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of progressive autoimmune destruction of pancreatic beta-cells (type 1 DM), or as a result of beta-cell dysfunc-
tion combined with systemic insulin resistance (type 2 DM). Human cohort studies have provided evidence of
genetic and environmental contributions to DM; yet, these studies are mostly restricted to investigating statisti-
cal correlations between DM and certain risk factors. Mechanistic studies, on the other hand, aimed at re-creating

IT(;};‘évqrg;betes the clinical picture of human DM in animal models. A translation to human biology is, however, often inadequate
Type 2 diabetes owing to significant differences between animal and human physiology, including the species-specific glucose
HiPSCs regulation. Thus, there is an urgent need for the development of advanced human in vitro models with the
Human in vitro model potential to identify novel treatment options for DM. This review provides an overview of the technological
Organ-on-a-chip advances in research on DM-relevant stem cells and their integration into microphysiological environments as
Multi-organ chips provided by the organ-on-a-chip technology.

Microfluidics © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
1.1. What is diabetes mellitus (DM)?

Diabetes mellitus (DM) is a group of chronic disorders characterized
by a dysregulated glucose metabolism. In 2015, one in eleven adults,
equaling 415 million people worldwide, suffered from DM making it
one of the world’s greatest health concerns [1]. The global cost of DM
was estimated at approximately 700 billion USD in 2015 alone [1]. In
many countries, 5-20% of health care expenditures are spent on diabe-
tes. According to the International Diabetes Federation’s (IDF) Diabetes
Atlas 2015, one in ten adults will be affected by 2040 boosting global
health spending to treat diabetes to around 800 billion USD [1].

The physiological regulation of glucose metabolism in the human
body is a feedback loop based on endocrine signaling between pancreas,
liver, and glucose-consuming tissues. The physiological homeostatic
value of blood glucose is about 90 mg/100 ml [2]. Rising levels of
blood glucose, as after food intake, stimulate 3-cells in the pancreatic
islets (also called islets of Langerhans) to produce and release the hor-
mone insulin while simultaneously inhibiting the production of the
insulin-antagonist glucagon. Insulin, which is secreted into the blood
stream, mediates the uptake of glucose, fatty acids and amino acids in
insulin-sensitive tissues, like skeletal muscle, for instance, or the liver,
which stores glucose in form of glycogen. As a consequence of declining
blood glucose levels, the trigger inducing insulin secretion and glucagon
restriction ceases. The further reduction of blood glucose levels results
in the activation of glucagon secretion from ot-cells. In the liver, gluca-
gon prompts the breakdown of glycogen to glucose, which is released
to the blood elevating blood glucose levels until the homeostatic value
is reached, which presents a set point halting glucagon production.
The reduction of B-cell insulin production or defective responses to in-
sulin in tissues are common characteristics of DM disorders and result
in high blood glucose levels, termed hyperglycemia.

Different types of DM disorders are characterized by the underlying
mechanisms causing hyperglycemia and can be categorized into three
main types: type 1 DM (T1DM), type 2 DM (T2DM) and gestational
DM (GDM) [3]. Less common types of diabetes are monogenic diabetes
(elicited by a single gene abnormality as compared to the polygenic in-
heritance of TIDM and T2DM) [4,5] and secondary diabetes (drug- or
chemical-induced or arising as a co-morbidity of other diseases) [1,6].
GDM is a condition of progressively increasing insulin resistance during
pregnancy [7,8]. Despite the lack of scientific consensus regarding
the exact definition of GDM [9], it is agreed that many of the

pathophysiological characteristics of GDM correspond to those of
T2DM [8]. This review will hence concentrate on TIDM and T2DM
with a particular focus on the new opportunities arising from emerging
technologies in the fields of stem cell research and microphysiological
in vitro models.

1.2. TIDM & T2DM: triggers, courses of disease, similarities & differences
between both types of DM

1.2.1. Type 1 diabetes mellitus (T1DM)

T1DM is characterized by the autoimmune destruction of pancreatic
p-cells [10]. This complex and heterogeneous disorder is mostly diag-
nosed in children and adolescents, who usually present a classic trio of
symptoms - polydipsia, polyphagia, polyuria - together with hypergly-
cemia [10]. Incidence and prevalence of T1DM considerably vary among
countries [11,12]. The cause of these variations are still unknown and
are commonly referred as the “environmental factors” contributing to
the disease development [10]. Based on a large number of studies and
a comprehensive scientific effort, the current general agreement within
the community is that the autoimmune response towards 3-cells is trig-
gered by a set of different environmental factors in genetically
predisposed individuals [13]. This process is mediated via the activation
of autoreactive (>-cell-specific helper CD4+ and cytotoxic CD8+ T-cells
which infiltrate the islets and destroy the beta-cell mass [13].

One initiating event in T1 diabetes is an impaired negative selection
that might occur due to a reduced expression of self-antigen(s) in the
thymus and other lymphoid organs during establishment of the central
tolerance (Fig. 1A) [14-17]. The negative selection is one of the check-
points occurring in the thymus during differentiation of thymocytes
into mature T-cells; by this mechanism only cells which are non-
reactive to self are selected [18]. Self-reactive effector T-cells (CD4+
and CD8+) which have escaped negative selection are activated in the
lymph nodes by antigen presenting cells (APCs) that express islet-
specific autoantigens (Fig. 1B). The activation of helper (CD4+) and
cytotoxic (CD8+ ) T-cells occurs through the interaction of their T-cell
receptor (TCR) with peptide-major histocompatibility complexes
(MHC) class 1I and class I, respectively [19,20]. In addition to self-
reactive effector T-cells, there is evidence that alterations in the fre-
quency and function of T regulatory (Tr)-cells have a role in the devel-
opment of T1 diabetes [21]. These cells are critical for maintaining
self-tolerance, as they have the ability to suppress autoreactive T-cells.

Activated self-reactive CD4+ and CD8+ cytotoxic T cells infiltrate
the pancreatic islets via vascularization [22]. Once infiltration is
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Fig. 1. Simplified mechanism of T1DM autoimmunity. A. Impaired negative selection in the thymus leading to increase in self-reactive effector T-cells (CD4+ and CD8+) and reduced T
regulator cells (CD4+ Tr). B. Activation via APCs of T helper cells (CD4+) and cytotoxic T cells (CD8+) through MHC class II and I respectively. CD4+ helper T cells secrete pro-
inflammatory cytokines and stimulate auto-antibody production in plasma cells. CD8+ cytotoxic T cells secrete perforin and granzymes. Altogether, these mechanisms induced by T

effector cells lead to the destruction of beta >-cells.

initiated, subsequent immune cell entry is facilitated. The islet basement
membrane ruptures and highly invasive insultis occurs, leading to 3-
cells death [23]. Secretion of certain cytokines such as tumor necrosis
factor alpha (TNF-at), interferon gamma (IFN-v), or interleukin 1 beta
(IL-1®) by immune cells ultimately lead to 3-cell apoptosis [24]. Due
to the decrease in B-cell number, the workload on the remaining
{3-cells is dramatically increased. This can induce apoptosis through a
variety of pathways, such as the elevation of stress levels in the
endoplasmatic reticulum (ER), where misfolded or unfolded proteins
accumulate [25]. Cells react to ER stress by activating the adaptive un-
folded protein response (UPR) and if ER stress persists, the UPR can
switch from an adaptive response towards a pro-apoptotic response
[26] (see [25] for complete review of UPR and T1IDM).

1.2.1.1. Genetic predisposition. TIDM is strongly polygenic with over 40
known loci in the human genome, most of them being related to the im-
mune response [27]. This supports the notion of genetics influencing the
mechanisms contributing to an aberrant immune response, including
an incomplete self-tolerance to 3-cell antigens by the adaptive immune
system, as well as triggers from a dysfunctional innate immunity [27].
Half of the genetic susceptibility leading to TIDM arises from various
mutations within the MHC regions, which includes the human leukocyte

antigen (HLA) region on chromosome 6 [28]. The HLAs are a family of ho-
mologous proteins that present antigens to T-cells [29]. Class I HLA mol-
ecules (HLA-A, HLA-B and HLA-C) present endogenous antigens to CD8+
(cytotoxic) T-cells, while class [l HLA molecules (DP, DR and DQ)) present
antigens to CD4+ (helper) T-cells. Most T1DM susceptibility occurs in
HLA class Il DR and DQ loci, particularly in the regions encoding the
beta-chain genes (DRB, DQB) [30]. For example, replacing the amino
acid at position 55 by any other amino acid than aspartate (Asp) is an im-
portant trigger of T1DM pathogenicity [31]. The loss of Asp residues may
lead to altered bindings to antigenic epitopes, resulting in an ineffective
tolerance induction and autoimmunity [31]. For a complete review on
HLA regions associated to T1 diabetes, see review [32].

Different non-HLA regions have been associated to T1 diabetes, how-
ever their contributions are weaker compared to HLA regions. As previ-
ously mentioned, one potential trigger leading to autoimmunity is the
failure to establish self-tolerance. Interestingly, it appears that the vari-
able number of tandem repeats (VNTRs) polymorphism located before
the insulin gene leads to an incomplete immune tolerance to insulin
[33]. It has been shown that short VNTRSs (26 to 63 repeats) predispose
to T1IDM, whereas long VNTRs (140 to 210 repeat) are protective [34].
Further in vitro studies have demonstrated that VNTR length directly af-
fects the expression of insulin in the thymus and is specific to the native
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insulin promoters [35]. Finally, other evidence indicates that the expres-
sion of tissue-specific protein in the thymus is crucial for self-tolerance
[36]. Altogether, short VNTR variants reduce INS expression in the thy-
mus, impairing a proper tolerance to insulin. The protein tyrosine phos-
phatase non-receptor type 22 (PTPN22) is an additional immune
regulator associated with defective self-tolerance. PTPN22 encodes for
the lymphocyte-specific tyrosine phosphatase (LYP) which is a negative
regulator of T-cell kinase signaling determinant for host defense and
self-tolerance [37]. The mutation of arginine (Arg) at position 620 to
tryptophan (Trp) has an inhibitory effect on LYP [37]. As a consequence,
downregulation of TCR signaling occurs which in turn interferes with
proper tolerance induction in the thymus or the periphery [37].

Deficiency within the innate immune response is also associated to
T1 diabetes. The Epstein-Barr virus induced gene 2 (EBI2) genes regu-
late a network related to innate immunity[38] and helicase ¢ domain-
containing protein 1 (IFIH1) loci belong to a family of helicases that
can initiate an interferon response upon sensing viral double-stranded
RNA (dsRNA) [39]. The association of I[FH1 with T1 diabetes supports
the hypothesis that virus infections have a triggering role in the disease
initiation (see below).

1.2.1.2. Environmental triggers. A study on identical twins in 1972 was
one of the first to indicate the importance of the environmental context
of T1 diabetes [40]. A concordance of only 30-50% in the overall mono-
zygotic twin population was observed, implying a substantial environ-
mental component to contribute to the development of T1D.

Viral infections have caught attention as potential environmental
trigger of T1 diabetes. From an evolutionary point of view, viruses and
the immune system are closely connected, as virus infections have stim-
ulated the development of the human immune system and promoted
the diversity observed in the MCH complex, T-cell responses and
B-cell antibody production [41]. It is important to note that current sci-
entific reports have failed to demonstrate the direct causality between
viruses and development of T1 diabetes in humans. Nevertheless, indi-
rect associations have been compiled over the last decade suggesting a
link between viruses and T1 diabetes, including the enteroviruses, her-
pesviruses, rotaviruses, retroviruses and picornaviruses [42]. From all
potential candidates, the prime suspects as hypothetical trigger of T1 di-
abetes are enteroviruses (EVs) [43].

The first studies investigating the link between EV infection and T1
diabetes failed to associate the presence of islets autoantibody and
viral RNA and often reported contradictive results [44-46]. In smaller
scale cohort studies, Krogvold et al. obtained pancreatic biopsies from
diabetes patients undergoing pancreatic resections [47]. The processed
tissues did reveal the presence of EV capsid protein 1 (VP1) but less
than 2% of the Langerhans islets were positive and the level of RNAs
was very low [48]. These results suggest that T1 diabetic patients were
subjected to a lower grade viral infection rather than an acute viral in-
fection. Another approach to investigate if EV infection is linked to T1 di-
abetes was the development of EV infection animal models. Gallagher
et al. transplanted immunodeficient mice with human islet grafts and
infected them with type CVB4 enterovirus [49]. Upon infection, multiple
interferon-stimulated genes were induced and human transplanted
B-cells became dysfunctional with a deficiency in insulin production
leading to the development of diabetes. In a more recent study, proteo-
mic alterations were characterized in cultured human islets upon
in vitro CVB4 EV infection providing new insight of T1 diabetes etiology
[50]. Following viral infections, specific protein expression profiles were
modulated and interestingly the insulin levels decreased [50]. The most
significant downregulation was observed in the REG3A (regenerating
islet-derived protein 3 alpha), which is potentially linked to B-cell
neogenesis and insulin production [51]. Recently, new evidence has
highlighted the involvement in T1 diabetes of the interferon (IFN) path-
ways, or so-called, “interferon signature” which refers to the expression
of genes that are known to be regulated by the IFNs [52]. The hypothesis
emerging involves the activation of the host antiviral type I [FN immune

signaling pathways upon viral infections [52]. It leads, in part, to the
translation and synthesis of IFN-B, which further interact with type I
IFN receptors (IFNAR1 and 2), enhancing inflammation [52] and is be-
lieved to be the trigger towards autoimmunity [53]. Lastly, it has been
shown that IFNAR1 deficiency is protective against diabetes develop-
ment [54].

The combination of cohort studies, animal models and genomics has
provided better insight into the potential mechanism of viral infection
leading to T1 diabetes. This understanding enables the adjustment of
the experimental platforms for larger cohort studies. For instance, in a
recent study by Honkanen et al., long-term sample collection was per-
formed from 129 children who developed signs of beta-cell dysfunction
and controls. This prospective study analyzed in a time-depend manner
the association between EV infection and initiation of the 3-cell damag-
ing process [55]. The data suggested that EV infection is associated with
islets’ autoimmunity development with a certain time lag of several
months, likely by damaging B-cells [55].

In recent years, further environmental triggers or protective factors
for TIDM have been suggested: Studies investigating the role of intesti-
nal microbiota, for instance, found that healthy individuals have a differ-
ent microbiome compared to prediabetes or T1 diabetes patients
[56,57]. Whether these differences are a cause or a consequence from
T1 diabetes needs to be further determined. For a comprehensive over-
view on intestinal microbiota and T1 diabetes see review [57]. Other
studies propose that life events which induce a high insulin demand
are accelerating [>-cell damage [58]. These life events could, for example,
be rapid growth, overweight, puberty, lack of physical activity, trauma
or infection. In the last decade, epigenetic factors emerged as possible
contributors, in particular with recent evidence suggesting that DNA
methylation plays a role in T1 diabetes [59]. Finally, various dietary fac-
tors, such as breastfeeding, cow’s milk, vitamin D or polyunsaturated
fatty acids have been associated with T1IDM [58,60-62]. However,
most of the findings towards a link between diet and T1 diabetes are
contradictory and further research is required.

1.2.1.3. Treatment options for TIDM. In 1923, insulin was discovered by
Banting and Best [63]. During the next ninety years of research, different
insulins and analogs were successfully synthetized and brought to the
market [64]. Gradually, insulin has been structurally modified to im-
prove its properties: short or long-acting insulins were generated with
increased stability and various absorption profiles. Insulin therapy is
currently the principal and mostly used treatment against TIDM. For a
successful insulin therapy, control of the carbohydrate intake and antic-
ipating physical activity is required. The choice for the right insulin an-
alog is made depending on the age, physiology and frequency of
hypoglycemic events [65]. Besides insulin injection, pramlintide has
been approved by the FDA to treat TIDM patients. It is an amylin analog,
which delays gastric emptying, decreases glucagon secretion and en-
hances satiety, reducing the risk of hypoglycemic events [66]. When
the control over glycemia cannot be achieved, the use of an adjuvant
therapy is possible including metformin, glucagon-like peptide 1
(GLP-1) receptor agonists, dipeptidyl peptidase (DPP-4) inhibitors or
sodium-glucose co-transporter 2 (SGLT2) inhibitors [67]. Despite inten-
sive insulin therapy and its combination with other pharmaceuticals,
many adult diabetic patients do not manage to fully control their glyce-
mia and suffer from hypoglycemic events. This can be highly dangerous,
involving psychological distress and, in serve cases, an increase in mor-
tality [68].

Far-reaching alternatives are pancreas and Langerhans islets trans-
plantations to restore regulation of blood glucose levels [69]. A complete
pancreas transplantation is a major surgical procedure with consequen-
tial risks of thrombosis as well as consequences from the lifelong immu-
nosuppressive therapy to prevent graft rejection [70]. In addition,
pancreatic transplantation is privileged to T1 patients that are also un-
dergoing a renal transplantation, following a renal transplantation, or
patients that suffer from severe hypoglycemic events despite an
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intensive insulin therapy [65]. Due to the low availability of transplants
and the need of heavy immunosuppression, a very small number of
pancreatic transplantations are performed, insignificant compared to
the size of the diabetic population [70]. Langerhans islets transplanta-
tion is considered a safe procedure with much lower associated risks
compared to any other solid organ transplantation according to the Col-
laborative Islet Transplant Registry (CITR) [71]. The islets are infused
through the portal vein and then engrafted in the liver (distal portal
triad) [69]. In the long-term, 50-70% of patients achieve insulin inde-
pendence at 5 years post-transplantation — success rates similar to
whole pancreas transplantation [72].

In summary, insulin therapy provides control over the glycemia for
the majority of patients. However, it comes along with constant restric-
tions on daily’s life quality. Additionally, a non-negligible number of pa-
tients are still subject to hypoglycemic events which can potentially
leading to severe complications in the long-term. Complete pancreas
transplantation and islets transfusion are invasive alternatives that can
provide insulin independence. Yet, patients still need lifelong treatment
and the relieving effect often only lasts for a few years. To improve ther-
apy for TIDM patients and to develop new approaches, there is hence a
strong need for further research towards the understanding and charac-
terization of the factors leading to TIDM and its underlying
mechanisms.

1.2.2. Type 2 diabetes mellitus (T2DM)

T2DM is the most prevalent type of DM accounting for 91% of all
adult (i.e. 20-79 year-old) diabetic patients [1,73]. The term ‘T2DM’ is
therefore frequently mentioned in conjunction with “global health bur-
den” [73], “epidemic” [74] or “scourge of our time” [74]. Compared to
T1DM, T2DM is extremely multifactorial resulting in highly individual
pathophysiology. A sub-classification of T2DM is hampered by varying
contributions of associated risk factors, symptoms and underlying path-
ophysiological mechanisms as well as disease progressions. Moreover,
this variation complicates the diagnosis of T2DM and it is estimated
that around 30% of T2DM-patients remain undiagnosed [73].

1.2.2.1. Pathogenesis. Even though T2DM can have many facets, a pro-
gressive insulin resistance, 3-cell dysfunction and a state of chronic in-
flammation constitute the common key culprits of a defective control
over blood glucose levels. Usually, the first anomaly indicating a poten-
tial development of T2DM is the loss of insulin sensitivity in glucose
target-tissues [75]. To complete the clinical picture of T2DM, an addi-
tional loss of the pancreas’ insulin secretory activity is necessary
[74-76]. The importance of each of these two abnormalities for the de-
velopment of T2DM was discussed for a long time: past considerations
focused on the insulin resistance being the main defect resulting in sec-
ondary 3-cell exhaustion due to an urge to compensate the increasing
insulin need [74,77]. Nowadays, it is well established that both abnor-
malities can indeed contribute equally to T2DM pathogenesis [65]. For
some patients, it is even a progressive loss of secretory pancreatic activ-
ity, which is the initial contributor to T2DM [64].

Even though progressive insulin resistance and impaired insulin se-
cretion are the pivotal abnormalities of T2DM [64], there are at least six
more defects that, either individually or in any combination with the
other abnormalities, play a part in contributing to the prevailing chronic
hyperglycemia [73,75,78]. Taken together, these eight dysfunctions
(Fig. 2) were dubbed “the ominous octet” by Ralph A. DeFronzo in
2009 [75].

The mechanisms behind impaired insulin signaling and insulin resis-
tance are complex. In brief, they can mostly be ascribed to an ectopic
lipid metabolite accumulation in skeletal muscles and the liver. This
lipid accumulation is usually resulting from imbalances in nutrient stor-
age pathways due to a chronic excess of dietary energy. As insulin resis-
tance occurs in skeletal muscle tissue first, all of the ingested glucose is
unloaded on the liver which is therefore increasing the hepatic de novo
lipogenesis and hyperlipidemia. As a consequence, macrophages are

recruited to white adipose tissue (WAT) to increase lipolysis processes,
which in turn further enhance the hepatic lipogenesis [79,80]. More-
over, WAT-lipolysis stimulates fasting as well as postprandial hepatic
gluconeogenesis resulting in glucose overproduction despite
hyperinsulinemia [81,82]. However, insulin resistance is not limited to
the two main glucose metabolizing tissues, muscle and liver, but it
also occurs in other tissues, as adipose [83,84], vascular [85], brain
[86] and intestinal tissues [87], for instance.

On part of pancreas-associated pathophysiology, changes in [3- and
a-cell functionality add to the chronic hyperglycemia. The roots for 3-
cell failure can be as multifarious and individual as the clinical picture
of T2DM; among them are advanced age [88,89], 3-cell exhaustion
resulting from insulin resistance compensation [75,90,91], genetic
anomalies causing (3-cell fragility [92,93], and stimulation of inflamma-
tory pathways [94,95]. Failure of B-cells is usually caused by two differ-
ent defects: on the one hand, T2DM patients seem to lose around
30-40% [96] of their 3-cells by apoptosis [97,98] and dysregulated au-
tophagy [99,100]; on the other hand, the functionality of the remaining
[3-cells progressively becomes impaired. Two different mechanisms
may be responsible for the -cells’ functional constraints: firstly, debil-
itated glucose sensing might cause the diminished secretory function
of the remaining 3-cells [101]. Secondly, a loss of their insulin secretion
activity might be attributable to a de-differentiation of the mature 3-
cells to a progenitor-like state as it was found in rodent studies
[102,103]. Pancreatic a-cells contribute to the hyperglycemia by in-
creasing their glucagon production along with the increased hepatic
glucose production described above [75,104,105].

Further members of the T2DM “ominous octet” adding to chronic
hyperglycemia are the brain, the kidney and the small intestine. With
abnormally increased serotonin and lowered dopamine levels, the
brain pleads blameworthy of impaired satiety-signaling which plays
into the hands of weight gain, obesity and insulin resistance, and thus
implicitly aggravates hyperglycemia [73]. In the kidney, the threshold
for glucose excretion is increased by an upregulation of the sodium glu-
cose co-transporters (SGLTs) 1 and 2. As a consequence, renal proximal
tubular glucose reabsorption is increased [106]. Finally, the secretion of
the incretin hormones GLP-1 and glucose-dependent insulinotropic
polypeptide (GIP) by the small intestine can be gradually reduced in
T2DM patients; this defect severely affects insulin secretion because
the physiological action of these two hormones, summarized as
“incretin effect”, should actually augment the postprandial insulin pro-
duction. This amplification cascade cannot be passed through when
GLP-1 and GIP are absent [107,108]. However, more recent findings sug-
gest that the ominous octet should be extended to the “decadent
decuplet” including vascular defects as well as systemic inflammation
[73]. In arterial vasculature, insulin resistance disrupts the phos-
phatidylinositol 3-kinase pathway that usually causes vasodilation. By
diminishing the production of nitric oxide by endothelial cells, the lack
of insulin induces vasoconstriction. This effect leads to decreased capil-
lary recruitment and decreased total blood flow [85]. Moreover,
systemic inflammation is involved in insulin resistance and hyperglyce-
mia: as mentioned before macrophage infiltration into WAT stimulates
increased lipolysis in response to hyperlipidemia. Moreover, the activa-
tion of pro-inflammatory cytokines such as tumor necrosis factor (TNF)
and interleukin-6 (IL-6) represents a key player in insulin resistance.
Elevated levels of IL-6, for instance, trigger increased gluconeogenesis
by the liver and particularly contribute to hepatic insulin insensitivity
[73].

1.2.2.2. Risk factors. That the global boost of T2DM roots in the increasing
prevalence of obesity is safe to assume [74,110]; obesity (i.e. a body
mass index (BMI) > 25 kg/m?) is the most prominent risk factor preced-
ing T2DM, resulting in the combined denomination “diabesity” [110].
The roots of overweight and obesity can also entail T2DM; among
them are lifestyle factors most prominently the burden of chronic ex-
cess dietary energy with unhealthy diet and physical inactivity [73].
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The “ominous octet” — contributors to T2DM-associated hyperglycemia
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Fig. 2. Overview of the multifactorial character of type 2 diabetes mellitus (T2DM). There are eight different defects, also termed “the ominous octet” [73,75], contributing both individually
or in any combination to T2DM-asscociated hyperglycemia. The two pivotal abnormalities leading to increased blood glucose levels are (i) decreased insulin secretion by pancreatic 3-cells,
and (ii) the development of insulin resistance in the liver, skeletal muscle, and other peripheral tissues. As a consequence, hepatic glucose production is increased (iii). Additional effects
which cause aggravation of T2DM (and might as well be evoked by one of the other T2DM-deficiencies) include (iv) failure of neuronal transmission of insulin-associated appetite-
suppressing signals leading to weight gain, (v) increased renal reabsorption of glucose which maintains hyperglycemia, and (vi) increased secretion of glucagon by pancreatic a-cells.
Moreover, (vii) increase of insulin resistance in adipocytes results in enhanced lipolysis, and therefore enhanced levels of free fatty acids. This, in turn, deteriorates adipose insulin

resistance. An (viii) incretin deficiency in the small intestine leads to further failure of 3-cells.

Even independent of body weight, some diets are associated with a
higher risk for diabetes than others: as shown by clinical cohort studies
in the US, a diet mainly rich in refined grains, red or processed meat,
sugar and sugar-sweetened beverages predisposes more to T2DM de-
velopment than diet based on whole grains, veggies and fruit, white
meat and coffee [100,101]. Further impacts of lifestyle on T2DM risk in-
clude sleep and sleep duration: too little (<5 h/day) or too much sleep
(2 9 h/day) [111,112] and an irregular daily routine as in rotating
night shift work [113] were also associated to T2DM prevalence.

These lifestyle factors not only put people at risk to develop T2DM,
but also the development of a condition called prediabetes, which is
not uncommon. As indicated by its name, prediabetes is often a precur-
sor of T2DM, especially its facet of impaired fasting glucose (IFG). It is
characterized by blood glucose levels higher than usual during fasting
periods, but the threshold defined for diabetes (110-126 mg/dL) is
not exceeded [98]. An early detection of prediabetes combined with a
lifestyle intervention can very likely prevent the progression to T2DM
[114].

Besides lifestyle and nutrition, genetic predisposition plays an im-
portant role in T2DM development. Even though it is known that
T2DM is heritable, it is a tough challenge to identify all genes associated
with T2DM because of its complex polygenic character [73]. Moreover,
sex and gender differences may also affect T2DM predisposition, patho-
genesis and accompanying complications: despite obesity being more
typical for women, T2DM is slightly more often diagnosed in men
than in women [73,115]. Besides the different gender-specific impacts
of (epi-) genetics, endocrine signaling and sex hormones acting on me-
tabolism and homeostasis might also be involved in T2DM development
and presentation [115]. Adding to these biological factors, T2DM is also
supposed be influenced by psychosocial components [115].

1.2.2.3. Clinical diagnosis of T2DM. The most prominent and equally ef-
fective screening tools for a T2DM diagnosis are measurements of

plasma glucose (PG) levels and glycated hemoglobin A;. (HbA1C). PG
levels can be measured in different states: most common are measure-
ments in a fasting state, i.e. at least 8 h after the last caloric intake
[fasting PG (FPG); diagnosis of T2DM: FPG>126 mg/dL], or 2 h after
the consumption of 75 g anhydrous glucose dissolved in water [two-
hour PG; diagnosis of T2DM: two-hour PG>200 mg/dL] [78,116].
HbA1C tests assess a patient’s average blood glucose levels over a period
of 2-3 months by chronically marking hyperglycemia [117].

1.2.2.4. Treatment options for T2DM. To date, there is no cure for T2DM,
but there are treatment options to control the severity of the disease.
Due to the multifactorial character of T2DM, the optimal disease man-
agement is a combination of a variety of interventions including close
interaction between patients and physicians, a lifestyle change, phar-
macological therapy as well as a close and regular diabetes control
[78,118].

A lifestyle intervention is not only the best prevention strategy for
T2DM [110], but a more active lifestyle and healthy diet significantly di-
minished the risk to develop T2DM in prediabetes patients [114]. Even
diabetic patients are advised to lose around 7% of their body weight be-
cause of a positive outcome on blood glucose levels, blood pressure and
cholesterol values [78,114]. Another key treatment is a pharmacological
therapy of T2DM and hyperglycemia. Due to the heterogeneity of T2DM,
medication options are tremendously miscellaneous and several medi-
cines have to be combined to optimally treat each patient’s individual
form of T2DM [75]. For T2DM, the most prominent anti-diabetic drug
is metformin, which is an oral drug and usually the first choice to curb
blood glucose levels in T2DM patients [78]. Metformin belongs to the
biguanides, a group of anti-diabetic agents found to counteract T2DM-
induced hyperglycemia by decreasing hepatic glucose production
[119]. Compensating the lowered incretin effect caused by a decreased
intestinal secretion of GLP-1 and GIP, incretin mimetics are an impor-
tant approach to treat T2DM. Substances as GLP-1 receptor agonists,
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for instance, were shown to help regaining enhanced glycemic control
in T2DM-patients [120]. To block the increased renal tubular glucose
reabsorption, drugs based on inhibiting mechanisms for SGLT2
hold promise; among them are dapagliflozin, canagliflozin, and
empagliflozin [121]. Similarly, dipeptidyl peptidase (DPP)-4 inhibitors
are emerging as a way to improve the glycemic control by modulation
of the incretin effect [122].

Even a combined basal insulin administration can be required: Espe-
cially for patients that did not respond to other anti-hyperglycemic
drugs, the supplementary intake of insulin analogues is part of the treat-
ment strategy [123,124]. The list of pharmacological treatment options
is long and this paragraph highlighted only a few of many possible med-
ications. Chaudhury and Mirza put together a detailed clinical review on
antidiabetic drugs for T2DM treatment [78].

1.2.3. Comparison

Even though the naming indicates a close relation between T1DM
and T2DM, the two previous sections with a focus on the two DM
types individually, showed that the two disorders seem actually more
distinct from than similar to each other - except for their main symp-
tom, hyperglycemia.

In T1DM, hyperglycemia is evoked by autoimmune destruction of
3-cells while in T2DM metabolic dysfunction is the cause of elevated
blood glucose levels (Fig. 3). The main causes underlying DM are also
T1- and T2-specific. Despite genetic predisposition playing a significant
role in both types, it plays a more important role in TIDM development:
Genetic factors, potentially in combination with triggers like certain
viral infections or dietary influences, lead to the autoimmune destruc-
tion of pancreatic 3-cells and, consequentially, to a lack of insulin and el-
evated blood glucose levels. The main risk factors for developing T2DM
are obesity, and lifestyles characterized by physical inactivity and un-
healthy diets in general, as well advanced age and, to a certain degree,
genetic predisposition. However, as explained in detail before, T2DM

with its underlying mechanisms is extremely heterogeneous making it
difficult to determine one fixed definition of the course of disease; the
mechanisms leading to hyperglycemia are as individual as each patient.
Hence, Fig. 3 displays only one mechanism of many underlying T2DM:
in this specific case, a progressive insulin resistance precedes 3-cell
failure provoking elevated blood glucose levels. Another difference
between T1DM and T2DM lies in the onset of the disease: while the
onset of TIDM in most cases occurs before the onset of puberty, T2DM
is rather associated with advanced age. Albeit, as distinct the contribu-
tors to chronic hyperglycemia are in TIDM and T2DM, the co-
morbidities arising through the sustained excess of glucose on the
blood are considerably alike.

1.3. Chronic and acute complications arising through diabetes

T1DM and T2DM are associated with a wide range of complications,
mainly occurring due to chronic elevation of the blood glucose level.
Most severe co-morbidities thereby are caused by damages to the
micro- and macrovasculature [125]. Microvascular complications in-
clude diabetic retinopathy, nephropathy and neuropathy; while
macrovascular complications manifest through myocardial infarcts,
strokes and heart failures. Some of the major complications of TIDM
are retinopathy (47% risk), nephropathy (17% risk), and cardiovascular
diseases (14% risk) [126]. In the case of T2DM, a study from 2013 re-
ported 53.5% of all analyzed T2DM patients (66,726 in total) to suffer
from microvascular comorbidities, and 27.2% to be affected by
macrovascular complications [127]. The major contributors to diabetic
complications are (i) hemodynamic changes such as blood pressure or
salt/fluid balances, (ii) metabolic changes including glycemic imbal-
ances and lipid metabolism switch, as well as (iii) genetic susceptibility
[128]. These factors are causing drastic changes on a cellular level in
gene modulation, energetic profiles and protein expression, leading to
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Fig. 3. Comparison between T1DM and T2DM. A. T1DM: The main contributors to disease development (predominantly genetic factors) are leading to the autoimmune destruction of 3-
cells. Due to the lack of insulin production, the workload of the remaining 3-cells is increased, long-term leading to stress-induced apoptosis. B. T2DM: The most important risk factor of
T2DM is obesity which is usually the result of an unhealthy lifestyle. Moreover, genetic predisposition and the human'’s age play a role. The presumably most common type of T2DM is
characterized by a developing insulin resistance of glucose-metabolizing tissues as skeletal muscle or liver, for instance. Despite the pancreas’ increased production of insulin, the
hormone is not able to enter the cells. Simultaneously, or as a result of exhaustion, (3-cells are destroyed and diminish the insulin production.
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further cellular dysfunction and recruitment of the immune system
[128].

Here we describe briefly the key elements leading to diabetic com-
plications; for a complete review, please refers to Forbes et al. [125].
Vascular endothelial cells are particularly sensitive to hyperglycemia
as glucose can enter uncontrolled by insulin presence through diffusion
[129]. Intracellular accumulation of glucose alters different pathways
leading to a change in the endothelial redox state. As results, an increase
in vascular permeability and contractibility occurs, which in turn stimu-
lates extracellular matrix (ECM) synthesis, thickening of the basement
membrane and activation of various cytokines and adhesion molecules.
Presentation of these adhesion molecules leads to further interactions
with immune cells and blood platelets, promoting a pro-inflammatory
and pro-coagulant state. Altogether, vascular injury, oxidative stress, in-
flammation and alteration in the hemodynamic balances due to chronic
hyperglycemia play an important role in the development of diabetic
vascular complications [130].

For instance, hemodynamic changes are an important initiating fac-
tor of nephropathy, which is the most common complication in T1DM
patients. Hemodynamic changes induce an increase in glomerular filtra-
tion rate. The triggered hyperfiltration exposes the kidney-resident cells
to an abnormal level of glucose, fatty acids, proteins, amino acids,
growth factors and cytokines, which triggers a number of pathological
pathways eventually causing renal failure.

Changes in blood vessel integrity are moreover responsible for the
development of retinopathy: Hyperglycemia leads to intramural
pericyte death and thickening of the basement membrane, which in
turn alters the blood-retinal barrier and its vascular permeability.
Resulting hypoxia leads to ischemia and subsequent degeneration or
occlusions in retinal capillaries which are responsible for vision
impairment.

Neuropathy is not only associated with vascular but also with non-
vascular abnormalities [131]. In addition to pericyte loss and basement
membrane thickening, decrease in capillary blood flow leads to an at-
tenuated perfusion of the never fibers and subsequent hypoxia. As a
consequence, axonal thickness increases and, in some cases, neurons
can decease. Neuropathological clinical manifestations are very diverse
and encompass both the somatic and autonomic divisions of the periph-
eral nervous system; for example, motor system dysfunctions accompa-
nied by a loss of sensory perception and pain, orthostatic hypotension
which is the inability to adjust heart rate and vascular tone to maintain
blood flow in the brain, or gastroparesis due to an impaired innervation
of the gastrointestinal system.

Macrovascular complications, such as cardiovascular disease, are
usually initiated via the premature deposition of atherosclerotic
plaques. As described above, dysfunctional endothelial cells allow sub-
sequent binding of immune cells, including macrophages and T-cells
leading to cell proliferation and matrix deposition. Over time and
through complex pathways, atherosclerotic plaques are generated
within the blood vessels, which destabilize proper blood flow and can
rupture, causing myocardial infarction or strokes. A variety of cell pop-
ulations show metabolic abnormalities including coronary endothelial,
fibroblasts, cardiomyocytes and smooth muscle cells [132]. Smooth
muscle cells (SMCs) are of interest as they are critical effectors of vascu-
lar function: they switch between a contractile and relaxed state to con-
trol vascular flow [132]. A pathological deregulation of vascular flow can
lead to tissue ischemia and ultimately cell death. Diabetic cardiomyop-
athy is a myocardial dysfunction that can be observed in diabetic
patients in the absence of hypertension or other classical cardiovascular
risk factors [133]. Hyperinsulinemia, hyperglycemia and insulin resis-
tance are the main causes of cardiac insulin resistance and induce vari-
ous metabolic dysfunctions, which in turn result in cardiac stiffness,
hypertrophy and fibrosis, described as the first stage of diabetic cardio-
myopathy [134]. The second and final stage of the disease is character-
ized by significant cardiac remodeling resulting in a marked
deterioration of the diastolic function.

2. In vivo research on diabetes mellitus
2.1. Human cohort studies

Research on diabetic patients would be the most straightforward
way to understand the underlying mechanisms of DM and develop
new therapeutic approaches. Obviously, the possibilities for human
in vivo research are highly limited due to a number of ethical concerns
[135]. Despite the complexity and restrictions imposed by the use of
human models, cohort studies have been responsible for some of the
major breakthroughs in T1IDM and T2DM genetics [136,137]. In the
70s, the first linkage studies revealed the key involvement of the MCH
in the susceptibility of TIDM [138]. Technological advances in genetic
sequencing have allowed the mapping of candidate genes, uncovering
some of the complexities of the immune dysregulation in T1 diabetes.
Genome-wide association studies (GWAS) that started in 2007 have
largely facilitated the identification of genetic factors in large cohorts
with complex-trait genetics, such as in TIDM and T2DM [139]; out-
comes from the five major GWAS in T1 diabetes and T2DM GWAS
from the last decade have been summarized by Polychronakos et. al
[27] and Visscher et al. [139], respectively. The impact for the newly
identified loci in TIDM was disappointing, with weaker influence on
disease compared to the established loci from HLA genes, INS or
PTN22. Moreover, only a few of the new loci have been fine-mapped
to a specific variant or specific gene. In contrast, the T2DM GWAS deliv-
ered significant advances in understanding the involved genes [139].
GWAS have identified more than 100 loci associated with T2 diabetes
and over a third have been connected to specific genes, through which
the effects on diabetes risks are mediated [139].

Human cohort studies have also been employed to identify the con-
tribution of different environmental factors involved in TIDM disease
progression on genetically predisposed children [140-143]. In 2004,
the comprehensive TEDDY (The environmental determinants of diabe-
tes in the young) study aimed to collect information on a wide variety
of environmental factors on more than 7000 children [143]. It led, in
part, to a range of publications reporting the associations between pres-
ence of auto-antibodies with T1 diabetes progression [143]; child
growth with auto-antibodies apparition during early childhood [144];
ages, sex and auto-antibodies [141]; or first infant formula and disease
progression [140]. By pooling the data of seven published cohort stud-
ies, a recent meta-analysis succesfully revealed a link between diabetes
and glaucoma [145]. Similarly, meta-analyses of T2DM human cohort
studies reported a significant correlation between an increased risk of
atrial fibrillation and T2 diabetes [146], protective effects of fruit and
vegetables [147] as well as coffee, whole grains and nut consumption
[148], the effect of quality and quantity of sleep on T2DM risk [112],
and the importance of physical activity in prevention of prediabetes
progression [114]. Although human cohort studies have provided evi-
dence of the genetic and environmental contributions in both TIDM
and T2DM, these studies are reduced to investigating if a specific associ-
ation is statistically significant without elucidating the associated path-
ophysiological processes.

2.2. Animal models for diabetes research

Due to the unacceptable risks of experimental in vivo interventions
in humans, the majority of diabetes research is performed using animal
models. In the last decades, a variety of diabetic animal models have
been developed for specific applications. The advantages and limitations
of those models have been comprehensively discussed in a recent re-
view by King et al. [149].

A typical example is the non-obese diabetic (NOD) mouse model;
the most widely used animal model in TIDM. It has been subjected to
numerous successful experimental interventions, a majority of which
have later failed in human clinical trials; once more highlighting the im-
portant differences in pathogenesis between mice and human [150].
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Due to the direct linkage to obesity, T2DM research often reverts to
obese animal models, such as monogenic, polygenic or diet-induced
models, depending on the respective scientific question. Especially for
pre-clinical DM research focusing solely on the lack of compensation
to insulin resistance, animals with a diminished 3-cell functionality
evoked by dysfunctional p-cells or reduced cell mass have been utilized
[149].

Although a variety of animal (mostly rodent) models for TIDM and
T2DM research have been developed and widely employed in mecha-
nistic studies, the translation to humans has been mostly unsuccesfull.
Due to the complexitiy and the multifactorial character of DM as well
as species-specific mechanisms, the identification and prediction of
pathological pathways in human is often simply not possible based on
animal data. Animal and human pathophysiology feature significant dif-
ferences, such as a species-specific glucose regulation: described by
Charukeshi et al. [152]. Moreover, the majority of animal models are de-
veloped to address one specific aspect of DM and do not represent the
multiple other factors involved [149]. Due to the inabilitiy to recreate
human DM in animal models, there is a strong need for new and ad-
vanced in vitro models that enable the recapitulation of the complex
physiology of the human body [153]. Based on advances in and the
combination of stem cell technology, tissue engineering, and
microfabrication, promising new approaches and systems have been in-
troduced in recent years.

3. In vitro research on diabetes mellitus
3.1. Requirements for the establishment of in vitro models

3.1.1. Cell sources: from animal primary cells to SCs

Establishing in vitro models requires an adequate choice of cell type
and source, which enable the systems to model molecular mechanisms
representative to human in vivo physiology. Patient-specific cells are a
great tool to study disease etiology at the molecular levels, which even-
tually can lead to the development to new therapies. Primary cells iso-
lated from biopsies, for instance, have been widely used in cancer
research, whereby patient-derived tumors are cultured for drug screen-
ing purposes [154]. However, primary human cells or tissues are typi-
cally only available in small quantities and are therefore unsuitable for
high-throughput experimental set ups. A solution for the limited avail-
ability is to derive immortalized cell lines from primary cells using spe-
cific genetic manipulations. However, such cells often have the
drawback of losing their specific phenotypes if continuously grown in
culture.

Human stem cells have been of growing interest for in vitro models,
disease modelling, and cell-based therapy, including human adult stem
cells (hASCs), human embryonic stem cells (hESCs) and human induced
pluripotent stem cells (hiPSCs). Adult stem cells, such as neural progen-
itor stem cells (NPSCs), mesenchymal stem cells (MSCs) or hematopoi-
etic stem cells (HSCs) are multipotent cells found in the adult body,
where they are part of the intrinsic regenerative process of specific tis-
sues [155]. In contrast to hASCs, hESCs and hiPSCs have the ability to dif-
ferentiate into all cell types in the body [156]. hESCs are thereby isolated
from the inner part of blastocysts and hiPSC patient-cells re-programed
to their pluripotent state. The main advantages of hiPSCs are their
patient-specificity and their somatic origin, eliminating the ethical con-
troversy often connected to the use of hESCs [157]. Despite their differ-
ences in origin, it is usually possible to generate in vitro models from
both hESCs and hiPSCs. Nonetheless, differences in the epigenetic mem-
ory retention between reprogrammed cells and hESCs are currently de-
bated in the field [158]. Genome-wide profiling studies have pinpointed
over a thousand differences in DNA methylations between hESCs and
hiPSCs, which could be either due to epigenetic mutations or memory
retention occurring during reprogramming [158-160]. Although not
all epigenetic variants lead to functional implications, it could be

valuable to compare genetic profile and functionality of hESC and
hiPSCs derived cells.

One limitation of the use of stem cells can be the stochasticity of the
differentiation processes for certain cell type leading to highly heteroge-
neous populations of cells with various degree of efficiency [161]. In ad-
dition, the gold standard in assessing the developmental stage of
differentiation is by analyzing transcription factors or surface markers;
and only rarely by assessing the functionality of the differentiated cells
[162]. Defined protocols and procedures need to be established in
order to standardize the differentiation processes, including appropriate
cell functionality tests of the differentiated cells.

Studying DM and its molecular drivers on human explants is difficult
due to a limited access to relevant tissue samples. The stem cell technol-
ogy, especially hiPSCs, enable research on patient-specific mechanisms
on a molecular biological and cytological level [163-167]. Further, the
investigation of stem cells, i.e. undifferentiated cells, provides insights
into the contributions of defects which are independent of particular
differentiation processes.

One such example is the investigation of underlying mechanisms of
insulin resistance, a critical aspect of T2DM, by exploring iPSCs from pa-
tients with rare genetic mutations in the insulin receptor (IR). An ex-
tremely severe form of an insulin resistance caused by insulin receptor
mutations (IR-Mut) leading to a complete (or nearly complete) absence
of insulin receptors is Donohue syndrome [165]; thus, a derivation of IR-
Mut iPSCs from patients with this condition represents a powerful
model to elucidate mechanisms behind genetic determination of insulin
resistance and how it affects functional and metabolic characteristics of
stem cells. Accordingly, in 2014 lovino et al. generated iPSCs from pa-
tients with Donohue syndrome for the first time; comparing IR-Mut
iPSCs to healthy control iPSCs as well as to the respective original fibro-
blasts indicated genetic insulin resistance not only associates to the dif-
ferentiation state of the cells but also to their cellular context [167].
Further, the correlation between insulin resistance and mitochondrial
dysfunction was characterized. Insulin resistant iPSCs were found to
have a higher number of mitochondria, which were, however, smaller
in size. Moreover, they showed reduced oxidative activity along with re-
duced energy production [166]. Thus, insulin resistance and deficient
insulin receptor signaling are not restricted to differentiated cells but
also alter proliferation and function of stem cells.

The previously discussed iPS-derived models are by far not the only
progress of the stem cell technology concerning DM research; yet, com-
pared to these studies on differentiation-independent insulin resis-
tance, all other stem cell investigations can be assigned to a certain
tissue and will therefore be discussed in the following in the respective
organ-sections.

3.1.2. Technology: from simple culture dish to complex architectures
Apart from an appropriate choice of the cell source, in vitro modeling
requires culture technologies that provide a physiologically accurate
microenvironment for the cells. Even though conventional 2D mono-
layer culture has provided valuable contributions to biomedical re-
search for almost a century [168-170], in many cases the obtained
results failed to predict in vivo responses, which is especially important
looking at drug activities [171,172]. The major limitations of 2D mono-
layer culture, thereby, is that cells are isolated from their native micro-
environment. The creation of more complex 2D-models such as co-
culture systems and cell patterning provided a first step towards more
physiologically relevant models [168]. Even higher complexities and
physiological relevance has been achieved by tissue engineering 3D
models, which promoted higher levels of cell differentiation and tissue
organization. In many cases, this was realized by encapsulation of cells
inside hydrogels [173,174], whereby a broad range of natural and syn-
thetic hydrogels were employed with specifically adapted mechanical
properties and biofunctionalities [174]. Another very prominent ap-
proach of 3D modeling is using organoid technology. Organoids consist
of 3D clusters of cells derived from primary or stem cell sources. They
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exhibit self-renewal as well as self-organizational capabilities provid-
ing them with an outstanding potential to model human organ de-
velopment as well as pathologies [175,176]. Despite reflecting parts
of the complex 3D organization of organs, organoids and hydrogel
based 3D tissue models are limited in their capacity to recapitulate
the entire in vivo situation. Most importantly, they lack vasculature
structures and thereby still rely on traditional static dish culture.
Vascularization is necessary to enable a physiological continuous
transport of soluble factors (e.g. nutrients, oxygen, cytokines, hor-
mones or drug compounds) to the tissue as well as metabolic
(waste) products away from the tissue. Additionally, a controlled
perfusion would allow the monitoring and quantification of secreted
factors as well as consumption and absorption with a high temporal
resolution. Moreover, conventional 3D models most often still lack
important tissue-tissue interfaces (e.g. with epithelial layers) and
cannot be subjected to controlled mechanical stimuli including
shear stress, tension and compression forces.

Overcoming those limitations, the organ-on-a-chip (OoC) technol-
ogy provides engineered microfluidic platforms which integrate
human tissues in a microphysiological environment, thereby combining
the advantages of cell culture (human genetic background) and animal
models (complex physiology). Hence, those microphysiological plat-
forms emulate crucial parts of in vivo physiology including tissue-
tissue interfacing, mechanical cues, spatiotemporal chemical gradients
as well as vascular perfusion. Further, the technology empowers a
broad spectrum of analysis and imaging tools ranging from real-time
monitoring of integrated tissues to metabolic quantification and post-
experimental tissue retrieval and examination. Those features give a
particular importance to the OoC technology in basic as well as applied
research, especially in terms of drug development, toxicological screen-
ing, personalized medicine and disease modeling. In fact, one branch of
the OoC technology is focusing on establishing multi-organ chips
(MOCs) and, therefore, empowers modeling of systemic disease pro-
gression, as in DM, for instance, and a more dynamic assessment of ab-
sorption, distribution, metabolism, excretion (ADME) processes of a
drug candidate. The concepts of multi-organ integration are categorized
into either static, semistatic or flexible approaches; especially the flexi-
ble modular approach is of high interest since it enables a flexible inter-
connection of already existing, functioning single-organ modules
possibly originating from different laboratories. Yet, a successful inter-
connection faces several challenges of conceptual (i.e. standardization
and scaling), technical (i.e. tight seals and robust connectors) as well
as biochemical nature (i.e. appropriate culture media composition)
[177].

3.2. In vitro models

In this chapter, in vitro models with the potential to help under-
stand and identify treatment options for DM will be discussed. In
particular, a special attention will be turned to the promising capabil-
ity of the human stem cell technology combined with OoC platforms.
However, there is also a significant number of promising new plat-
forms or culture methods that have merely used animal cells so
far; they will be considered as well but a transition to using human
cells should be considered essential for a further development of
those systems.

Even though the systemic clinical picture of DM cannot be reflected
by modeling processes occurring in a single organ, breaking the com-
plexity of diabetes down to individual aspects can still provide valuable
insights into the integral disease mechanisms. Hence, in the following
sections, different in vitro models of TIDM or T2DM key players -
namely pancreas, immune system, liver, adipose tissue and skeletal
muscle — will be evaluated with respect to their impact on DM research.
Further, special emphasis will be placed on platforms featuring co-
cultures and multi-organ integration relevant for DM.

3.2.1. Pancreas (endocrine)

B-cells depletion and dysfunction are major factors leading to the
development of DM. In TIDM, the precise contribution of genetics and
environmental triggers, as well as the defined underlying molecular
mechanisms leading to the development of autoimmunity and 3-cells
destruction are still largely unknown. Therefore, modeling of the endo-
crine pancreatic function in vitro is of particular interest to deepen our
knowledge on the molecular mechanisms involved and to generate pa-
tient specific models representative of the disease heterogeneity, which
can be use as drug screening platforms for the treatment of diabetes.

3.2.1.1. Cell sources for endocrine pancreas models & challenge of 3 cells
differentiation. The pertinence of in vitro models relies in part on the
cell source used, particularly when it comes to the mimicry of human
physiology. Primary cells, cell lines and stem cell derived-cells have
been employed in in vitro systems. Primary human and animal pancre-
atic islets are the most extensively used models and are the gold stan-
dard for B-cell and diabetic research as they have already provided a
considerable amount of molecular, cellular and genetic information
[178]. Due to the high variability between patients as well as the tre-
mendous cost generated by islets isolation, the use of cell lines as alter-
native have been of interest. However to date, only a limited number of
human p-cell lines are available, which is in contrast with the numerous
rodent-derived insulinoma cell lines such as MIN-6 or INS-1E [179].
Since primary 3-cells are mainly non-proliferative in vivo - which is
open to debate based on recent studies [180] — many research groups
have attempted to overcome replicative senescence while maintaining
their functional properties including glucose stimulated insulin secre-
tion. Until recently, the available human cell lines such as CM, TRM-1
or Blox5 were only expressing GLUT2 with a debatable insulin expres-
sion and secretion (cf. Skelin et al. [179] for full review). However in
2011, Ravassard and colleagues reported the first human cell lines
(EndoC-BH1) based on a multistep process, which lead to functional
-cells capable of secreting insulin in response to glucose challenge
[181]. Ravassard et al. transduced human fetal pancreas buds with
lentiviral vectors expressing the large T antigen of simian virus 40
(SV40LT) and human telomerase reverse transcriptase (hTERT), before
implantation in SCID mice allowing in vivo differentiation and matura-
tion. The immortalizing transgenes SV40LT and hTERT are after the pro-
moter of the rat insulin 2 gene, allowing these specific transformed cells
to be later expanded in culture. Subsequently, the next generation of
human cell lines (EndoC-BH2 and EndoC-BH3) were derived from the
EndoC-RH1 cell line using conditionally immortalized transgenes,
which leads to 3-cell proliferation arrest resulting in cells highly repre-
sentative of human primary 3-cells [182,183].

An attractive alternative and similarly a major challenge in the field
is the generation of mature and functional stem cell derived R-cells
[184]. Over the past two decades, advances in technology and method-
ology have brought us closer to the goal of routinely generating func-
tional glucose responsive human pancreatic 3-cells. The first report of
pancreatic 3-like cells was in 2001, where embryonic bodies were par-
tially glucose-responsive and secreted low levels of insulin [185]. Proto-
cols using embryonic bodies provided the first evidence of the
possibility to derive B-like cells from hPSCs, by detecting insulin and
showing expression several pancreatic genes including PDX1, transcrip-
tion factors essential for pancreatic development [186-188]. However,
the glycemic control of diabetic mice couldn’t been restored upon trans-
plantation of these -like cells [188]. Protocols using 2D monolayer cul-
tures achieved the direct differentiation of hESCs toward pancreatic
endocrine lineage cells by recapitulating different developmental stages
[189]. Differentiation protocols were optimized in a large collaborative
effort, to increase the yield of insulin positive cells from < 8% C-
peptide positive cells [190], to ~15% [191] and in 2009, using for the
hiPSCs, up to 25% [192]. However, upon transplantation, only 30% of di-
abetic mice exhibited an apparent restoration of blood glucose levels for
6 weeks [191]. At this point, the differentiation towards R-cells is
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inefficient, generating low percentages of B-like cells together with
poly-hormonal cells - endocrine cells co-expressing insulin, glucagon,
somatostatin, ghrelin or pancreatic polypeptide - altogether suggesting
an immature stage of derived 3-cells.

In vivo maturation gained momentum when Shim et al. demon-
strated that pancreatic and duodenal homeobox 1 (PDX1) positive en-
doderm cells can undergo further maturation in vivo after
implantation [193]. Subsequent reports revealed that hESC/iPSC-
derived endoderm cells have the capacity to mature in vivo into
glucose-stimulated insulin secreting 3-cells [194,195] with a potential
to reverse diabetes in mice models [196-199]. Even though differentia-
tion towards functional mature (3-cells was achieved, the pathways pro-
moting maturation remained poorly understood, representing a major
drawback for clinical translations and applications. Nevertheless, so-
phisticated sorting experiments from Kelly et al. identified the progen-
itor cells population as the source of functional R-like cells after
implantation [200]. These progenitors have been characterized as ex-
pressing PDX1 TF and homeobox protein NKX6.1 [200]. Based on
these findings, Russ et al. hypothesize that generation of polyhormonal
endocrine cells in vitro is a result of premature assignment to the endo-
crine fate [201]. By delaying the use of BMP inhibitors, glucose-
responsive [>-like cells were successfully generated in vitro (for a com-
plete comparison between protocols see review from Loo et al. [184])
[201]. Vast improvements have been made in the understanding of [3-
cells differentiation since the first report in 2001. However, the
in vitro maturation of 3 cells progenitors into cells with physiological
relevant insulin secretion profiles remains as the main challenge at
this point.

3.2.1.2. Conventional endocrine pancreatic in vitro models. Primary iso-
lated human islets retain their glucose-responsiveness and insulin se-
cretive properties in vitro, and therefore have been widely exploited
in pharmacological research to test various diabetes related drugs,
such as insulin secretion enhancers or inhibitors [202]. Since glucose re-
sponsive cells lines (EndoC-BH1-2-3) have only been recently accessi-
ble, isolated human islets in culture have been considered the gold
standard [178]. However, their utilization for long-term studies is
strongly limited due to rapidly occurring loss of function of the ex-
vivo islets; typically by 60% within two weeks of continuous culture
[203]. During islet isolation the main vasculature is damaged, leaving
passive diffusion the sole supply of oxygen and nutriment to the inside
of the islets [204]. A variety of groups have aimed at re-engineering pri-
mary islets by dissociating the cells and re-assembling them as spher-
oids of defined sizes - so-called pseudo-islets [205-207]. In a recent
study, Zuelig et al. compared intact isolated islets with re-assembled
pseudo-islets of human and rat origin and showed that passive diffusion
was enough to sustain the required oxygen and nutrient levels in the
pseudo-islets due to their small size [206]; indicating an improved
long-term culture capacity in vitro.

One alternative to primary islets are cell lines; which have been re-
ported by numerous groups to have a higher stimulation index and in-
sulin secretory capacity when cultured as 3D spheroids, indicating the
positive effect of cell-cell contacts [208,209]. Hence, conventional
in vitro models have been focused on generating 3-cells pseudo-islets
via different approaches (comprehensively described in a recent review
from Gao et al. [210]). Spontaneous formation or so-called self-
assembly is the most straight-forward approach requiring solely low-
adherence culture plates. Yet, control over size and composition is
very limited, resulting in largely heterogeneous islet populations
[211,212]. Microcontact printing is a process based on the localized im-
mobilization of cell-adhesive proteins providing a defined area of con-
tact for the cells and hence enhancing their aggregation [213].
Microwell-based methods rely on self-assembly in miniaturized cell
culture wells and are highly attractive in particular for high throughput
applications [207,214]. The latter two approaches have been success-
fully employed to generate large quantities of pseudo-islets with

controlled sizes: Hraha et al. designed a microwell-based platform to
analyze electrical dynamics (calcium oscillation and propagation) in
MIN-6 pseudo-islets as a function of their size [215]. To further improve
microwell-based methods, Shinohara et al. developed a polydimethylsi-
loxane (PDMS)-based platform with improved oxygen permeability
compared to traditional polystyrene systems [216].

In an effort to assess the potential of pseudo-islets for drug testing,
Amin et al.,, developed a high-throughput platform to run large-scale
compound screens, comparing their previously re-engineered primary
human pseudo-islets with pseudo-islets and monolayer culture from
rat cells lines [209,217]. They validated their platform using reference
drugs and showed that pseudo-islets that exhibit a robust glucose re-
sponse can provide a valid phenotypic screen for potential diabetic
drug candidates [217]. Pseudo-islets have also been utilized in in vitro
models to investigate the impact of hypoxia, as hypoxic microenviron-
ments are usually found in vivo after a standard transplantation of islets
or cells. Using the conditionally immortalized human cell line EndoC-
BH3, Lecomte et al. assessed the impact of hypoxia on gene expression,
as well as the role of hypoxia inducible factor (HIF). The EndoC-BH3 cell
line is opening new pathways for 3-cell research by excising the immor-
talizing transgenes at any time point, thereby bringing the cell’s pheno-
type closer to primary R-cells. In a recent publication the role of a
specific long-non-coding RNA (IncRNA) network was uncovered using
EndoC-BH3 cells as model [218]: The authors showed that a specific
set of IncRNAs frequently regulate genes associated with islets en-
hancers crucial for islet function [218]. In addition, they showed that
the IncRNA PLUTO is controlling PDX1, which was a highly interesting
finding considering that PLUTO and PDX1 are downregulated in T2DM
isolated islets [218].

To promote long-term culture while preserving cell functionality
and viability, multiple research groups developed engineered 3D micro-
environment that recapitulate the native in vivo microenvironments.
Important characteristics, thereby, are the mechanical and biochemical
properties of the native environment, which were tuned using
hydrogels of different stiffness and by providing specific ECM binding
sites encouraging cell-ECM and cell-cell interactions. Essential ECM pro-
teins, such as laminin, collagen, fibronectin or E-cadherin, have been re-
ported to maintain islets morphology as well as functionality and to
support long-term in vitro culture [219-222]. Szebeni et al. used a colla-
gen I based hydrogel within a Real Architecture For 3D Tissue (RAFT™)
culture system to maintain primary rat islets in long-term culture
[220]. Similarly, Li et al. developed an 3D perfused islet model suitable
for diabetic drug studies [223]. Their system is composed of multiple,
parallel perfused microbioreactor systems allowing the culture of pri-
mary islets in TissueFlex®. GLP-1 stimulated the 3D in vitro models in
a dose-dependent monophasic manner in contrast to 2D monolayer
models, which did not show a clear dose-response [223]. Besides pro-
viding physiological microenvironment, hydrogels have been also
employed for the encapsulation of 3D islets prior to transplantation as
summarized in detail by Gorka et al. [224]. Knowledge and experience
gained in those studies, including insights into the various biomaterials,
could also be highly interesting for the development of in vitro models
for drug screening applications or basic research.

3.2.1.3. IPS-derived B-cell-based in vitro models. Harboring the same ge-
netic information as patients from whom they have been generated,
hiPSCs have been of particular interest to generate specific diseased
models that recapitulate the in vivo disease phenotype. Shang et al.,
for instance, developed a stem cell-based model of Wolfram syndrome;
a disease caused by mutation of WFS1 and characterized by insulin de-
pendent diabetes, optic atrophy and deafness [225]. In this study,
patient-derived R-cells exhibited a lower level of insulin and an in-
creased activity of three major UPR pathways. The addition of chaper-
one 4PBA reduced the level of UPR signaling pathway molecules and
increased the insulin content. This illustrates the great potential of dis-
ease models based on stem cell derived cells. Similarly, hiPSC in vitro
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models have been used to investigate molecular pathways involved in
the Maturity Onset Diabetes of the Young (MODY) [226-228], which
is a monogenic form of diabetes arising from one or more mutations
in autosomal dominant genes [229]. Yabe et al. revealed that mRNAs
from MODY5-hiPSCs had a mutation leading to a premature termina-
tion codon (PTC) [226]. Moreover, MODY mRNAs with PTC were de-
graded by nonsense-mediated mRNA decay during differentiation into
pancreatic B-cells. In another study, Teo et al. showed that MODY5
caused a compensatory increase in several pancreatic transcription fac-
tors and a decrease in the expression of PAX6, an important gene for 3-
cell function [228].

3.2.1.4. Pancreas-on-a-chip. The development of pancreas-on-a-chip sys-
tems is currently still in its infancy. Most introduced systems so far focus
on short-term culture and functionality screening of pancreatic islets
[230-233], in contrast to OoCs for other tissues that try to recapitulate
long-term functionality of tissues for disease modeling and drug testing.
The underlying motivation thereby is the rapid assessment of the islets’
functionality during the process of islet transplantation therapy. A pre-
cise knowledge of the quality of a donor’s pancreatic tissue is of upmost
importance for better transplantation decisions. One of the first
microfluidic devices integrating and perfusing islets was introduced
by Mohammed et al. in 2009 [230]: using both murine and human islets,
the platform enabled multimodal functionality assessment by fluores-
cence imaging of intracellular calcium, measurement of mitochondrial
membrane potential as well as quantification of secreted insulin
(Fig. 4A) [230]. Other perfused well platforms were developed by the
Easley research group to assess dynamics of hormone secretion from
cells, including insulin secretion by islets [231,232]: the basic concept
behind their systems is a macro-to-micro interfacing allowing a

A. Pancreas-on-a-chip (Mohammed et al. 2009)

C. Two-layered liver-on-a-chip (rReanertand
Steinborn et al. 2015)
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temporally resolved examination of tissues. An additional integration
of a microfluidic input/output multiplexer (UMUX) implements an ac-
curate control over nutrient input and hormone output [231], while
3D-printing of the interface templates accelerated prototyping [232].
In a different approach, islets were traped in micro-traps and surface
tension gradients harnessed to passively pump liquids enabling the pro-
filing of insulin kinetics [233]. Trapping pseudo-islets in micro-wells, a
recently introduced glass-made microfluidic platform allowed for the
evaluation of the coupling between a stimulus and its associated secre-
tion in pancreatic islets [234]. Similarly, a microphysiological analysis
platform (MAP) that enabled both the formation as well as analysis of
human cell line based pseudo-islets was reported by Lee et al. [235].

3.2.1.5. Summary and perspectives with respect to DM research. In the last
five years, the first human p-cells lines were successfully generated, fa-
cilitating the access to an adequate cell source, as well as dramatically
reducing the costs generated by islets isolation. Extensive progress has
been made in terms of the differentiation of stem cells towards pancre-
atic B-cells, which is especially interesting with regards to patient- and
disease-specific hiPSCs. Besides that, substantial evidences from various
research groups have reported the benefit of using pseudo-islets from
cell lines or from primary cells compared to 2D culture and microfluidic
systems have been developed that enable a rapid assessment of islets/
pseudo-islets vitality and functionality. Although the current
microfluidic platforms have mainly been designed for islet quality as-
sessment for subsequent in vivo implantation, these recent progresses
are highly encouraging and have provided the scientific community a
solid base for further improvements. By combining the emerging
hiPSC technology with microphysiological systems (MPS), long-term

B. Skeletal muscle-on-a-chip (madden etal.
2015)

D. White adipose tissue (WAT)-on-a-chip

(Loskill et al. 2017)
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Fig. 4. Single-organ chips with a future potential to impact DM research. A. One of the first pancreas-on-a-chip systems targeting rapid assessment of human islet functionality. Reproduced
from [230] with permission of The Royal Society of Chemistry. B. Human skeletal muscle microfluidic system enabling myofiber alignment as reflected by F-actin- and myosin heavy chain
(MYH)-staining. Reproduced from reference [312] (CC BY 4.0). C. Human two-layered liver-on-a-chip system mimicking the hepatic sinusoidal structure [264] [174]. Reprinted from
Biomaterials, 71 (2015), K. Rennert and S. Steinborn et al., A microfluidically perfused three dimensional human liver model, 119-131, Copyright (2015), with permission from
Elsevier. D. WAT-on-a-chip accommodating functional murine adipocytes as revealed by a staining of intracellular lipid droplets. Reproduced from [293] with permission of The Royal

Society of Chemistry.
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culture of patient specific tissues could provide reliable platforms for di-
abetes research and drug screening.

3.2.2. Immune system

The immune system plays a significant role in DM, particularly with
T1DM, where p-cells depletion arises from an autoimmune response
[236]. Despite considerable research, the mechanisms regulating the
immune response on R-cells remain partially unknown. Although dia-
betes research has provided considerable amount of data and evidences,
the causes and mechanisms involved in the autoimmune attack of 3-
cells remain partially unknown. For instance, impairment in negative
selection during pancreatic growth plays an important role in the devel-
opment of auto-reactive lymphocytes, occurring through a complex
combination of genetics and environmental factors. Modelling an im-
mune response in its entirety is highly complex as it employs a variety
of specialized cells, molecules, tissues and organs in a synchronized cas-
cade of events with the aim to fight endogenous dysfunction or exoge-
nous bodies. Modeling the complex immune system response in vitro is
extremely difficult. Currently, there is no in vitro system modelling au-
toimmune interactions for diabetes research. Nevertheless, consider-
able progress has enabled the modelling of parts of the immune
cascade in different physiological and pathological scenarios in vitro.
For instance, T-cell and neutrophil migration behavior in response to
different chemical gradient profiles as well as migration patterns of T-
cells, macrophages and dendritic cells in response to bacteria have
been investigated in vitro [237]. Moreover, the adhesion of T-cells to
and the rolling of neutrophils along artificial surfaces have been
modelled in microfluidic channels [238,239]. First steps towards the in-
teraction of immune cells with other tissues have also been achieved by
modelling the transmigration of T-cells, neutrophils and monocyte
through an endothelial monolayer in vitro [240,241] and by integrating
immune components into OoC systems, generating inflammation
models to mimic pathological situations in a lung-on-a-chip [242], a
gut-on-a-chip [243] and a liver-on-a-chip model [244]. The principle
similarities of these OoC systems are (1) a porous membrane delimiting
an epithelium (airway, intestinal or hepatic) from a perfusion compart-
ment; (2) the perfusion with primary peripheral blood mononuclear
cells (PMBCs) isolated from patient blood; and (3) the recruitment of
immune cells via cytokine signaling.

In these examples, hindering direct cell-cell contact between im-
mune cells and epithelial cells is crucial as they originate from different
individuals. This is an essential aspect to consider when it comes to
model autoimmunity in vitro, as it requires direct interaction between
APCs and auto-reactive lymphocytes. In order to model an autoimmune
reaction without initiating an immune rejection cascade, the two cell
types should originate from the same individual, which could be possi-
ble using iPSC technology. Although modelling the autoimmune attack
of B-cells in vitro is highly ambitious, it would be highly valuable for
T1DM research by providing a platform to study molecular mechanisms
in the interactions of 3-cells and immune cells.

3.2.3. Liver

The liver is the largest internal organ of the human body and plays a
vital part in governing digestion and metabolism. In patients with
T2DM, the liver is one of the first organs to become insulin resistant as
a consequence of chronic excess dietary energy. In the cascade of
T2DM events, the liver responds to chronic systemic hyperglycemia by
even further increasing de novo production of glucose. Besides its essen-
tial relevance for metabolism, the liver is of utmost importance for de-
toxifying and eliminating fat-soluble toxins from the body.
Consequently, the development of conventional hepatic in vitro models
and liver-on-a-chip platforms is strongly attracting pharmacological
and toxicological research.

3.2.3.1. Cell sources for hepatic in vitro models. The architecture of the
liver is featured by complexly structured, zonal lobules. They are

comprised of parenchymal cells, i.e. hepatocytes (60%), and non-
parenchymal cells (NPCs) (40%), such as stellate cells, Kupffer cells
and endothelial cells [245]. Although hepatocytes usually are the focal
point in in vitro models aiming to reflect either a disease mechanism
or a compound’s effect on the liver, NPCs should not be overlooked
due to their contribution to a secondary response to hepatotoxicity
[245].

To date, there are three main sources for hepatocytes for in vitro
models: primary human hepatocytes (PHHs), liver cell lines, and plurip-
otent stem cells. As a result of their close resemblance to in vivo func-
tionality, PHHs currently are the gold standard for hepatic culture
models [246]. Yet, due to a decreasing functionality in long-term culture
[247] and the limited accessibility of PHHs, other sources of hepatic cells
had to be investigated. Liver cell lines are either obtained from tumor
tissue or by genetic engineering of PHHs; they are widely used because
of their low costs and availability but their high proliferative potential is
accompanied by functional losses. HepG2 and HepaRG, the presumably
most prominent hepatic cell lines, are both generated from human hep-
atoma [246]. HepG2 is best used to model hepatic cancer and associated
treatment strategies [246], but it is not suited for studying hepatic bio-
transformation due to atypical quantities of drug metabolism enzymes
and deficient metabolic activities [248]. In contrast to HepG2, the
HepaRG cell line is an alternative to PHHs in the context of metabolic
or toxicological studies; because of a higher grade of differentiation,
HepaRG cells retain more hepatic metabolic functions, including drug-
metabolizing cytochrome P450 (CYP) enzyme activities [246,249]. An-
other alternative to PHHs are human pluripotent stem cells differenti-
ated along the hepatic lineage. Yet, the generation of hepatocytes
derived from hiPSCs - referred to as ‘hiPSC-derived hepatocyte-like
cells (hiPSC-Heps)’ - is extremely challenging: even though there are
differentiation protocols, which have proven to be efficient and repro-
ducible, hiPSC-Heps’ functionality still rather resembles immature or
even fetal hepatocytes. One of the most confining hurdles resulting
from hiPSC-Heps’ immaturity is the extreme decrease in the activity of
a significant number of CYPs. As in vivo differentiation from fetal to
adult hepatocytes is not fully understood yet, further knowledge
about this developmental step is necessary to improve the progress to-
wards obtaining adult hiPSC-Heps [250,251].

In sum, balancing the pros and cons when choosing the optimal
source of hepatic cells for a specific application is crucial because the
cell source determines the model’s relevance and its predictive effi-
ciency [248].

3.2.3.2. Conventional hepatic in vitro models. To mimic liver disease
mechanisms or hepatic responses to novel drug candidates, engineered
human liver models should recapitulate the in vivo situation of the as-
pect to be represented as close as possible while minimizing the model’s
complexity. Existing types of human liver models are clearly distin-
guishable from each other by the extent to which they mimic in vivo
structure and liver functions.

A very basic approach towards a physiologically-relevant human he-
patic in vitro model is the use of acellular enzymatic platforms; by ana-
lyzing liver microsomes containing CYPs in high-throughput platforms,
information on a drug candidate’s mode of action in the liver can be re-
trieved [252,253]. Precision-cut liver slices are also widely used as
model systems. They preserve the natural liver structure, contain all
cell types, and can even be cryopreserved [254,255]. However, the lim-
ited access to human liver tissue and the low throughput character
strongly limits the applicability of these systems as drug testing plat-
forms. As with PHHs, another drawback of ex vivo-cultured human he-
patic tissue is a rapid loss of functionality [247]. To prevent this effect,
micropatterning and 3D modeling have been proven helpful [247].

An interesting hepatic in vitro model was established by making use
of micropatterning [247,256-259]: first, compared to conventional 2D
monolayer culturing, in vitro culture conditions of PHHs were
found to be improved in micropatterned co-cultures (MPCCs) of
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cryopreserved PHHs and stromal fibroblasts. Further, the same micro-
scale liver system was investigated with regard to responsiveness to
fasting and feeding states; by introducing insulin and glucagon to the
system, state-dependent glycogen lysis and storage was revealed.
Moreover, hepatic MPCC gluconeogenesis was found to be modulated
by an administration of metformin, and in response to hyperglycemia,
intracellular lipids inside PHHs were raised [247]. In a subsequent
study, the MPCCs were exposed to long-term pathophysiological glu-
cose levels, i.e. either hypo- or hyperglycemia. Already within six days
of culture under constant hyperglycemic conditions (25 mM glucose),
PHHs showed an onset of insulin resistance. The accumulation of intra-
cellular ectopic lipids was found to be raised already for lower glucose
levels (12.5 mM glucose) [256]. Aside from modeling the development
of hepatic insulin resistance - highly relevant for T2DM - as well as
hormone- and drug-mediated glucose metabolism, the MPCC technol-
ogy was also applied to examine hiPSC-differentiation. Several studies
found that the micropatterned co-culture enhanced maturity and lon-
gevity of hiPSC-Heps [258,259].

3.2.3.3. Liver-on-a-chip. On account of the liver’s high relevance for drug
testing and toxicology studies, hepatic tissue ranks among the most
researched organs in the field of OoCs. Up until now, a significant num-
ber of liver MPSs have been introduced each featuring different strate-
gies for recapitulating both in vivo hepatic function and architecture
[260-269]. Due to the broad range of liver-on-a-chip systems, only
some platforms will be presented exemplarily in this review.

An important aspect to keep in mind when designing a liver-on-a-
chip is the fact that multiple hepatic cell types are involved in a response
to liver injury and hepatotoxicity. Therefore, from a biological perspec-
tive, it is necessary to implement co-culture hepatic models. From a
structural perspective, a resemblance to in vivo liver architecture and
the in-chip flow conditions play an important part. One example of a
liver MPS integrating multiple cell types in a perfused environment
was presented by Esch et al. [265]: The metabolic functionality of a
human 3D microfluidic culture containing hepatocytes, fibroblasts, stel-
late cells and Kupffer cells was shown to be improved compared to
static culture conditions.

Another liver MPS approach constructed perfused 3D spheroidal
liver models [260]: Bhise et al. 3D-printed human hepatic HepG2/C3A
spheroids in a photo-crosslinkable hydrogel into the culture chamber
of a bioreactor. Apart from the maintenance of long-term hepatic func-
tionality, this study is interesting from a technical point of view as well;
hepatic spheroids are printed directly into the microfluidic device,
which is then assembled around the printed tissue. Unlike most other
microfluidic platforms, it can be easily disassembled allowing simple ac-
cess to the hepatic tissue after the experiment [260].

A concept which additionally recapitulates the in vivo structure of
the liver was established by Mosig and colleagues [263,264]: their plat-
form integrates a two-layered tissue which is closely mimicking the
morphology of a liver sinusoid. While the hepatic layer of the device fea-
tures a co-culture of hepatocytes and stellate cells, the vascular layer
consists of non-parenchymal cells, endothelial cells as well as tissue
macrophages (Fig. 4C). Via integrated sensors based on luminescence,
the liver equivalent’s oxygen consumption can be measured online
[264]. In the further development of this liver-on-a-chip platform, the
MPS was transformed into a disease model by inducing an
inflammation-associated dysfunction of the liver. This condition was
triggered by the release of pro- and anti-inflammatory cytokines by
means of the administration of toll-like receptor (TLR) agonists to the
liver platform. When monocytes were integrated into the inflamed
liver-chip, the tissue response to the TLR agonists was found to be atten-
uated [263].

On account of the liver’s relevance for disease modeling and the
evaluation of patient-specific drug responses, the combination of OoC
and hiPSC technology is advancing with great strides. Schepers et al.
have developed a microfluidic device incorporating hiPSC-derived

hepatocytes [270]: 3D aggregates of hiPSC-derived cells were encapsu-
lated either individually or in co-culture during their differentiation to-
wards hepatocytes and were examined with respect to stable albumin
production and inducible CYP activity. Both analyses confirmed the he-
patic tissue inside the chips to be viable and functional. However, unlike
the chips mimicking the architecture of a hepatic lobule, this chip fea-
tures C trap structures to hold the formed microtissues in place [270].
Based on a different approach, Banaeiyan et al. established a liver MPS
featuring hexagonal structures of liver-lobuli [266]. In comparison to
other organ-on-a-chip platforms, this system is a large-scale model
(with one hexagonal structure being in the range of several millimeters)
also giving rise to the denomination as “very large-scale liver-lobule
(VLSLL)-on-a-chip device”. To supply nutrients to the hexagonal
lobule-like chambers, the media channels were designed to mimic the
fenestrated endothelial cells of the liver, based on a concept initially in-
troduced in a liver chip model by Lee and colleagues [262]. Inside the
system, hiPSC-derived hepatocytes formed bile canaliculi and main-
tained their functionality for three weeks as validated by assessing via-
bility, albumin secretion and urea synthesis [266].

3.2.3.4. Summary and perspectives with respect to DM research. The re-
search and progress in the development of in vitro liver models doubt-
lessly profits from the liver’s relevance for pharmacological and
toxicological studies. There is a broad, well explored choice of hepato-
cyte sources ranging from PHHs over hepatic cell lines to hiPSC-
derived liver cells. Diabetic research will profit most from the use of
hiPSC-derived hepatocytes as it enables the generation of patient-
specific cells and consequently patient-specific liver responses. Yet,
obtaining hiPSC-Heps is still challenging and held back by their immatu-
rity. In addition, research on hiPSC-derived hepatic cells focuses mostly
on hepatocytes only; however, NPCs are also required to generate phys-
iologically functional liver models. Even though there is no standalone
diabetic liver-on-a-chip platform yet, the advances made are promising.
A combination of the presented hepatic in vitro models reflecting the
onset of insulin resistance in the liver [247,256-259] and an adequate
microfluidic environment would constitute an outstanding platform
for studying hepatic insulin resistance as a target for T2DM treatment
strategies. Moreover, as discussed in Section 3.2.6, liver MPS are funda-
mental building blocks for a multi-organ platform for reflecting the sys-
temic character of T2DM.

3.24. Adipose tissue

WAT is one of the key players in the development and manifestation
of T2DM. According to its physiological function, WAT is supposed to
clear glucose from the blood stream and store the associated energy in
the form of lipids. However, this mechanism is disrupted as a result of
insulin resistance and enhanced lipolysis in WAT which are both caused
by macrophage infiltration in response to excess dietary energy as well
as insulin resistance in liver and skeletal muscle. Aside from WAT's rel-
evance for finding new diabetes treatment options via modeling of in-
flammation or insulin resistance, adipose tissue is also a target in the
prevention of T2DM; a future therapy option to counteract obesity
might be the expansion of thermogenically active brown adipose tissue
(BAT). This can be realized by gene therapy, pharmacologic induction of
WAT-to-BAT transition — a method also referred to as ‘browning’ - or
differentiation of adipose-derived stem cells into beige adipose tissue
[271].

3.24.1. Cell sources for adipose in vitro models. For the generation of adi-
pose in vitro models, multiple resources for obtaining adipocytes are
available. First of all, the use of primary cells is more the custom in the
field of adipose tissue engineering compared to other tissues due to
the relatively uncomplicated accessibility to primary human mature ad-
ipocytes; adipose tissue samples occur as a by-product of plastic surgery
(subcutaneous adipose tissue) or visceral surgery (visceral adipose tis-
sue) [272,273]. Moreover, primary mature adipocytes retain patient-
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specific information which is especially important in terms of reflecting
characteristics of adipose-related diseases such as the hypertrophy in
obesity, for instance [274]. However, the handling of mature adipocytes
poses a major challenge. Firstly, they are terminally differentiated and
can neither be expanded nor cryopreserved [275,276]. Therefore,
other sources for adipocytes are available and thoroughly explored:
in vitro differentiation of adipogenic progenitor cells (i.e. either
preadipocytes or multipotent stem cell lines) or hiPSCs is of special in-
terest due to their capacity to be expanded and cryopreserved while
retaining the characteristic fat depot and patient-specific information
[276]. The use of adipose cell lines, however, has two major limitations:
first, they contain many small intracellular lipid droplets instead of the
in vivo-occurring single large vacuole. Second, the secretome of
adipose-associated hormones, adipokines, differs strongly from in vivo
[277]. A further drawback of using preadipocytes is their limited capac-
ity to differentiate with increasing number of passages [278]. With re-
gard to hiPSC-WAT, the progress on generating hiPSC-derived white
adipocytes is slowed down by a current focus on obtaining brown or
beige adipocytes, rather than white adipocytes. This is due BAT’s and
beige adipose tissue’s promising actions as a therapeutic target for obe-
sity [279-281].

Especially interesting in the context of DM is a recent study evaluat-
ing the adipogenic differentiation potential of MSCs derived from T2DM
patients: interestingly, diabetic MSCs seemed to lose their capacity to
differentiate into mature and functional adipocytes as reflected by dif-
ferences in their genetic profile compared to healthy control MSCs.
This dysfunction of MSC differentiation might be caused by adipose tis-
sue inflammation and was found to be accompanied by adipocyte hy-
pertrophy and diminished adipose tissue turnover [282].

In general, due to their unique properties, including buoyancy due to
their lipid depots as well as extreme fragility and possible dedifferenti-
ation under inadequate in vitro conditions [283], models using adipo-
cytes require sophisticated strategies to generate physiologically
relevant in vitro WAT.

3.2.4.2. Conventional adipose in vitro models. The range of adipose in vitro
models is broad; however, adipose tissue engineering often focusses on
soft tissue replacements for regenerative medicine [284,285], which are
not suitable for metabolic studies or compound testing. Solely a few ex-
amples so far have targeted adipose tissue micro-platforms or modeled
adipose tissue inflammation, i.e. a hallmark of T2DM.

One approach is the utilization of 3D silk protein scaffolds to accom-
modate ex vivo white adipose tissue [286-288]. In a further step, the 3D
silk scaffolds were integrated into 2D and 3D macroscopic perfusion
systems for long term culture of adipose tissue; both 2D and 3D systems
were successful in modeling adipogenesis of human primary
preadipocytes. Yet, as a consequence of a higher mechanical support,
3D systems were found to be more robust than 2D setups as revealed
by greater lipogenic and lipolytic activities [289].

In order to model adipose tissue inflammation, Turner et al. intro-
duced a spheroid adipogenesis model to investigate the influence of
an inflammatory microenvironment. Murine 3T3-L1 preadipocytes
were exposed to pro-inflammatory stimuli during differentiation by
modulating cell maturation via elevated levels of fatty acids followed
by an exposure to TNF-ou.. Exposed adipose tissue showed a reduced
metabolic function characterized by enhanced lipolysis and reduced
expression of peroxisome proliferator-activated receptor gamma
(PPAR-7), an important factor involved in adipogenic differentiation
and accumulation of triglycerides [290]. Zagotta et al. proposed a
human adipose in vitro inflammation model to evaluate the effect of
resveratrol, a drug candidate to treat obesity. They found that in
obesity-induced inflamed adipose tissue the drug reduced the produc-
tion of inflammation-associated cytokines [291].

3.2.4.3. Adipose tissue-on-a-chip. The development of adipose tissue MPS
also caught attention lately. Some OoC-platforms manifested to be

especially advantageous because of the microfluidic environment de-
signed to protected integrated fragile adipocytes from fluid flow and
shear forces. One of the first attempts to integrate adipose tissue in a
microfluidic platform was published by Viravaidya and Shuler in
2004: besides a lung and a liver compartment, their “microscale cell cul-
ture analog (UCCA)” device featured a chamber accommodating differ-
entiated 3T3-L1 murine adipocytes to study bioaccumulation of toxins
[292]. Another promising tool for drug testing and disease modeling
that integrates WAT was only recently introduced by Loskill et al.: in-
chip adipogenic differentiation of 3T3-L1 murine adipocytes resulted
in a mature adipose tissue with physiologically functional lipid metabo-
lism which was stable for multiple weeks. The WAT-chip architecture
was, thereby, specifically adapted to accommodate adipocytes and
shield them from shear forces by featuring a tissue chamber and a
media channel system (Fig. 4D) [293].

While the previously discussed system mainly focused on the gener-
ation of a functional adipose tissue microphysiological platform for drug
testing and disease modeling, another two-compartment adipose tissue
device was developed to emulate insulin-dependent glucose uptake in
adipocytes [294]: 3T3-L1 murine preadipocytes were cultured as
‘adipo-spheroids’ inside a perfusable type I collagen-filled chamber.
Insulin-supplemented media was added via a “blood compartment”
and an insulin-triggered glucose uptake was shown. Apart from investi-
gating the functionality of the adipose glucose metabolism, this study
especially highlights another important aspect of diabetes in vitro
models, namely the significance of relative scaling of organ-on-a-chip
systems: if the adipose tissue and the “blood volume” were not scaled
properly relative to each other, the systems would constantly be ex-
posed to hypo- or hyperglycemia [294].

In addition to those OoC platforms featuring tissues in a
microphysiological environment, there are several microfluidic adipose
tissue platforms that are based on microfluidic interfaces. Those devices
concentrate on time-resolved sampling of tissue secretions and thereby
on a quantification of endocrine tissue functionality: in the case of adi-
pose tissue, glycerol [232,295] as well as adipokine secretion dynamics
[296] were determined.

3.2.4.4. Summary and perspectives with respect to DM research. For DM re-
search, adipose tissue is of interest in two important aspects: On the one
hand, adipose tissue is a prominent site of tissue insulin resistance and
chronic inflammation making it a main target for mechanistic and ther-
apeutic research. On the other hand, a conversion of white adipocytes to
beige adipocytes could help prevent metabolic disorders like obesity.
Cell sources available for human adipose in vitro models range from pri-
mary mature adipocytes over preadipocytes and multipotent stem cells
to hiPSC-derived adipocytes. However, unique characteristics of adipo-
cytes, including buoyancy and extreme fragility, necessitate elaborate
culturing and encapsulation techniques. The majority of tissue
engineered in vitro models concentrates on establishing large tissues
applicable for soft tissue regeneration; only few models investigated
adipose-related disease mechanisms in a micro-scale. Only recently,
the OoC technology began to address the challenge of developing adi-
pose tissue MPS. Even though most systems do not integrate human
but murine cells, the platforms present a solid foundation for future
human adipose tissue-on-a-chip systems with a promising potential
in diabetes research.

3.2.5. Skeletal muscle

Skeletal muscle is the first tissue to develop an insulin resistance in
response to ectopic lipid accumulation caused by excess dietary energy.
By unloading the burden of elevated blood glucose levels onto other tis-
sues, especially onto the liver, the insulin resistance spreads out onto
those tissues as well. This mechanism is an integral part of T2DM. There-
fore, investigating the mechanisms behind skeletal muscle insulin
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resistance and its prevention, or even reversion, is highly interesting
within the scope of diabetes research.

3.2.5.1. Cell sources for skeletal muscle in vitro models. Similar to adipose
tissue engineering, the main motivation behind skeletal muscle tissue
engineering so far has been to develop muscle grafts used for recon-
structive surgery. Owing to the high cell numbers required to generate
large muscle grafts, the cell sources exploited to engineer new func-
tional skeletal muscle tissues need to be readily expandable [297].
Moreover, skeletal muscle precursor cells must have the potential to
be differentiated from mononucleated cells into densely packed, multi-
nucleated myofibers, which are capable of maintaining muscular func-
tion, i.e. uniaxial contraction [298,299]. One commonly used cell
source are primary satellite cells; their myogenic differentiation resem-
bles the in vivo situation much better compared to programming im-
mortal cell lines, as e.g. C2C12 (mouse) or L6 (rat) cells [298]. Further
cell types featuring a myogenic potential include MSCs [300], embryonic
stem cells [301], myoblasts [302].

Moreover, in recent years efficient and robust protocols to direct
hiPSC differentiation along the myogenic lineage have been introduced
[303-306]. However, as it is often the case for hiPSC technology, the
maturation state of these hiPSC -derived muscle cells remains unclear.
In addition, the contractile function of hiPSC-derived myofibers remains
to be validated [299]. Interestingly, hiPSC-based myotube generation al-
ready enabled the modeling of skeletal muscle insulin resistance: lovino
et al. compared healthy hiPSC-myotubes to hiPSC-myotubes derived
from individuals suffering from Donohue syndrome, i.e. a severe disor-
der with monogenic mutations in the insulin receptor (IR-Mut) [307].
IR-Mut hiPSC-derived myotubes were found to feature deficient insulin
signaling and glucose uptake, erroneous accumulation of lipids, and de-
fective insulin-regulated gene expression.

3.2.5.2. Conventional skeletal muscle in vitro models. Skeletal muscle is a
highly specialized tissue, and besides a complex and robust, anisotropic
functional 3D architecture, it requires a coupled electrical stimulation
capacity along with a mechanical contractibility [308]. In addition to
an adequate cell type used for the in vitro model, skeletal muscle tissue
engineering demands an elaborate frameworks to present a
physiologcial microenvironment featuring anisotropic and elastic cues
as well as anchoring properties [299]. Hence, skeletal muscle tissue en-
gineering is closely linked to the research area of biomaterials [297,309],
and the combination of these two fields already yielded a variety of skel-
etal muscle in vitro models which were reviewed by Qazi et al. [297].
Moreover, because of the appeal as a therapy for volumetric muscle de-
fects, vascularization of these large muscle constructs holds another pri-
ority within the scope of skeletal muscle tissue engineering [310,311].
Yet, beside the progress in developing skeletal muscle in vitro models,
the recapitulation of in vivo organization and function is still limited
in conventional in vitro skeletal muscle models [312] resulting in inad-
equate states of physiological and functional maturity in comparison to
intact muscle [299].

3.2.5.3. Skeletal muscle-on-a-chip. Despite skeletal muscle being ex-
tremely relevant for diseases with a great impact on society, such as di-
abetes as well as dystrophic disorders and neuromuscular diseases, 0oC
systems of skeletal muscle have not nearly as much addresses as in the
case of liver or cardiac tissues, for instance. Only recently, the first skel-
etal muscle-on-a-chip platforms were introduced. The first functional
microfluidic model of human skeletal muscle was developed by Mad-
den et al. (Fig. 4B) [312]. Chemically and electrically responsive muscle
tissue, referred to as ‘myobundles’, was engineered by isolating,
expanding and differentiating primary myogenic cells. Non-invasive
monitoring of muscular function and drug reaction was ensured by
measurement of contractile forces and GCaMP6-reported calcium re-
sponses. Exemplarily focusing on muscle-related disorders, the applica-
bility of the system as a drug testing device was confirmed via

administering lovastatin and cerivastatin. These two drugs are com-
monly used to prevent coronary artery disease; as a side effect, how-
ever, statins can entail myopathic weakness. In form of hypertrophy
and toxic myopathy, this effect was detected in the skeletal muscle
MPS as well [312]. Other skeletal muscle-on-a-chip platforms were
established but, in contrast to the previously discussed system, rely on
the C2C12 murine myoblast cell line [313-315]. In a platform
established by Argawal et al., cardiotoxin, a substance commonly used
to induce damage to skeletal muscle by evoking myotube depolariza-
tion as well as rupture of the cytoskeleton, was applied to generate an
injury model, whereby a dose-dependent response could be demon-
strated [313].

3.2.5.4. Summary and perspectives with respect to DM research. Research
combining diabetes and in vitro skeletal muscle platforms is still at a
very early stage, and not many studies relate the T2DM-associated insu-
lin resistance to disease modeling in skeletal muscle. Still, the derivation
of diabetic hiPSC-derived myotubes exhibiting a severe form of insulin
resistance has already been successful. A combination with the skeletal
muscle-on-a-chip platforms, which so far mainly focus on system vali-
dation and mechanical properties of muscle, would present a milestone
towards powerful tools for researching the onset of insulin resistance as
well as associated therapy options. Yet, even though the development of
in vitro skeletal muscle models is advancing, there are still limitations
hampering a faster progress. One of the challenges is the maturity of
in vitro skeletal muscle systems: especially hiPSC-derived myobundles
cannot recapitulate muscle contractility yet and their degree of maturity
remains to be demonstrated.

3.2.6. Multi-organ approaches towards modeling DM

Inter-organ communication plays an important role in human me-
tabolism. Even though recapitulating individual organ-associated as-
pects of DM can provide valuable insights into respective facets of the
disease, conventional single-organ in vitro models fall short on mimick-
ing paracrine or endocrine inter-organ signaling. The systemic and het-
erogeneous character of diabetes calls for models on a multi-organ level.
The following section reviews microfluidic-based in vitro models fea-
turing various inter-organ connections with a high relevance for DM.

3.2.6.1. Multi-organ in vitro models targeting DM research. Despite the dif-
ficulties accompanying the development of an adequate DM in vitro
model, some research groups ventured to address this challenge in re-
cent years. One such model - an ‘endocrine system-on-a-chip for a dia-
betes treatment model’ - was introduced by Nguyen et al. in 2017 [316].
In order to screen diabetic drugs, the platform features an intestinal-
pancreatic co-culture: murine L-cells producing GLP-1 and rat pancre-
atic B-cells producing insulin were integrated into the 3D microfluidic
channel-based cell culture system (3D-pFCC) which was originally de-
veloped by Toh et al. [317]. By compiling glucose-dependent dynamic
profiles of diabetes-associated hormones, this platform holds future
promise to screen potential drugs for the treatment of TIDM as well
as T2DM (e.g. GLP-1 analogs, natural insulin or GLP-1 stimulants)
[316]. However, this system is confined to the interplay between the
pancreas and the intestine only, and an integration of further organs,
such as the liver, would be required to more precisely reflect DM’s het-
erogeneity. Moreover, the integrated tissues originate from rodent cell
lines; thus, a transition of this model towards using human cells, possi-
bly even patient-specific hiPSCs, is considered as indispensable in order
to enhance the physiological relevance of the platform.

A first approach to model T2DM in a multi-organ microfluidic plat-
form was published in late 2017 by Bauer et al. [318] (Fig. 5A.): by cul-
turing pancreatic islets and liver spheroids in a two-organ chip, the
interaction was investigated based on insulin and glucose monitoring.
Human pancreatic islets were obtained commercially (3D InSight™
pancreatic islet microtissues, InSphero AG, Switzerland) while liver
spheroids were formed from HepaRG cells. The functionality of this
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A. Two-organchip coupling
pancreas and liver (Baueret al. 2017)
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Fig. 5. Multi-organ approaches towards modeling DM. A. A microphysiological two-organ chip coupling human pancreatic islet and human liver spheroid compartments as a future model
of T2DM. Reproduced from reference [318] (CC BY 4.0). B. An in vitro model of central obesity featuring human hepatic, vascular and adipose compartments capable of reflecting systemic

and vascular inflammation. Reproduced form reference [273] (CC BY 4.0).

system as well as the extent to which it could enable pancreas-liver
cross-talk was reflected by a functional in vivo-like homeostatic feed-
back loop: In response to a glucose load, in-chip islets produced insulin
which, in turn, promoted glucose uptake by the liver spheroids; yet,
when insulin levels were low, glucose was not consumed by the liver
compartment. Moreover, even a simulation of a glucose tolerance test
(GTT) as used in humans to diagnose DM resembled the in vivo situa-
tion: glucose concentration was raised in the culture medium which,
via increased pancreatic insulin secretion, accelerated hepatic glucose
uptake. Subsequent to the glucose load, the coupled two-organ platform
returned to a fasting glucose state — a mode which was not observed for
single cultures. However, Bauer et al. also reported slower kinetics in
glucose disposal compared to the in vivo situation which could be at-
tributed to an absence of other glucose-consuming tissues as muscle
or adipose tissue [318]. Apart from the integration of further T2DM-
associated organs, primarily the hepatic cell source, a hepatoma cell
line, should be reconsidered; prospectively, a personalization of the sys-
tem by using hiPSCs would have a huge impact on more in-depth re-
search of DM therapy options.

3.2.6.2. Multi-organ in vitro models with potential future impact on DM re-
search. Besides the previously discussed multi-organ models directly
addressing DM, a significant number of in vitro models implicitly
touches on DM-associated facets like human metabolism or DM key or-
gans. Even though those models would require distinctive modifica-
tions with regard to DM, they hold potential to significantly contribute
to research in this area.

On part of modeling human metabolism, a metabolic in vitro 3-way
network of hepatocytes, adipose tissue and endothelial cells based on a
multi-compartment bioreactor was established [319]. To assess
crosstalk and each organ’s individual contributions to visceral energetic
substrate metabolism, the tissue network was exposed to normo- and
hyperglycemic conditions. Under physiological glucose levels, the sim-
plified metabolic circuitry maintained glucose levels and showed fatty
acid homeostasis. When the system was confronted with elevated levels
of glucose, however, its response was immensely altered, and in the
presence of insulin, the hyperglycemic metabolite dynamics could be
modulated [319]. The system was further combined with microfluidics
and adopted to model central obesity featuring systemic and vascular
inflammation [273] (Fig. 5B). The relative scaling of the interconnected
hepatic, adipose and endothelial compartments was varied to adapt the
level of adiposity (healthy: 12% WAT; overweight: 25% WAT; obese:

35% WAT). When exposed to adiposity, the system reacted in an syner-
gic pro-inflammatory response and vascular stress as reflected by ex-
pression of E-selectin and von Willebrand factor (both markers for
endothelial stress) and expression of IL-6 and monocyte
chemoattractant protein-1 (MCP-1) (both markers for systemic stress)
[273]. However, it is noteworthy that for the liver compartment hepato-
cytes of the HepG2 cell line were used; as discussed in section 3.2.3, this
hepatoma cell line is not well suited for studying human metabolism.
Thus, reconsidering the hepatic cell source of this model is mandatory
to further enhance the model’s relevance in terms of metabolic research.
Still, these two studies form a basis for a microfluidic obesity model with
great potential for testing of anti-inflammatory and anti-obesity
medications.

3.2.7. Models of diabetic complications

The impact of DM on the human body is not restricted to the respec-
tive organs associated to either T1 or T2DM, but the constantly elevated
blood glucose levels also cause severe chronic or acute co-morbidities
by provoking micro- or macrovascular damages or neuronal injuries.
In the following sections, some in vitro studies focusing on models of di-
abetic complications will be reviewed.

3.2.7.1. Diabetic nephropathy. Diabetic nephropathy (DN) is the leading
cause of end-stage kidney diseases eventually requiring a kidney re-
placement therapy [320]. With approximately 30-40% of all diabetic pa-
tients being affected [321], the incidence of DN is genuinely high. Since
many renal cell types are insulin-sensitive [320], and are consequently
affected by the systemic insulin resistance, too high blood glucose levels
can cause a severe dysfunction of the renal glomerular filtration barrier
(i.e. the construct of endothelial cells, basement membrane and
podocytes) [321]. The key mechanisms behind the dysfunction of glo-
meruli are (i) a glomerular insulin resistance, which is (ii) leading to a
hampered communication between podocytes and glomerular endo-
thelium, in turn (iii) leading to an inhibited reabsorption of glucose
via sodium coupled transporters [320].

Owing to the high prevalence of DN, there is a number of in vitro
models targeting elucidation of DN mechanisms and treatment options.
Besides multiple generic kidney-on-a-chip systems [322-325], Wang
and Tao et al. developed a glomerulus-on-a-chip specifically designed
as a disease model for DN [321]. The chip emulates the glomerular mi-
croenvironment including the glomerular filtration barrier. When ex-
posed to hyperglycemic conditions, the glomerular dysfunction and
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the barrier’s permeability to albumin significantly increased leading to
proteinuria [321]. However, the model relies solely on renal tissue
from rodents and it remains to be demonstrated whether those findings
are consistent with outcomes from a human glomerulus-on-a-chip.

3.2.7.2. Diabetic retinopathy. Diabetic retinopathy (DR) also ranks among
the most frequent DM-associated co-morbidities and is a worldwide
leading cause for vision loss [326]. It is a progressive disease featuring
an early non-proliferative phase followed by a late proliferative stage
characterized by pathologic angiogenesis. DR eventually leads to retinal
detachment and vision impairment if it remains untreated. The main
initiator of DR is hyperglycemia; however, the disease progresses even
after blood glucose levels have been re-adjusted to normal levels indi-
cating that DR exhibits a ‘metabolic memory’ [327]. The effects of hyper-
glycemia on the retina have been shown in a murine in vitro model of
organotypic retinal explant cultures which were exposed to diabetic
conditions; under hyperglycemia, the cell death rates of inner retinal
neurons and photoreceptors, especially cones, were dramatically in-
creased [326].

In the first phase of DR, the blood-retinal barrier is harmed by the el-
evated blood glucose levels leading to a permanently increased perme-
ability which, in turn, provokes tissues inflammation. Upon advancing
impairment of the blood-retinal barrier, pathologic angiogenesis is initi-
ated in response to the hypoxia, resulting from a decreased transport of
oxygen to the retina, presenting a hallmark of DR’s proliferative stage
[328]. Thus, since pathological endothelial permeability and neovascu-
larization are integral parts of DR disease progression, in vitro models
of microvasculature recapitulating angiogenesis or vascular permeabil-
ity play an important role in DR research. In recent years, a couple of
microvessel- or capillary network-on-a-chip systems have been intro-
duced, which focus on angiogenesis and might be helpful in testing
anti-angiogenic agents [329-331]. One of those systems also modeled
vascular permeability under inflammatory conditions: after having
demonstrated an effective barrier functionality, Pauty et al. induced a
loss of this function by administering the inflammatory factor thrombin
to the in-chip microvasculature [329].

3.2.7.3. Diabetic cardiomyopathy. In general, the incidence rates of car-
diovascular diseases are higher in patients affected by diabetes as com-
pared to non-diabetics [332]. This is especially true for hypertensive and
ischemic heart diseases but also for diabetic cardiomyopathy, a condi-
tion which is not associated to hypertension or coronary artery disease,
unlike hypertensive and ischemic diseases [332]. Diabetic cardiomyop-
athy induces pathological remodeling of the heart muscle and results in
impaired heart function [333]. Its hallmarks are initially an impaired di-
astolic relaxation time and a ventricular hypertrophy followed by a re-
duced contractility in the second stage which is eventually leading to
systolic dysfunction. These defects can be attributed to a decreased insu-
lin sensitivity of the cardiac muscle as well as to a consequential meta-
bolic overload [332]. Since no specific therapy options for diabetic
cardiomyopathy exist to date, a number of in vitro models have been
developed to mimic diabetic cardiomyopathy phenotypes
[153,333-335]. By integrating, for instance, patient-specific hiPSC-
derived cardiomyocytes into a platform enabling phenotypic screening
various therapeutic strategies were tested for different patient groups;
importantly, diabetic patient-derived hiPSCs showed a baseline cardio-
myopathy which could be improved by pharmacological intervention
[333]. A further diabetic cardiomyopathy model was established by
seeding rat ventricular myocytes into collagen scaffolds and culturing
them under four different conditions (normal glucose + insulin; high
glucose + insulin). Cardiac tissues which were exposed to high glucose
levels but were not supplied with insulin showed diabetes-induced
gene expression, dysfunctional contractility as well as weakened electri-
cal excitability. In comparison, the presence of insulin promoted viabil-
ity, excitability and healthy gene expression [153]. Testing anti-diabetic
drugs with those systems showed the capability to enhance excitability

but did not change the cells’ gene expression [334,335]. More compre-
hensive studies on the mechanisms of diabetic cardiomyopathy
in vitro could also make use of the variety of complex stem cell-based
heart-on-a-chip models introduced in the last years [336-340].

3.2.7.4. Diabetic osteopathy. T2DM-patients also suffer from an increased
risk of bone fractures as well as a deferred healing of fractures. This is
caused by circulating factors in T2DM patients’ blood, which are a con-
sequence of glucose and insulin levels being higher than physiological
thresholds. One of those factors is transforming growth factor beta
(TGF-3) which was shown to inhibit osteoblast maturation. To better
understand the pathobiology behind those blood circulating factors
and to ensure an improved identification of other osteoblast maturation
inhibitors, Ehnert et al.developed an in vitro model elucidating the im-
pact of circulating factors from T2DM patients’ blood sera on bone func-
tion. Comparing the differentiation and maturation of human
immortalized bone marrow mesenchymal stem cells (SCP-1 cells) in
the presence of sera from T2DM patients or control sera (i.e. sera from
non-obese as well as obese non-diabetic individuals) revealed signifi-
cant differences in osteoblast function [341]. These findings indicate
that blocking of the circulating factors might present a treatment option
for diabetic osteopathy.

4. Conclusion & future perspectives

Due to the burden on global health of DM, there is an enormous need
for the development of new approaches for prevention and treatment.
DM-associated research hence can have a huge societal as well as eco-
nomic impact. Even though the key symptom of DM - hyperglycemia
- prevails in all types of DM, the causative mechanisms are remarkably
different: in T1DM, an immune-mediated depletion of insulin-secreting
p-cells leads to the pathologically elevated blood glucose levels; in
T2DM, a variety of systemic deficiencies contribute to a combination
of i) insulin resistance in glucose-consuming tissues and ii) defective in-
sulin production. The resulting chronic hyperglycemia, in turn, is the
cause of many severe comorbidities including long-term damage, dys-
function, and failure of different organs. Still, there is no cure or effective
“remission” of DM yet; DM patients are always at risk of relapse even if
normoglycemia can be restored by an optimal disease management
[342]. The most prominent therapeutic approaches for T1IDM include
injection of insulin and pancreas or islet cell transplantation, while for
T2DM lifestyle modifications and administration of metformin usually
are the first choices [65,73]. Despite the abundancy of therapeutic re-
mission options, DM patients’ quality of life is still physically and psy-
chologically challenged by their day-to-day disease management
demand and their confrontation with the risk of developing diabetes co-
morbidities [343]. Further, DM therapy is complicated by adverse effects
of antidiabetic drugs (hypoglycemia being the most dreaded)
[73,124,344] as well as by the multitude of medications that need to
be combined to treat the multiple facets of DM [73]. Hence, it is of up-
most importance to deepen our knowledge of the mechanisms behind
DM and to find new, more effective pharmacological remedies facilitat-
ing disease management or, eventually, even an effective cure reversing
functionality loss of 3-cells or insulin resistance.

Human cohort studies have already contributed valuably to
unraveling the genetic foundations linking a certain genotype to a
DM-phenotype as well as to correlating distinct lifestyles to different
manifestations of DM. To study DM in greater mechanistic detail from
a molecular to an organ level, a multitude of diabetic animal models,
particularly rodent models, have been developed. Even though they
provided many significant insights into DM, translation from animals
to humans - as in many other research areas - has proven to be difficult;
glucose regulation mechanisms, for instance, were shown to be ex-
tremely species-specific [152].

Meeting the needs of developing diabetes models combining both
human genetic background and increased physiological relevance,



Table 1
Selection of in vitro diabetes models and cell sources.

Reference Model

Pros

Cons

In vitro diabetes models on a stem cell level
lovino et al. [167]
Burkart et al. [166]
In vitro immune system models
Lin et al. [346]
Halilovic et al. [347]
Kim et al. [238]

iPSCs with genetic mutation in insulin
receptor (IR-Mut)

Chemical gradients-on-a-chip for T-cell
and neutrophil migration

Leukocyte binding chip integrating cell
adhesion molecules (CAM)

Sundd et al. [239] Rolling of neutrophils on-chip
Han et al. [348]
Zhang et al. [240]
Srigunapalan et al.
[241]

Transendothelial migration of neutrophils
and monocytes on-chip

Pancreas (Endocrine)
Cell Sources Primary human and animal pancreatic

islets

Human and rodent-derived
insulinoma/p3-cell cell lines
Stem cell derived p-like cells

Conventional in vitro Human primary Langerhans islet culture

models

Bhonde et al. [202]
Skelin et al. [179] 2D culture of endocrine cells
Ravassard et al.
[181]

Scharfman et al.
[182]

Benazra et al. [183]
Akerman et al. [218]
Hilderink et al. [205]
Zuellig et al. [206]
Ichihara et al. [207]
Lecomte et al. [208]
Ramachandran et al.
[209]

Gao et al. [210]
Weber et al. [211]
O’sullivan et al.
[212]

Mendelsohn et al.
[213]

Karp et al. [214]
Hraha et al. (2014)
[215]

Shinohara et al.
(2014) [216]

Pseudo-islets

Investigation of defects in an early developmental stage
Independence of differentiation processes

Human primary cells

Flexible and precisely controllable chemical gradients
Enables quantification of binding

Flexible choice of CAMs

Recapitulation of inhibitory effect of immunosuppressants
Precise control over shear stresses

Non-invasive High-Res imaging

 Recapitulation of interaction with endothelial cells

In situ monitoring of adhesion and migration of immune
cells

Gold standard
Physiological functionality

Good availability

Low cost

Standardized

Good availability

Retain patient-specific information
« Preservation of the islet structure
Contain all cell types

Mostly good availability

Simple and cheap

Standardized

Closer to primary islets as monolayer
Increased glucose response

In vitro environment does not resemble in vivo environment
No cell type specific and systemic effects recapitulated

Very specific chip systems for individual applications covering only a
very small aspect of the immune system

Artificial surfaces

No cell-cell interactions

Use of cell lines (Kim et al., Zhang et al., Srigunapalan et al., Han et al.)
and/or murine cells (Sundd et al., Zhang et al., Srigunapalan et al.)

Non-proliferative

Limited availability

Very expensive

High variability

Mostly rodent lines

Human lines feature insufficient insulin expression and secretion

Immature state

Inefficient differentiation protocols

Low availability

Requires ethical approval

Non-physiological structure and microenvironment

Time-consuming
No intrinsic structure
No vascularization

(continued on next page)
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Table 1 (continued)

Reference Model

Pros

Cons

Pancreas-on-a-chip

Liver
Cell Sources

Conventional in vitro
models

Liver-on-a-chip

White adipose tissue
Cell Sources

Mohammed et al.
[230] Fig. 4A

Liet al. [231]
Brooks et al. [232]
Xing et al. [233]

Microfluidically perfused “macro”-wells

Pumpless islet analysis

Schulze et al. [234]  Glass-made microfluidic “micro”-wells

Lee et al. [235] Microfluidic well platform for

pseudo-islet formation and analysis

2D culture of primary human hepatocytes
(PHHs)
Liver cell lines (HepG2 and HepaRG)

hiPSC-derived hepatocyte-like cells
(hiPSC-Heps)
Vickers et al. [254]  Precision-cut liver slices
Starokozhko et al.
[255]
Davidson et al. [256] Micropatterned co-cultures (MPCCs) for
Davidson et al. [247] PHHs/hiPSC-Heps
Lin and Khetani
[257]
Berger et al. [258]
Ware and Khetani
[259]
Esch et al. [265] Multi-cellular 3D human primary liver cell
culture

Rennert & Steinborn  Microfluidic co-cultures in MOTiF-chips
et al. [264] Fig. 4C
Groger et al. [244]

Schepers et al. [270] Perfusable 3D spheroid culture system

Banaeiyan et al. Very large-scale liver-lobule
[266] (VLSLL)-on-a-chip device

Primary mature human white adipocytes
Adipogenic progenitor cells (e.g.
pre-adipocytes or multipotent stem cell

lines)

hiPSC-derived white adipocytes
(hiPSC-WAT)

« Precisely controllable perfusion
« Flexible & automated system

Pumpless perfusion

Single islets

Mouse and Human islets

Single pseudo-islets

Small media volumes

Integrated sensing

Controllable oxygen levels
On-chip formation of pseudo-islets
Small media volumes

Islets shielded from shear forces

 Close resemblance to in vivo functionality

Good availability
Low cost

Good availability
Retain patient-specific information

Preservation of liver structure

Contain all cell types

Cryopreservation possible

Improved functionality of PHHs/Enhanced maturity and lon-
gevity of hiPSC-Heps

Responsiveness to feeding and fasting states

Model for the development of hepatic insulin resistance

 Primary human hepatocytes and non-parenchymal cells
(primary human fibroblasts, stellate cells and Kupffer cells)
Increased metabolic activity by fluidic cell culture

« Bile and vascular compartment

Co-culture of hepatocytes, stellate cells, endothelial cells as
well as tissue macrophages

Integrated sensors

Inflammation-associated dysfunction

Human iPSC-derived hepatocytes

3D co-culture spheroids integrating fibroblasts

Human iPSC-derived hepatocytes

Stable albumin secretion and urea synthesis

» Good accessibility

Retain patient-specific information
Good accessibility

* Low cost

Less fragile and mostly non-buoyant
Expandable and cryopreservable
Good availability

Retains patient-specific information

» “Large” media reservoirs
Non-physiological microenvironment
Primary mouse islets

Non-physiological microenvironment

Complex microfabrication
Non-physiological microenvironment
Rodent cell line pseudo-islets

Human cell line

Rapid loss of function ex vivo

Limited availability

Derived from tumor tissue or obtained by genetic engineering
Functional losses compared to PHHs (especially in terms of drug
metabolism)

Immature, even fetal state of hepatocytes

Functional losses compared to PHHs (especially in terms of drug
metabolism)

Rapid loss of functionality

Limited availability

Low throughput character

No recapitulation of in vivo liver architecture

Limited availability of PHHs/hiPSC-Heps remain immature

Limited recapitulation of physiological structure

Cell lines

Limited recapitulation of physiological structure

Large cell numbers required per system

Culture complicated by buoyancy and fragility

No expansion or cryopreservation possible
Mostly multilocular instead of unilocular

Altered secretion of adipose-associated hormones

Lack of efficient differentiation protocols
Immature state of adipocytes

ozl
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Conventional in vitro
models

Adipose-tissue-on-a-chip

Skeletal muscle
Cell Sources

Conventional in vitro
models

Skeletal
muscle-on-a-chip

Multi-organ approaches

Barbagallo et al.
[282]

Abbott et al.
[286-289]

Turner et al. [290]
Zagotta et al. [291]
Viravaidya and
Shuler [292]

Loskill et al. [293]
Fig. 4D

Moraes et al. [294]

lovino et al. [307]

Qazi et al. [297]

Madden et al. [312]
Fig. 4B
Agrawal et al. [313]

Nguyen et al. [316]

Bauer et al. [318]

Adipogenic differentiation potential of
diabetic MSCs

3D silk protein scaffolds for ex vivo white
adipose tissue

Inflammated Spheroid preadipocyte
cultures

Human adipose in vitro inflammation
model

Microscale cell culture analog (ICCA)
WAT-on-a-chip platform to generate

physiologically functional WAT

Model of adipose glucose metabolism

Primary satellite cells
Immortal cell lines [e.g. C2C12 (mouse),
L6 (rat)]

Myocyte progenitor cells (MSCs, ESCs,
myoblasts)
hiPSC-derived myofibers

hiPSC-myotube model of skeletal muscle
insulin resistance (IR-Mut vs. healthy)

Overview over a variety of skeletal muscle
in vitro models

Functional microfluidic model of human
skeletal muscle
Injury model of skeletal muscle

Endocrine system on chip

Pancreatic islets and liver spheroids
on-a-chip

Less fragile and non-buoyant

Expandable and cryopreservable

Reflection of diabetic MSCs’ capacity to differentiate into
functional white adipocytes

Successful in modeling adipogenesis of human
preadipocytes

3D model

Reduced metabolic function of adipose tissue exposed to
pro-inflammatory stimuli

Human cells

Recapitulation of reduction in production of inflammation--
associated cytokines by anti-obesity compound
Successful study of bioaccumulation of toxins

Chip design adapted to adipose tissue in vivo architecture
Mature adipose tissue featuring physiologically functional
lipid metabolism

Long-term functionality over multiple weeks

Study insulin-triggered glucose uptake in 3T3-L1 adipocytes
Model shows significance of scaling in diabetes in vitro
models

Myogenic differentiation resembles in vivo situation best
Good availability
Low cost

Good availability

Low cost

Good availability

Retain patient-specific information

IR-Mut hiPSC-derived myotubes featured deficient insulin
signaling and glucose uptake

Broad research ongoing in skeletal muscle engineering
which is closely linked to biomaterials research

Chemically & electrically responsive muscle tissue
Non-invasive monitoring of muscle function
Reaction to myopathy-inducing drugs
Dose-dependent response to cardiotoxin

Intestinal-pancreatic co-culture

Analysis of effect of glucose-levels on dynamic profiles of
diabetes-associated hormones

Hepatic-pancreatic co-culture

Human pancreatic islets

Media circulation

In vivo-like homeostatic feedback loop

Very specific model, limited applicability as in vitro model
No physiological environment
Artificial environment

Murine cell source

Non-physiological 2D model
No mature adipocytes
Monocyte cell line

Murine cell source

No disease modeling

Limited availability

Loss in myogenic differentiation potential compared to primary satellite
cells

Rodent cells source

Loss in myogenic differentiation potential compared to primary satellite
cells

State of maturation unclear

Contractile function remains to be validated

Focus on large scale skeletal muscle constructs for reconstructive sur-
gery

Recapitulation of in vivo organization and function is still limited
Inadequate states of physiological maturity

No diabetes- or insulin resistance-focus

Murine cell source
No diabetes- or insulin resistance-focus

Rodent cell lines

Non-physiological tissue structures

Linear, one-time pass, perfusion

Hepatic cell line

Relatively large media volumes

Non-physiological tissue structures and local perfusion
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human in vitro models of DM are imperatively required. In recent years,
hiPSC and OoC technologies have yielded a broad variety of promising
in vitro single- and even multi-organ concepts mimicking certain as-
pects of DM (cf. Table 1). The most relevant cell type for diabetes models
is most definitely pancreatic cells. Since only a limited number of
human B-cell lines is available, attention has shifted towards differenti-
ating hiPSCs into [3-cells. However, a complete maturation of hiPSC-
derived p-cells has merely been shown in vivo so far [194,195]. In
vitro differentiation of hiPSC-derived B-cells, in contrast, still falls
short on achieving physiologically relevant insulin secretion profiles.
Likewise, maturity of hiPSCs-derived cells still states a challenge to be
tackled for other diabetes-relevant cell types such as hepatocytes
[250,251], adipocytes [277] or skeletal muscle cells [299].

With respect to diabetes-relevant OoCs, considerable progress in the
development of single- and multi-organ platforms has been achieved
but a wide range of challenges and limitations still need to be tackled.
The focus of existing pancreas-on-a-chip platforms tends towards eval-
uation of islets prior to transplantation therapy and not towards a reca-
pitulation of the in vivo physiology on-chip. Owing to their relevance for
drug development and toxicity assessment, liver-on-a-chip systems are
abundant and versatile while both adipose- as well as skeletal muscle
00Cs are rather at earlier stages of development. Owing to the systemic
character of DM, especially multi-organ chips are extremely interesting
for pathophysiological and pharmacological studies. Yet, the develop-
ment of platforms featuring numerous organ compartments designed
for recapitulating diabetic disease mechanisms is still in its infancy
and still lacks the complexity of DM’s heterogeneity. Even though the al-
ready established single- and multi-organ systems are not yet capable of
fully modeling diabetes in vitro and to assess disease mechanisms and
associated treatment modalities, they still foreshadow a great potential
in terms of diabetic research; some of the discussed platforms, if not ex-
plicitly modeling diabetes, even validated functionality by testing the
response to antidiabetic drugs.

As future perspective of stem cell-based diabetes in vitro models, the
development of a T1DM-on-a-chip and a T2DM-on-a-chip, exploiting
hiPSC technology to retrieve all the relevant types of tissue, would fun-
damentally change diabetic research. Apart from modeling diabetes dis-
ease mechanisms and providing drug candidates’ safety and efficacy
profiles, hiPSC-based diabetes-chips are envisioned to critically impact
personalized medicine: Integration of tissues from individual diabetes
patients might allow the investigation of personalized treatment op-
tions on the level of this respective individual but also on the level of dif-
ferent populations. Given the variety of symptoms and co-morbidities,
as well as the individuality of history and course of disease, a patient-
centered approach of diabetes management is crucial. The initial adjust-
ment of antidiabetic medication at the time of first diagnosis can be hard
and demanding for the patient; moreover, different subpopulations
have been shown to respond differently to blood glucose regulating
agents [345]. Hence, a personalized diabetes-on-a-chip platform can
help retrieving individual treatment recommendations and conse-
quently unburdening diabetes patients.

In conclusion, to date there are no models which can completely
recapitulate DM because of the complexity either presented by
the impact of the immune system (T1DM) or by its multifactorial
character (T2DM). Yet, there are outstanding advancements in stem
cell-based in vitro diabetes research that helped gaining a deeper un-
derstanding of the disease and might have the potential to find more
effective therapy options or maybe even a cure for diabetes in the
future.
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