out of six that received β stem cells, 
proving that the β cell transplanted mice survive better 
(Pagliuca et al., 2014).

Multiple studies defend the potential of stem cell 
therapy. Interestingly, an experiment proved that bone 
marrow stem cells are insufficient when used alone but 
were successful when implanted along with mesenchymal 
stem cells (Urbán et al., 2007). Likewise, scientists exper-
imented to improve the insulin function and survival of 
islet cells by transplanting them along with adipose tis-
sue-derived stem cells. Adipose tissue- derived stem cells 
possess anti-inflammatory properties and the potential 
to revascularize, both of which promoted the grafted 
cells’ survival (Ohmura et al., 2010). Another study was 
performed over a 50-week course to observe and eval-
uate the sustainability of device encapsulated stem cells 
when implanted into non-diabetic immunodeficient mice. 
Thankfully, all the implants differentiated and the hosts 
exhibited biologically relevant plasma human C-peptide 
levels beginning at about five weeks post-transplantation 
and up to 40 weeks post-transplant, with some animals 
maintaining normal C-peptide levels beyond that time 
(Robert et al., 2018).

The Problem and Solution: 
Immunoprotective Devices 
Cell Encapsulation
Despite the significant success in treating diabetes with 
β cell transplantation, it is hindered by the need for 
long-lasting immunosuppression. Immunosuppressive 
drugs increase infectious disease and malignancy and 
thereby patient morbidity, but they also cause problems 
with the regulation of β cell regeneration (Lee et al., 
2009). There is also an increased risk of teratoma for-
mation when breeding induced pluripotent cell products 
(El Khatib et al., 2016). To combat this, new engineering 
solutions such as cellular encapsulation can almost elimi-
nate the issues above and safely protect against teratoma 
formation and immune rejection. Scientists engineered 
an optimal device that allowed for adequate exchange of 
nutrients and oxygen to sustain the encapsulated cells. It 
also efficiently transported glucose and insulin to execute 
the beta cell’s purpose. Simultaneously, the capsule inhib-
ited the diffusion of immune cells, antibodies, immuno-
globulins, and proinflammatory cytokines from invading. 
Last, the device was biocompatible and could control 
potential tumorigenic cells.

Additionally, due to T cells as the primary immune re-
jector of grafts, the devices must be capable of prevent-
ing their activation. Chang and his associates measured 
the activation of antigen-specific T cells in response to 
mice with ovalbumin expressing cells encapsulated in 
nanoporous immunoprotective devices. They first stained 
the T cell receptor in the transgenic mice before trans-
ferring them into wild-type mice. This was done to assess 
the capability of nanoporous immunoprotective devices 
in vivo. The cells were then placed into the mice, and their 
lymph nodes and spleen were removed and checked for 
growth of ovalbumin-specific cells. Analysis of the dye 
loss in the unprotected ovalbumin challenge transplant 
was indicative of  T cells being present. The mice with 
encapsulated cells showed minimal dye loss. This meant 
that the encapsulated cell transplants can protect against 
antigen-specific T cells and indicated proliferation for the 
T cells within the mice.

Both macro and micro encapsulation devices have been 
invented and studied. Microcapsules are advantageous in 
maximizing their surface area to volume ratio but have 
limited control over pore thickness and size, and retriev-
al, if necessary, has been proven difficult. Alternatively, 
macrocapsule technology has been more successful. One 
reason is its capability to be retrieved easily. This is useful 
in case of an event such as cell escape, reverse differen-
tiation, or teratoma formation where the cells must be 
immediately removed (Chang et al., 2017).
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The macro encapsulation device is a planar pouch of 
a bilaminar polytetrafluorethylene membrane system. 
(Others have been designed from polycaprolactone, an 
FDA approved synthetic fiber (Chang et al., 2017). It is 
made of long-lasting durable material, and its semiper-
meable membrane allows for diffusion of nutrients and 
insulin. Monodisperse alginate beads encapsulate the cells. 
The even layer is created by a novel microchannel emul-
sification device (Bitar et al., 2019). This device’s implan-
tation in the subcapsular space of the renal compartment 
or dorsal subcutaneous space is minimally invasive and 
can be retrieved if needed. Upon testing the device, a few 
points were noted. When determining the function of 
encapsulated fetal β cells, the cells were found to have 
replicated by 3.6%, proving that not only can β cells pro-
liferate within the capsule, they may actually be promoted.
Interestingly, adult human islet cells had contrasting re-
sults. The C-peptide levels of encapsulated adult cell 
transplanted animals were only 5% of those of controls 
one month after transplantation. The results were the 
same three months post-transplant as well. Further inves-
tigation led to the suggestion of cell death of the encapsu-
lated adult β cells. The researchers explored the factors 
that may have allowed the fetal islet but not the adult islet 
cells to survive, suggesting differences in ischemic tissue 
time, growth factors, cytokines, or blood vessels in older 
and younger tissue (Lee et al., 2009).

Researchers who used an alginate derivative, tri-
azole-thiomorpholine dioxide, as encapsulation material 
achieved significantly higher levels of human C-peptide in 
the mice they were studying compared to those in other 
treatment groups. They saw that 150 days post-transplant 
encapsulated β cells restored their glucose to normal 
levels. Again, at 174 days post-transplant, the stem cells 
still stained positive for human insulin. Additional positive 
staining for β cell marker Nkx6.1 is proof that the cells 
maintained their differentiation throughout the experi-
ment (Vegas et al., 2016).

Even with all its benefits, macrocapsules are impaired 
by their capacity to be packed densely with cells, conse-
quently causing a hypoxic environment for the cells, hin-
dering their insulin secretion (An et al., 2017). Scientists 
strive to further understand and solve this issue.

Cell Retrieval Devices
β cell encapsulation itself is a tremendous achievement 
in avoiding long-term immunosuppression. Likewise, 
approaches in the case of cell retrieval have also been 
worked upon. An and his colleagues designed a Ca2+  re-
leasing nanoporous polymer thread coated in alginate hy-
drogel that can be easily retrieved via a minimally invasive 

laparoscopic surgery. This can be very useful for retrieving 
and replacing cells that would otherwise be lost in the 
peritoneal cavity. A thread reinforced alginate fiber for 
islets encapsulation, named TRAFFIC, was designed with 
characteristics that enable easy handling, retrieval, and 
implantation while also being durable. Inspired by spiders’ 
highly adhesive, nonporous silk, the device is made of a 
rigid polymer thread with a thickness-controlled alginate 
hydrogel layer. A Ca 2+  releasing mechanism was incor-
porated into the thread to maintain stem cell regulation. 
The string was then folded (to limit surface tension that 
caused the coating to clump) and twisted to create a sta-
ble helical structure that resembles a rope. The thread 
was first placed in the alginate solution, then placed in a 
Ca/Ba solution to cross-link further. This created the uni-
form hydrogel layer, which may have infiltrated the porous 
surface, adding to the thread’s adhesion. Then the thread 
was placed into another alginate-like solution containing 
cells for encapsulation.

Once created, the engineers dealt with avoiding fibrosis 
of the thread when placed in the peritoneal cavity and 
learned that making the thread thicker to 11 mm would 
prevent this problem. After confirming the mechanical 
strength, biocompatibility, and transfer property, TRAFFIC 
was ready to be tested for its potential usage. The device 
was transplanted laparoscopically into diabetes-induced 
mice and dogs. The alginate hydrogel layers seemed to be 
adequate in protecting against xenografts without immu-
nosuppression. This was tested by transplanting both the 
device with encapsulated cells and naked, unencapsulated 
cells into mice. As expected, the un-encapsulated cells 
were quickly rejected by the host mice within two weeks 
as compared to the islet cells within TRAFFIC that were 
protected by their hosts (An et al., 2017).

Researchers also studied other factors that can make 
stem cell therapy more advantageous such as hemocom-
patibility and immunomodulatory potential. Davies and 
her colleagues compared the genotypic and phenotypic 
profiles of stem cell recipients to the bone marrow-de-
rived mesenchymal stem cell donors. They reported  that 
doing so minimized the risk of immune reactions such as 
rejection and transmission of donor-derived disease or 
infection (Davies et al., 2016).

Ethical Ramifications to Stem Cell Treatments
Despite all the beneficial effects islet cell transplantation 
may have, there still are important ethical and safety 
concerns to consider. One involves choice of cell tissue 
origin, as embryonic stem cells involve the destruction of 
a human embryo. With time, new ways to produce plu-
ripotency in mammalian stem cells have been discovered, 
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avoiding the traditional embryo destruction method. 
For example, mesenchymal stem cells hold tremendous 
potential due to their plasticity, differentiation rate, and 
many places of origin other than embryonic tissue. This 
discovery has increased the study as a treatment for di-
abetes and other diseases, but one must keep in mind its 
tumorous potential (Volarevic et al., 2018).

Conclusion
Beta cell transplantation achieving insulin independence 
has come a long way. In 1994, only 12.4% of allographs 
performed resulted in insulin independence for over a 
week, and only 8.2% for over a year. However, by the 
year 2000, one research center reported 14.3% insulin 
independence (Shapiro et al., 2000). In the past decades, 
the statistics have exponentially increased, with about 
half of subjects maintaining insulin independence for ex-
tended periods in 2020 and 2021. Technology provided 
tremendous advancement in stem cell research and aided 
in overcoming safety challenges in transplantation. Islet 
transplantation’s most significant advantage is its elimina-
tion of severe hypoglycemia. Several allograft recipients 
have maintained insulin independence for over 20 years 
with minimal to moderate exogenous insulin administra-
tion(Shapiro et al., 2021). Therefore, stem cell therapy is 
a promising approach  and will hopefully soon fundamen-
tally alter how people with diabetes are treated today 
(Chang et al., 2017).
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