Mechanisms of -Cell Compensation for Age and Obesity

By

Trillian Gregg

A dissertation submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy
(Biophysics)

at the
University of Wisconsin-Madison

2017

Date of final oral examination: 06-27-2017
The dissertation is approved by the following members of the Final Oral Committee:

Matthew J. Merrins, Professor, Endocrinology
Alan D Attie, Professor, Biochemistry

Tomas F | Martin, Professor, Biochemistry
Kevin Eliceiri, Professor, Biomedical Engineering
Randall H Goldsmith Professor, Chemistry



T'able of Contents

Acknowledgments . . ... ... 1
ADSEIACE . . o ottt iv
Chapter 1: Introduction . . . ... ... ot 1
Type 2 Diabetes . ... oot 2
Age-Associated Changes in B Cells . . ...t 4
B-Cell Proliferation and the Cell Cycle . ... 10
Summary and Hypotheses . . ... 18
Bagures . ..o 20
References . . oot 25
Chapter 2: NAD(P)H Fluorescence Lifetime Imaging of Pancreatic Islets. . .................. 38
Fluorescence and Fluorescence Lifetime . ...........o i, 39
Fluorescence Lifetime Acquisition and Analysis. ..., 40
Metabolism and Fluorescence Lifetime . ... ... 44
Dominant Factors Affecting FLIM Signatures. . .......... ... ... ..., 45
Preliminary Resultsin Islets . .. ... o 46
Fagures . ..o 47
References . . ... 52

Chapter 3: Pancreatic B Cells from Mice Offset Age-Associated Mitochondrial Deficiency with

Reduced Kpp Channel ACHVILY . ... oo vttt e e 54
ADSEIACT . . oot 55
Introduction . . . ..o 55
Research Design and Methods . .. ... i i 57
ReSULLS . .o 62
DISCUSSION « . vt 66
Bagures . .. 70

REferenCes .« . v v 78



Chapter 4: Cdk1, by Stimulating Mitochondrial Respiration, Restricts the Metabolic Amplifying

Pathways of Insulin Secretion . ... ... . 82
ADSEIACT . . ottt 83
Introduction . . . ... o 83
Research Design and Methods . .. ... 85
ReSULLS . oot 90
DISCUSSION « . et 95
Bagures . ..o 99
References .« . oot 106

Chapter 5: DISCUSSION . . ..ot 110
SUMMALY . .o 111
Future Work in Aging Islets .. ... 111
Future Work on Cdk Signaling in Aging Islets . .............. ... ... . .. . ..., 113
Future Work on the Impact of Proliferative Signaling on B-Cell Function............ 114
Future Work on the Balance Between ETC Flux and Amplifying Pathways .. ......... 115
Future Proteins of Interest. . .. ... i e e 117
Further Development of NADP)YHFLIM . ...... ... . i 118
Final Considerations . .. ... oottt et e e e e e e 120
Fagures . .. 122

ReferenCes . o oo 127



Acknowledgments

I spent the first four years of my graduate career bouncing among various labs and projects.
Although often enjoyable and always educational, working without a permanent scientific home and
primary adviser was also incredibly challenging. If Matt Merrins hadn’t come to the University of
Wisconsin-Madison to start his lab, I might still be wandering in the desert. Matt took a chance on a
4th—year graduate student, giving me the scientific direction and mentorship that I needed. I could
never have succeeded without being a part of the Merrins Lab.

I would also like to thank my committee: Kevin Eliceiri, Alan Attie, Randy Goldsmith, and Tom
Martin for their guidance and support. I’'m especially grateful to Kevin for offering me a desk at
LOCI, giving me the freedom to explore new microscopy techniques, and providing valuable
mentorship while I found my scientific path. I learned the vast majority of my imaging expertise and
discovered some of my core scientific interests while at LOCI. Alan Attie, meanwhile, took me
under his wing as an honorary lab member during my free-floating days and presented me with a
biological question to which I could apply my passion for microscopy. As an especially insightful
mentor, Alan also recognized that I could not achieve everything I hoped to in his lab. It was Alan
who introduced me to Matt and facilitated my joining the Merrins lab. I will always be grateful for
Alan’s guidance, compassion, and scientific wisdom.

The other members of the Merrins Lab were also enormously supportive as I completed this work.
Helena VanDeusen in particular held my hand throughout the entire dissertation-writing process
and has been a tremendous help with all of my research.

Adam Mandelman was a top-notch editor, helping me get this manuscript into shape while also
being a supportive partner. Finally, my mother, Linda Gregg, deserves the largest thanks of all. Her
insight and understanding has helped me to achieve more than anyone ever thought possible. It
means so much to make her proud.



Abstract

Type 2 diabetes is a disease of glucose dysregulation that increases the risk of developing
several secondary conditions, including cardiovascular disease, peripheral neuropathy, and blindness.
Affecting 9.3% of the U.S. population with nearly 2 million new cases diagnosed each year, type 2
diabetes is an undisputed national public health crisis. Aging and obesity both substantially increase
the risk of acquiring type 2 diabetes. The physiological response to these two challenges involves

increased demand for insulin release from pancreatic islet B-cells, which in turn compensate with

changes in B-cell function (i.e. insulin secretion) and expansion of PB-cell mass. Through the novel
application of NAD(P)H fluorescent lifetime imaging (FLIM) to pancreatic islets, we determined
that impaired mitochondrial activity underlies an age-dependent reduction in insulin secretion in
human islets. However, we also found that insulin secretion and glucose tolerance are preserved in
aged mice through heightened B-cell glucose sensitivity due to a compensatory decrease in K,
channel conductance. In the context of obesity and adaptive proliferation, we identified the cell cycle
regulator cyclin-dependent kinase 1 (Cdk1) as an enhancer of mitochondrial electron transport chain
flux at Complex I. In so doing, we demonstrated that electron transport chain flux is inversely
proportional to insulin secretion. Finally, we suggest future studies that focus on the spatiotemporal

dynamics of this relationship and its impact on pancreatic islet metabolism.



Chapter 1

Introduction



Type 2 Diabetes

Type 2 diabetes (T2D) is the most common metabolic disorder worldwide. The number of
Americans diagnosed with diabetes has soared from 5.6 million in 1980 to 29.1 million in 2014, or 1
out of every 11 adults (1). T2D is a disease of glucose dysregulation that increases the risk of
developing cardiovascular disease, peripheral neuropathy, hypertension, blindness, and nephropathy
(2). In addition to the negative health impacts of this disease, the economic repercussions are
significant. In 2012, diabetes and its related complications accounted for $245 billion in total medical
costs, lost work, and missed wages in the United States—a staggering 1.4% of GDP. If current
trends continue, the CDC estimates that 1 in 3 adults in the US will be diagnosed with diabetes by
2050. In addition, the incidence of T2D in the United States is correlated with socioeconomic status,
race, and educational attainment (Figure 1.1). This reveals that T2D is a crisis of not only health and
economics, but also of social and racial inequality.

Glucose homeostasis is critical for cell survival and organismal well-being. As such, glucose
uptake, metabolism, and production are all tightly controlled to maintain proper blood glucose
levels. Dysregulation of glucose homeostasis in T2D is characterized by insulin deficiency in
response to increased insulin demand due to insulin inefficacy at its target tissues, termed insulin
resistance. Insulin resistance can result from several factors including obesity and advanced age. The
question of whether insulin resistance precedes islet dysfunction or vice versa remains controversial
(3). Regardless, to meet increasing insulin demands, the pancreas must increase insulin production

either by increasing the efficiency with which each B-cell sectretes insulin (increased B-cell function),
ot by increasing the total number of cells secreting insulin (increased B-cell mass). Not all obese or
elderly individuals will develop T2D. Rather, the majority of individuals who develop insulin
resistance will compensate for the increased demand and never develop overt T2D. Failure of the 8

cell to meet the demands of compensation is central to the development of this disease.



Susceptibility to T2D is determined by a combination of genetic factors, fetal environment, and
nutrient environment over the course of an individual’s life (4-6). Individuals whose islets fail to
compensate for increased demand will ultimately develop hyperglycemia and T2D. The arc of T2D
pathophysiology, as proposed in Ralph DeFronzo’s 1987 Lilly Lecture, is known as the arc of
compensation/decompensation (7,8) (Figure 1.2). As plasma insulin levels rise in response to
increased demand, the rate of insulin-mediated glucose uptake begins to fall, a hallmark of insulin
resistance. This feed-forward loop begets more insulin secretion in order to maintain normal glucose
homeostasis, further increasing demands on the pancreatic islets. This stage is known as the phase of
compensation. Eventually, in susceptible individuals, the B-cell is no longer capable of meeting the

increased demand and begins to fail either through progressive loss of mature B cells and/or

detetioration of function (9,10). B-cell failure coincides with rising plasma glucose levels and
continued insulin resistance. This marks the beginning of decompensation, soon followed by overt
T2D (11).

Pancreatic islets make up only 1-2% of total pancreatic mass yet are responsible for secreting
all the necessary insulin to maintain euglycemia. Islets themselves are composed of multiple cell
types, predominantly insulin-producing B cells and glucagon-producing a cells, but also 6 and y cells
(producing somatostatin and ghrelin, respectively), and polypeptide-producing PP cells (12). o and B
cells are the most significant contributors to organismal glucose homeostasis comprising 15-20%
and 60-80%, respectively, of islet cells in rodents and 40% and 50%, respectively, in human islets
(13).

B-cell function is dedicated to glucose sensing and insulin secretion in the effort to maintain

glucose homeostasis. Approximately 30% of the mRNA content of a 3 cell is proinsulin mRNA and

that, following glucose stimulation, insulin can account for up to 50% of total B-cell protein content



(14,15). However, the process underlying fuel-induced insulin secretion is nuanced and still not
completely understood.

In the current consensus model, insulin secretion is triggered when glucose enters the f cell
through a bidirectional glucose transporter, predominantly GLUT2 in rodents and GLUT1 and
GLUTS3 in humans (16). Subsequent phosphorylation of glucose by glucokinase initiates glucose
metabolism through glycolysis and the tricarboxylic acid (TCA) cycle (17). Glucose oxidation raises
cellular levels of the metabolic co-enzymes and substrates necessary to produce mitochondrial ATP
via the electron transport chain (ETC), such as NADH, FADH, and succinate (18). ATP produced
by glycolysis and the ET'C binds to K, channel subunit Kir6.2, inducing K, channel closure and
cellular depolarization (19). Plasma membrane depolarization opens L-type voltage gated Ca**
channels leading to Ca*" influx which directly triggers exocytosis via SNARE mediated membrane
fusion (20). This pathway is known as the “triggering” pathway of insulin secretion and functions as
the on/off switch of insulin secretion (Figure 1.3). The magnitude of the tresponse to stimulation of
the triggering pathway is set by the “amplifying” pathways and can be likened to a dimmer switch
controlling the amplitude of secretion (21,22). In this pathway, metabolic intermediates such as
NADPH, Malonyl CoA (MalCoA), Acetyl CoA (AcCoA), phosphoenolpyruvate (PEP), and amino
acids—to name a few—interact with the insulin granule secretory pathway to enhance the
magnitude of secretion (23). A more detailed mechanistic treatment of several amplifying pathways
will be addressed in chapters 4 and 5. It is essential to understand the cellular and mechanistic details
underpinning a decline in these pathways in order to identify new potential targets for T2D

prevention and treatment.



Age Associated Changes in 3 Cells

The percentage of the human population over the age of 65 is projected to increase at a rate
of 0.2% every year (24). Over one quarter of the world’s population is expected to be elderly by
2026. Aging itself is a risk factor for metabolic diseases including obesity, impaired glucose tolerance,
and type 2 diabetes (25-27). Elderly adults are twice as likely to be diagnosed with type 2 diabetes as
younger adults, with 20% of the elderly population suffering from overt T2D, compared with just
9% percent of the general adult population (1,28) (Figure 1.1C). As such, it is important to
understand which aspects of T2D pathophysiology are associated with aging. Current understanding
of the link between aging and T2D relies on changes in multiple aspects of islet biology and glucose
homeostasis, including changes in insulin resistance, B-cell function, and pancreatic B-cell mass.

One of the first hypothesized causes for age-related glucose intolerance was increased
peripheral insulin resistance (28-33). Increased circulating insulin levels and decreased
responsiveness in insulin target tissues in the elderly is likely due to increased adiposity, decreased
physical activity, and decreased lean muscle mass connected with aging (34). To maintain
normoglycemia in the context of insulin resistance, islets must compensate with increased insulin
secretion to match elevated insulin demand. A series of experiments conducted in the latter 20"
century employed hyperglycemic and euglycemic clamp to measure both insulin secretion and
insulin sensitivity in young (20-60 years) and aged (60-90 years) human patients (29,30,32,35). These
studies concluded that although glycemic control declines with age, it is not due to defects in insulin
secretion, but rather to decreased sensitivity of peripheral tissue to insulin action. Iozzo et al. and
Rafaie et al., however, have suggested otherwise. Although these studies similarly found that insulin
sensitivity declines with age, they both also demonstrated a concomitant decline in islet function

(28,33). Although there is consensus around the role of insulin resistance in the susceptibility of



aging populations to T2D, these contradictory results regarding islet function in the aged
necessitated further, more mechanistic studies of B-cell function.

Several specific mechanisms have been suggested in recent years that point to decreasing
islet function with age in both human and animal models. The degenerative effects of aging on -cell
function span the full range of the B-cell stimulant-secretion coupling pathway. Numerous groups

have found age-associated defects in translocation of glucose across the B-cell plasma membrane,
the first step in glucose-stimulated insulin secretion (GSIS) (36—40). Glucose, along with other
dietary sugars are transported into the cell via GLUT transporters GLUT1, GLUT2, and GLUT3
(41). GLUT2, the primary isoform in rodent P cells, is a dynamically regulated protein whose
presence on the plasma membrane is directly affected by plasma glucose concentration (42,43). Loss
of GLUT?2 results in glucose dysregulation and hyperglycemia. Several studies have established a link
between decreased GLUT2 expression and age, thus highlighting the feed-forward loop between
elevated blood glucose and impaired glucose sensitivity in the elderly.

Once glucose has entered the P cell, it is metabolized and the energy—as carbon—is
distributed among different cellular processes. This allocation of glucose affects downstream
metabolic signaling pathways. One possible pathway is through mitochondrial anaplerotic-
cataplerotic shuttling (23). Mitochondrial shuttles and cycles, such as the malate-aspartate shuttle, the
glycerol-phosphate shuttle, the isocitrate a-ketoglutarate shuttle, and pyruvate cycles effectively carry
treducing equivalents across the mitochondrial membrane either to replenish cytosolic NAD" for
glycolysis or to produce GSIS amplifying factors like NADPH or malonyl-CoA in the cytosol (21—
23,44-49). The glycerol-phosphate shuttle, specifically mitochondrial glycerol-3-phosphate
dehydrogenase (mGPDH), in concert with cytosolic GPDH (cGPDH), plays a critical role in

regenerating cytosolic NAD™ for B-cell glycolysis through an electron exchange between NADH,



FAD, and coenzyme Q (50). mGPDH may also be implicated in age-related decline in B-cell

function. A study by Azhar et al. found that mGPDH decreased by 53.5%%6.5% in 12-month-old
rats compared to 2-month-old rats suggesting a role for mGPDH in decreased glucose oxidation in
aged P cells (51). Similarly, Reaven and Reaven observed decreased glucose oxidation based on
radio-labeled carbon oxidation in aged rat islets (52).

Further defects in aged islet function have been observed just distal to glycolysis in the
mitochondria. Decreased mitochondrial function is a hallmark of many aging cell types (53).
Restoration of mitochondrial metabolism through supplementation with mitochondrial substrates
has recently become a leading strategy for anti-aging interventions (54,55). Because mitochondrial
energy production is so tightly linked to insulin secretion, it seems likely that an age-associated
decline in mitochondrial metabolism would predispose B cells to secretory dysfunction. Several
studies have reported decreased rates of oxidative phosphorylation (up to 40%) as well as abrogate
mitochondrial membrane potential and Ca*" signaling in aged B-cells (53,56—59).

One of the final steps in glucose-stimulated insulin secretion is the closure of ATP-sensitive
K" channels (K,p) (60). One potential explanation for decreased exocytosis in aged islets is
improper closure or functioning of K, channels. Work by Ammon et al. suggests precisely this in
aged rat islets (61). In this study, based on liquid scintillation counting, the authors examined the rate
of K' efflux (proxied by Rb") and Ca*" uptake in adult and aged rat islets in response to basal and
stimulatory glucose levels. Inhibition of Rb" efflux after glucose stimulation was found to be
insufficient for both maximal Ca*" influx and insulin secretion in aged islets compared to controls.
These results suggest that impaired ATP generation or insensitivity of K,;, channels may be

responsible for the decreased insulin secretion observed in aged islets.



There is significant literature showing a link between aging and impaired B-cell function. It is
reasonable to hypothesize, then, that the widely accepted age-associated cellular degeneration
observed in many organisms and tissue types is applicable to pancreatic islets as well, and that this
degeneration in function is responsible for both the impaired glucose tolerance and susceptibility to

T2D observed in the elderly. There are, however, several studies that suggest otherwise. Research in
both human and rodent models has concluded that aged B cells do not suffer from functional
impairment and are as competent at insulin secretion as their young counterparts (29,32,62).
Additional studies have even found improved B-cell function with age (63,64).

Improved islet function in the aged has been shown to result from changes in gene
expression and DNA methylation. Aging is associated with a wide range of genetic and epigenetic
changes (65,00). This phenomenon also applies to aging [ cells. Changes in the methylome and
transcriptome of genes related to two major categories have been identified in aging islets. First,
demethylation changes to promoters and enhancers controlling expression of genes related to
mitochondrial activity, protein transport, MAPKinase, and glucose metabolism have all be shown to
be upregulated in aged islets, enhancing function (63). Concomitant inhibitory methylation
associated with B-cell specific transcription factors such as Pdx1, FoxA2, and NeuroD1 has also
been observed in aged islets. Further changes in gene expression related to the age-related decrease
in cellular proliferation are associated with B-cell function as well. Increased expression of the
cellular senescence effector p16INK4a has been linked to aging (67,68). Interestingly, increased

p16INK4a expression has been found to enhance B-cell glucose uptake, mitochondrial activity, and
GSIS (64). Since decreased proliferative signaling is a hallmark of aging, the resulting increase in 3-

cell function is a valuable mechanism of compensation for insulin insensitivity in the eldetly when [3-

cell mass expansion is in decline.



Other age-related changes contribute to decreased proliferative signaling in islets. In the
young, hyperglycemia and hyperinsulinemia are known to trigger a compensatory increase in B-cell
mass (69,70). Substrate-induced PB-cell mass expansion, or adaptive proliferation, in adult islets can
derive from multiple potential mechanisms of B-cell generation and will be addressed in detail later
in this chapter (73). Self-regeneration through proliferation, however, is the most likely source of
new P cells in the adult islet (74). In recent years, the ability of aged islets to undergo adaptive
proliferation has been called into question and this impairment has been suggested as the
mechanism responsible for glucose dystregulation in the eldetly, independent of B-cell function (75—
78).

B-cell proliferation in the eldetly is linked to restricted transcription factor expression. Two
transcription factors are downregulated with age: the more general, pro-proliferative FoxMI1
transcription factor, and the islet B-cell specific Pdx1 transcription factor. FoxM1 facilitates cell-
cycle progression at both the G1/S and G2/M transitions through a seties of positive feedback
loops involving several cyclin-dependent kinases as well as other transcription factors (79). FoxM1
expression decreases with age, thereby limiting adaptive proliferation in aging islets (80).
Consistently, activation of FoxM1 effectively restores islet replicative potential (81). Decreased
Pdx1, a B-cell specific transcription factor, is implicated in both decreased proliferation and B-cell
dedifferentiation in aged islets (82—84). In addition to transcription factors, age is accompanied by
increased expression of cell cycle inhibitors such as pl6INK4a (67,68,77,85). As a cellular
senescence effector, pl6INK4a binds to cyclin-dependent kinases 4 and 6, inhibiting their
interaction with D-type cyclins and therefore blocking cell-cycle progression at the GO0/G1
transition. This topic will be addressed in more detail in subsequent sections in this chapter. This

inhibition is inopportune considering the increases in insulin resistance associated with age. Adaptive
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B-cell proliferation is a major mode of compensation in response to metabolic stress in young
humans and animal models. Accordingly, Krishnamurthy et al. have shown that the decline in
replicative potential associated with age is restored in p16INK4a knock-out mice, indicating a critical
role for this cell-cycle inhibitor in age-related susceptibility to T2D (67). Recent work from the Ben-
Porath laboratory has suggested an alternative, compensatory role for pl16INK4a in insulin

secretion. They found that although general proliferative capacity was decreased in aged islets,
individual B-cell function and sectretory capacity was increased and this increase was directly related
to p16INK4a expression (64). Mirroring several studies mentioned eatlier that showed increased f3-
cell function in aged islets, they also discovered increases in GSIS and mitochondrial activity with
heightened p16INK4a expression, suggesting that -cell proliferation and secretory function appear
to be at mutual expense (63).

While there is still some controversy in the field as to the effect of age on B-cell function, a
new consensus is emerging. It is clear that age-related insulin resistance is the driving factor leading
to T2D susceptibility in the elderly. What is only now becoming evident, however, is that age-
associated proliferative failure is likely the major mechanism preventing compensation and resulting
in the high incidence of overt T2D. The role played by changes in B-cell function is likely species-
specific, with more B-cell functional compensation being obsetved in rodent models compared to
humans, but changes in function are ultimately overshadowed by replicative failure. Based on these
new discoveries, developing age-specific T2D therapeutics that increase P-cell proliferation or

prevent senescence may prove fruitful.
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B-Cell Proliferation and the Cell Cycle

Under normal physiological conditions, B cells are quiescent, residing in the GO stage of the
cell cycle (86) (Figure 1.4). In the setting of obesity, however, cell-cycle gene expression has been
shown to correlate with compensation for over-nutrition (87). Compensatory B-cell growth is a
hallmark of prediabetes and is a mitogenic response to the deviation from normoglycemia
(3,11,88,89). Obese mice able to maintain a compensatory increase in insulin secretion have been

shown to increase pancreatic -cell mass at a rate of 10% over the course of 2 weeks (87). Mouse

models known to succumb to overt T2D lack both cell-cycle gene expression or adaptive PB-cell
proliferation (87). The compensatory increase in cell-cycle protein expression is in keeping with
observations regarding the origin of new [3 cells in the context of obesity. Several studies have found
that the primary mechanism of postnatal B-cell mass expansion is through proliferation of existing B
cells and not through neogenesis (74,90).

Stimulation of adaptive proliferation can be derived from several extrinsic factors including
growth factor signaling, incretin stimulation, elevated glucose, and—as a consequence of GSIS (and
indirectly, insulin resistance)—autocrine signaling by insulin (70,91-100). Several insulin-receptor
initiated proliferative signaling cascades have been established. Most work examining insulin

induction of cellular proliferation has been carried out in the fIRKO mouse model (93). BIRKO

mice have a pancreatic B-cell specific knock out of the insulin receptor which results in decreased
islet size and impaired glucose homeostasis. This phenotype is likely due to loss of insulin-receptor
signaling cascades through Forkhead box transcription regulator proteins, FoxO1 and FoxMI.
FoxO1 and FoxM1 are nuclear/cytoplasmic transcription regulators whose nuclear translocation
coincides with their activity. FoxO1 and FoxM1 have opposing actions when located in the nucleus

(101). Accordingly, insulin signaling has the opposite effect on the two regulators. Increased



12

autocrine signaling through the insulin receptor has been shown to induce translocation of FoxO1
from the nucleus to the cytoplasm (96). Once FoxO1 is excluded from the nucleus, repression of B-
cell specific transcription regulator Pdx1 is relieved, allowing progression through the cell cycle and
compensatory P-cell mass increase (98,99,102). Conversely, insulin receptor signaling induces
nuclear localization of FoxM1. Nuclear FoxM1 is a positive regulator of cell-cycle progression,
stimulating expression of a wide range of cell-cycle genes (103). Recently, Shirakawa et al. (100)
showed that insulin receptor stimulation increases B-cell proliferation by activating FoxM1, which in
turn translocates to the nucleus with help from ERK, an extracellular signal-related kinase. Once in
the nucleus, FoxM1, bolstered by AKT-mediated Cdk1/2 activity, activates M-phase proteins, polo-
like Kinase 1 (PLK1), and centromere protein A (CENP-A). CENP-A and PLK1 together promote
B-cell mitosis (100).

Incretin signaling can also stimulate P-cell mass expansion. Incretins are metabolic
hormones secreted postprandial by endocrine cells in the epithelium of the small intestine (104). The
two most studied incretins are glucagon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic peptide (GIP). Several mimetics have also been discovered including exendin-4, a
GLP-1 receptor agonist originally isolated from the salivary glands of lizards (105). Like exendin-4,
GLP-1 and GIP ate insulinotropic, acting through a G-protein coupled receptor/cAMP-mediated
pathway, as well as through modulations in KATP channel activity via PKA (106,107). Their roles in
compensation for hyperglycemia, however, are believed to differ (106,108). In addition to increasing
insulin secretion in response to food intake, incretins also stimulate adaptive proliferation and -cell
neogenesis (95,97,109). GLP-1 receptor signaling has been shown to facilitate B-cell mass expansion
by upregulating Pdx1 expression and nuclear translocation as well as through an ERK/MAPKinase

pro-proliferative pathway (110,111). Several studies report that GLP-1 receptor sensitivity is
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impervious to hyperglycemia, making GLP-1 signaling an extremely attractive target for T2D
treatment (104). This result is still controversial in the literature, however (112). GIP signaling, on
the other hand, declines with prolonged blood-glucose elevation (113). Furthermore, recent work
indicates that GLP-1, but not GIP, is responsible for the compensatory increase of [-cell mass, at
least in the context of pregnancy (114). It is important to recognize that despite both incretin
receptors GIPR and GLP-1R being G-protein coupled receptors which have similar effects on

cellular cAMP levels, their long-term impacts on B-cell function are significantly different (104).

These results highlight the deep level of understanding necessaty to appropriately manipulate B-cell
function as part of type 2 diabetes treatment.

Finally, glucose itself, as well as several other extrinsic circulatory factors such as free fatty
acids, have been implicated in stimulating B-cell mass expansion. It is important to note, however,
that the effects of elevated glucose on proliferation may in fact be secondary to increased insulin.
Elevated blood glucose and free fatty acids have been shown to increase B-cell mass by 80% and
54% respectively (70,92). Elevated glucose has been shown to increase Cyclin D2 expression in islets
initiating cellular proliferation cascades (91). This effect is likely due to glucose-dependent
stimulation of insulin receptor substrate 2 activity, leading to elevated ERK and mTOR signaling but
not elevated AKT activity; it is not yet clear how these mitogenic effects interact with insulin
autocrine signaling (100,115).

Regardless of which mitogenic factor stimulates adaptive proliferation, increasing [3-cell mass
is a critical compensatory mechanism for prolonged hyperglycemia and insulin resistance.
Progression through the cell cycle is a highly regulated and complex process involving many
proteins. Some of the most indispensable regulators are cyclin-dependent kinases (Cdks) and their

associated, activating cyclins (Table 1.1). Appropriate action and functional maintenance of
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Cyclin/Cdk pairs is essential for movement through cell-cycle checkpoints, which is well studied,
but their function appears relevant to non-proliferating cells. Each of these Cyclin/Cdk functions
are discussed in turn.

There are two main control check points in the cell cycle: G1/S and G2/M, both of which

are regulated by Cyclin/Cdk pairs (Table 1.1 and Figure 1.4). Most 3 cells are quiescent, residing in

the cell-cycle gap phase known as G0. Mitogenic signals, like those discussed above, push B cells
from non-dividing GO into G1 to begin the cell-division process (86). During G1 phase, the first
phase of the cell cycle, the B cell grows in size and synthesizes the mRNA and proteins required to
facilitate subsequent DNA replication. The Cyclin/Cdk pair responsible for mediating the G0/G1
transition and for G1 control is Cyclin D and Cdk4 (Cdk6 in humans) (94,116). While Cdk levels
remain relatively constant over the course of a cell cycle, cyclin protein levels are dynamically
regulated and Cdk activity is strongly correlated with cyclin expression levels (117). As mentioned
earlier, mitogenic stimulation induces Cyclin D expression, activating Cdk4/6-Cyclin D signaling
cascades (118). Upon synthesis, Cyclin D binding activates and directs Cdk4/6 to its target
substrates (119). Cyclin D/Cdk4/6 provide the initial phosphorylation events necessaty to pass the
G1/S checkpoint (120).

The G1/S checkpoint is controlled by retinoblastoma protein, Rb (121). In its hypo-
phosphotylated state, Rb is a negative regulator of G1/S through inhibition of the transcription
factor family E2F (122). Recruitment of chromatin remodeling enzymes by Rb represses E2F
responsive promoters limiting expression of other cell-cycle regulators, as well as S-phase genes
necessary for DNA replication (123-128). Without E2F activation, the cell cannot proceed into the
next phase. Following activation by Cyclin D, Cdk4/6 phosphotrylates Rb, decreasing its E2F
repression (129-131). While Cdk4/6 is responsible for initiating the cell cycle in response to

mitogenic signals, Cdk2 is responsible for carrying the cell through the next stages, namely the G1/S
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transition and S phase. Briefly, Cyclin E, a tightly controlled cyclin that interacts with Cdk2 at the
beginning of S phase, assists in further phosphorylating Rb (132). Expression of Cdk2 and its
activating cyclins are themselves directly controlled by E2F activity, thus creating a positive feedback
loop mediated by Cyclin E expression. E2F then drives Cyclin A expression and Cyclin A/Cdk2
complexes take over, phosphorylating proteins for DNA replication in S phase.

There ate two major families of Cdk inhibitors in B cells. Cdk4/6 is affected by the INK
family of inhibitors which includes p15, p16, p18, and p19 (133,134) (Table 1.1). INK family
inhibitors bind directly to the Cdk, preventing interaction with their appropriate cyclin. As
mentioned previously, Cdk4/6 inhibitors, specifically p16INK4a play an important role in B-cell
adaptation (64,67). There is some argument as to how crucial Cdk4/6 and Cdk2 ate to proper cell-
cycle progression as there may be a considerable amount of redundancy between Cdks (135-138).

However, this redundancy may be tissue or species-specific. In B cells, modulations in Cdk4/6

activity have been shown to play an important role in B-cell function. Furthermore, increased Cyclin
D expression levels are associated with T2D in human islets (139). In 1999, Rane and colleagues
reported that Cdk4 knockout mice develop insulin deficiency due to a 14-fold decrease in B-cell
number (140). Furthermore, mice expressing constitutively active Cdk4 were shown to have B-cell
hyperplasia, resulting in an 8-fold increase of B-cell area. Additionally, a more recent study by
Miyawaki et al. found that obese mice missing their leptin receptor—db/db mice—which usually
become diabetic with age, never progress to overt diabetes if also expressing constitutively active
Cdk4 (Cdk4™*%) (141). These results clearly demonstrate the importance of Cdk4 in postnatal B-cell
proliferation. Cdk4 also directly impacts insulin secretion because of E2F regulation of the KATP

channel subunit Kir6.2 (142). In addition, Helman et al. recently reported that increased expression

of Cdk4 inhibitor p16INK4a enhanced insulin secretion (64). This result is further supported by
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data demonstrating decreased insulin secretion in islets from p16 null and Cdk4™** overexpressing
mice. Further work will be necessary to fully understand the effects of Cdk4 activity on insulin
secretion.

Cdk2 is inhibited by the Cip/Kip family of Cdk inhibitors comprised of p21, p27, and p57
(133). Unlike the INK family Cdk inhibitors, Cip/Kip inhibitors bind to the Cyclin/Cdk complex,
directly inhibiting the catalytic cleft (143). It has also been suggested that the Cip/Kip inhibitors
interact with Cdk4/6 in addition to Cdk2 (144). Much like Cdk4, Cdk2 knock out has been shown
to affect both insulin secretion and compensatory mass expansion through cell-cycle arrest (145).

The next critical checkpoint in cell-cycle progtession, is the G2/M transition, marking the
beginning of mitosis. This transition is regulated by Cyclin B1/Cdk1 and is essential for cell division
(146,147). Cdkl was the first cyclin-dependent kinase identified and is highly conserved (148).
Knock out of Cdkl in mice is embryonic lethal (149). Expression of Cdkl begins in G1/S and is
regulated by E2F, whereas Cyclin B1 expression is associated with M phase and is regulated by
FoxM1 (150-152). Regulation of Cyclin B1 by FoxM1 creates a positive feed-forward loop between
Cyclin A/Cdk2 and Cyclin B1/Cdk1 (153,154). This feed-forward signaling is partially responsible
for the rapid upregulation in Cyclin B1 expression at the onset of the G2/M transition. Regulation
of Cdkl is quite different from that of Cdk4/6 and Cdk2. Cdkl is regulated by a seties of
phosphorylations and dephosphorylations by specific Cdkl regulatory phosphatases and kinases.
Specifically, Cdk1 is inhibited via phosphorylation at Thr14 and Tyrl5 by kinases Mytl and Weel,
respectively (155-157). The family of Cdc25 phosphatases, specifically Cdc25¢, is responsible for
Cdk1 activation through dephosphorylation (158,159). Cdkl itself can further activate Cdc25c,
creating yet another positive feedback loop, pushing the cell into M phase (160,161) .

Cdk1 localization is a topic of particular interest for determining its functions. To date,

active Cyclin B1/Cdk1 has been identified in the nucleus, cytoplasm, and mitochondria of dividing
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cells. Cyclin B1/Cdkl is predominantly cytosolic at the onset of G2 (162-164). Although
nucleat/cytoplasmic shuttling has been observed, the predominant cytosolic localization is due to a
high rate of nuclear export compared to nuclear import (165,166). Phosphorylation of nuclear
export sequence of Cyclin B1 by Plkl decreases the rate of nuclear export, trapping active Cyclin
B1/Cdkl in the nucleus. Nuclear accumulation of Cdkl is required for the initiation of mitosis.
Once in the nucleus, Cyclin B1/Cdk1 has been shown to phosphorylate, among other things, Lamin
A, triggering its disassembly and facilitating nuclear envelope breakdown (167).

A portion of Cdkl had also be shown to localize to the mitochondrial matrix (168). From
inside the mitochondria, Cdk1 carries out additional functions that facilitate cell division. Although
many of the mitochondrial actions of Cdkl have yet to be fully explored, a number of Cdkl
substrates have been identified including Mn superoxide dismutase (MnSOD), nicotinamide
nucleotide transhydrogenase (NNT), aldehyde dehydrogenase 2 (ALDH2), Complex I of the
electron transport chain (CI), NAD-dependent deacetylase SIRT3, anti-apoptotic protein p53, and
pro-apoptotic protein Bel-xL. (168,169). There is some understanding of the role of Cdkl
phosphorylation in MnSOD, Bcl-xL, SIRT3, p53, and Complex I, while the function of the other
mitochondrial Cdkl targets remain undiscovered (168—172). Of particular interest, Wang et al.
reported that in the lead-up to mitosis, during the G2/M transition, mitochondrial Cyclin B1/Cdk1
phosphorylates 8 of the 44 subunits of Complex I of the electron transport chain. These
phosphorylation events activate Complex I, increasing the rate of NADH consumption and its
proton pumping capacity. Increased flux through Complex I increases the overall rate of ATP
generation by the ETC. This increased metabolic activity helps provide the cell with the necessary
energy resources to undergo division.

So far, very little work has been conducted examining the effects of Cdk1 in pancreatic islets,

especially in the context of T2D. As mentioned previously, Shirakawa et al. has shown that insulin
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receptor (IR) stimulation induces Cdk1-mediated FoxM1 activity, leading to increased CENP-A and
PLK1 expression and B-cell mass (100).

There are several other Cyclin/Cdk pairs that regulate other cyclins, activate transctiption
factors, and control RNA splicing (173,174). Those most relevant to adaptive -cell proliferation

and subsequent work described here, however, are Cdk4, Cdko, Cdk2, and Cdk1. It is also important
to point out the growing body of work recognizing the link between cell-cycle regulation and
metabolic activity (175). This link is particulatly relevant for understanding B-cell function. B cells
are metabolic sensors, focusing our work on islet metabolic regulation and activity will provide the
greatest insight into the pathophysiology of our time’s most relevant disease, type 2 diabetes.

There are many ways to assess cellular metabolism. Traditionally, experiments have hinged
upon traditional biochemical methods. However, an ideal metabolic assay would produce real-time
data from live, intact cells while simultaneously being non-invasive and highly reproducible.
Fluorescence lifetime imaging of NAD(P)H, a technique described in Chapter 2, fulfills many of
these requitements and is therefore ideally suited to investigating B-cell function and its impact on

type 2 diabetes progression.

Summary and Hypotheses
Diabetes is an enormous public-health crisis. B-cell mass expansion and functional

compensation point to some of the most promising avenues for effective treatment and prevention

of the disease. It is therefore crucial to understand the detailed mechanisms that alternately regulate
B-cell compensation and contribute to PB-cell dysfunction. Age and obesity-associated glucose
dysregulation are multifaceted processes that stem from a combination of insulin resistance, [3-cell

functional failure, and B-cell loss. Compensation is an equally complex process and can be achieved



19

with increased insulin secretion through either enhanced B-cell function or increased B-cell mass. In
B cells, cell-cycle regulation and metabolism are deeply intertwined. Using techniques novel to the B-
cell field we can probe this relationship in intact islets and expand our understanding of the impact
of B-cell compensation on metabolic function and vice versa.

Chapter 2 of this dissertation outlines our current use of NAD(P)H Fluorescent Lifetime
Imaging (FLIM) in the pancreatic islet. This method is new to the B-cell field and harnesses the

power of multiphoton imaging and time-correlated single photon counting to assess changes in the
TCA cycle and ETC in intact islets.

Using NADP)H FLIM in addition to other more classic biochemistry and microscopy
techniques, Chapter 3 characterizes the effects of aging on -cell mitochondrial function and insulin
secretion. This chapter also examines the differences between mouse and human 3 cells, and the
species-specific differences in B-cell compensation.

Chapter 4 examines the impact of B-cell adaptive proliferation on metabolic function and the
implications for insulin secretion. In so doing, it highlights emerging evidence regarding the

relationship between Cdk1/Cyclin B1, electron transport chain flux, and the amplitude of GSIS.

Finally, Chapter 5 summarizes our current understanding of the interplay between metabolic
flux and insulin secretion in B cells. This section also suggests future work necessary to improve our

grasp on the effects of glucose utilization by the cell as it relates to insulin secretion.
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Figure 1.1
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Figure 1.1. Increasing incidence of type 1 and type 2 diabetes in the US population from 1980
to 2014. (A) The age-adjusted percent of the US population diagnosed with type 1 or type 2 diabetes
increases over time, R"2=0.916. (B) Percent of US population diagnosed with diabetes by race for
White (black), Black (grey), and Latino (red) populations. (C) Percent of US population diagnosed
with diabetes by age group: 0-44 years (black), 45-64 years (grey), 65-74 years (red), and 74+ years
(periwinkle). Data are mean = SEM and are taken from the CDC’s National Health Interview
Survey.
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Figure 1.2
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Figure 1.2. Timeline of B-cell adaptation to age, insulin resistance, and obesity. As metabolic
demand increases, normoglycemia is maintained through increased pancreatic B-cell mass and
function, a phenomenon known as compensation. In susceptible individuals, compensation is
followed by a period of decompensation marked by a decline in islet size and function.

Decompensation leads to the development of hyperglycemia and overt type 2 diabetes. Adapted
from (Alejandro et al. 2015).
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Figure 1.3. Triggering and amplifying pathways of glucose-stimulated insulin secretion.
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Glucose stimulates ATP production, increasing the cellular ATP/ADP ratio. Increased cellular levels

of ATP inhibit ATP-dependent K+ channels, depolarizing the cell, inducing Ca2+ influx, and

triggering insulin secretion. The amplifying pathways are also enhanced via glucose metabolism and

are comprised of, among others, cytosolic NADPH generation, glycerolipid/free fatty acid
production, and mitochondrial pyruvate cycles. The amplifying pathways then in turn enhance the

magnitude of insulin secretion.
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Figure 1.4
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Figure 1.4. The B-cell cycle can be divided into four sequential phases, G1, S, G2, and M,
with an additional reversible resting phase, G0. In GO, cellular levels of Cdk4/6 inhibitor
p16INK4a are high. Mitogenic stimulation with insulin, glucose, incretins, or free fatty acids
stimulates increased Cyclin D expression levels sufficient to overcome Cdk4/6 inhibition.
CycD/Cdk4/6 complexes then initiate phosphortylation of Rb. Phosphorylation of Rb leads to de-
repression of transcription factor E2F and increased expression of Cyclin E. Cyclin E pairs with
Cdk2 to further phosphorylate Rb, pushing the cell into S phase. In S phase, activated FoxM1 leads
to increased expression of Cyclin B1. Cyclin B1, paired with Cdk1, is inhibited by phosphorylation
via Mytl and Weel. Activating phosphatase Cdc25¢ removes inhibitor phosphorylation, activating
CycB1/Cdk1. Activated CycB1/Cdk1 phosphorylates numerous targets (including Complex I,
Lamin, Histone H1, and Drp1), initiating mitosis and completing cell division.



Table 1.1

Cdk Cyclin Ces”t&? :'e Function Inhibitor
. . Control mitotic
Cdk1 |[CyclinB + Cyclin A |G2/M entry and mitosis Myt1, Wee1, p21
Control G1/S
_ . transiton and S |Cip/Kip — p21,
Cdk2 |Cyclin E + Cyclin A |G1/S ohase and E2F 027, p57
expression
INK — p15, p16,
. G1 and G0/G1|Control G1 and E2F
Cdk4/6 |Cyclin D transition expression g;? P19, p27,

Table 1.1. Summary of cyclin-dependent kinase regulation and activity. Every Cdk has one or
more corresponding cyclin activators and protein inhibitors, as well as its own role and timing in
cell-cycle progression.
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Quantifying metabolic activity in live, intact islets is essential to our understanding of islet
biology. Fluorescence Lifetime Imaging, or FLLIM, is an old technique but new to T2D research and
is capable of exactly that. Recent work—presented elsewhere in this dissertation—has pioneered the
use of FLIM to quantify changes in metabolism associated with the progression of type 2 diabetes in
islets. As a preface, this chapter provides an overview of the basic principles of fluorescence lifetime
and FLIM and will discuss briefly the two most common acquisition and analysis techniques. This
chapter will then detail the application of fluorescence lifetime imaging to the study of redox
coenzymes and, in so doing, will review the state of metabolic FLIM analysis and recent

developments in the technique as it pertains to islet biology.

Fluorescence and Fluorescence Lifetime

Fluorescence lifetime is an intrinsic property of the fluorophore, much like the excitation
and emission spectrum, or quantum yield (1). Unlike intensity measurements, under non-quenching
conditions, lifetime has a high degree of parametric independence, being relatively unaffected by
photo-bleaching, excitation intensity, or fluorophore concentration. When a fluorophore is excited
by a photon of appropriate energy, a valance electron is promoted from the ground state () to one
of the higher energy singlet states (S, S,, etc.) (2) (Figure 2.1). This process of absorption is rapid,
occurring on the order of femtoseconds. After a period of vibrational relaxation, the electron returns
to the lowest promoted state, S;. From this point, the electron returns to the ground state via one of
several pathways. When the electron returns to the ground state via radiative decay, which results in
fluorescence, a photon of lower energy compared to the exciting photon is produced. This energy
difference between the excitation light and the emission light is known as the Stokes Shift (2). The
time scale for fluorescence emission, otherwise known as fluorescence lifetime, is on the order of 1

to 100 ns. Alternatively, the electron may return to the ground state via internal conversion, a non-
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radiative process that does not produce a photon. Finally, the electron may proceed via intersystem
crossing into the triplet state, where the electron can then interact with its environment to form
reactive oxygen species or, in deoxygenated environments, emit a photon on a time scale of
milliseconds to seconds. This latter phenomenon is known as phosphorescence. The probability of
each of these possible reactions depends on the individual fluorophore and its environment, and this
defines the fluorescence lifetime.

The fluorescence lifetime, T, is a kinetic parameter and is inversely proportional to the sum
of radiative (k;) and non-radiative (k) decay rates. More simply put, fluorescence lifetime is defined
by the time it takes for an excited fluorophore to emit a photon and return to its ground state. Due
to the stochastic nature of the photon emission rate, the lifetime of a fluorophore is actually made
up of a distribution of photon arrival times, characterized by exponential decay. Fluorescence
lifetime, therefore, is typically defined as the time required for the excited population to be reduced
by a factor of 1/e (~37%) (Figure 2.2). This exponential decay curve is unique to the fluorophore
and is the parameter measured in FLIM. Fluorescence excitation is an unstable energetic state and
while lifetime enjoys a great deal of parametric independence, it is quite sensitive to temperature,
pH, and the presence of quenchers (3). This environmental sensitivity is a critical aspect of FLLIM

and provides valuable information about the fluorophore’s microenvironment.

Fluorescence Lifetime Acquisition and Analysis

Fluorescence lifetime data is generally acquired in one of two ways, time domain or
frequency domain (4,5). While the two techniques produce roughly equivalent information, there are
some distinct differences affecting their applications. For example, while time domain acquisition

delivers the highest time resolution and accuracy, as well as photon efficiency (especially for dim



41

samples), frequency domain is significantly faster and more applicable for dynamic measurements
(6,7).

Time domain is a digital technique using time-correlated, single-photon counting (TCSPC)
electronics, which directly measure the photon flight time (4). Data recording is based on detecting a
single photon and determining the photon’s arrival time relative to the excitation pulse. Briefly, a
TCSPC board is synchronized to a pulsed light source of short pulse width, commonly an 80 MHz
multi-photon laser. The TCSPC board then uses voltage ramps in a time-to-amplitude converter
(TAC) to quantify the time elapsed between excitation pulse and photon arrival at the detector. The
collected data is built into a 3D array with the 2D x,y pixel orientation superimposed on a histogram
of photon arrival times for each pixel. These histograms are then used in the calculation of the
fluorophore’s lifetime.

Frequency domain is related to time domain through a Fourier transform and is an analog
technique often conducted in wide field rather than through point scanning. In frequency domain
acquisition, the sample is excited by an intensity modulated light source and the emission is collected
with a modulated detector (5). The phase of the detector modulation is shifted relative to the
excitation modulation and the intensity of the image is acquired over the different detector
frequency modulations. The sample will have a decreased modulation degree (or amplitude), as well
as a phase shift, relative to the excitation source. The plot of image intensity across the detector
modulation range will directly mirror the phase shift and demodulation of the fluorophore. These
values—the frequency lag (¢) and the modulation depth (m)—are then used to determine the
fluorescence lifetime. Longer lifetimes will give rise to larger phase shifts and smaller modulations
3).

There are also two distinct approaches for analysis: fitting and phasor. Classically, time-

domain data has been analyzed using the fitting approach and frequency-domain data with phasor,
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but Fourier transforms ensure that these two approaches are not mutually exclusive. Each analysis
approach has its own benefits and shortcomings, and the choice of which approach to use depends
on the type of information needed from the data.

The fitting approach applies a single or multi-exponential chi-squared best-fit curve directly
to the lifetime decay curve (Figure 2.2). The lifetime (7) is then calculated as the time is takes for the

curve to decay to 1/e or ~37% of its initial peak at time = 0 (Equation 1).

-t

I =Ilye~ 1]
Although fitting might seem like a simple and straightforward approach, calculating an accurate
exponential fit is a challenging mathematical process. This is further complicated when measuring
complex biological samples that are often mixtures of several components, necessitating multi-
exponential fits. As such, each pixel—or bin of pixels—must contain enough photons to allow for
an accurate fit. The number of photons required can range from 10,000 to over 500,000, depending
on the fitting parameters. Best practice is to achieve at least 400,000 photons per pixel bin when
calculating a typical bi-exponential fit with 256 time bins (8). Current TCSPC boards tend to have a
maximum count rate of 10° photons per second, leading to collection times in the minutes to satisfy

the demands of fitting analysis. When necessary conditions are satisfied, however, the fitting
approach can generate accurate and precise lifetime values (t,) and the fractional contribution (o)
made by each to the mean lifetime (7).

Phasor analysis, although typically used with frequency data, can also analyze time-domain
data once it has gone through a Fourier transform. Unlike the fitting approach, phasor math relies
on only two numbers per pixel—s and g—which correspond to a single point on the phasor plot

and are equivalent to the real and imaginary components of a Fourier transform (Figure 2.3A). For
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frequency domain data, (s,g) can be calculated with Equation 2, where ¢ represents the phase delay
and m is the modulation ratio.

g(m) = mcos(¢) 2]

s(m) = msin(o)
Time-domain data is related to the phasor plot by the real (g) and imaginary (s) components of a
Fourier transform.

On a phasor plot, also known as the universal circle, phase is the angle of the pointer and the
modulation is the amplitude which defines the location of the pixel at (s,g). The phase angle, i.e. the
location on the universal circle, is the fluorescence lifetime (t). As such, single-component lifetimes
lie on the edge of the universal circle; complicated, multi-exponential mixtures fall inside the circle;
and convoluted signals such as FRET emissions fall outside the circle (9). Short lifetimes lie to the
right on the circle with higher corresponding g values, while longer lifetimes reside on the left with
smaller g values. One benefit to phasor analysis is that it does not require the assignment of an
exponential to each molecular species, thus mitigating the need for a minimum number of photons
as required by the fitting approach. Instead, a 3D phasor histogram is generated on the universal
circle and changes in shape or location correspond to changes in sample lifetime. Different regions
of the phasor histogram can then be labeled and highlighted in the original image generating a spatial
map of lifetime distributions (Figure 2.3B). In phasor space, lifetime mixtures can be separated into
their corresponding parts through vector analysis. By fitting a line to two-component data and
extending this line until it intersects with the edge of the circle, one can identify the parent lifetime.
The location on the universal circle where this intersection occurs is representative of the lifetime

values that contribute to the mixed population. For mixed populations comprised of three separate



44

components, the system will be contained within a triangle rather than along a straight line.
Accordingly, lifetime mixtures of more than 3 will be located within a polygon.

Work described in this dissertation uses time-domain data acquired via multi-photon
TCSPC, which is then analyzed by custom built MATLAB scripts using the phasor approach.
Within the script, the peaks of smoothed 3D phasor histograms are identified and (s,g) coordinates

of the peak are recorded as (s ). Changes in g, roughly approximate changes in the mean

max> Smas
lifetime, T ,,.
Metabolism and Fluorescence Lifetime

A great many fluorophores can be used in FLIM, but two species, NADH and NADPH, are
of particular value for quantifying cellular metabolism. NADH and NADPH are metabolic co-
enzymes that play a critical role in cellular redox metabolism. The reduced forms of NADH and
NADPH are fluorescent and make up the majority of green cellular auto-fluorescence. The
fluorescence signatures, both spectral and fluorescence lifetime, of NADH and NADPH are
indistinguishable, absorbing around 350 nm with emission centering around 450 nm. A peculiar and
useful property of NAD(P)H is that the fluorophore displays two distinct lifetimes: a short lifetime
between 0.3 and 0.4 ns when the coenzyme is free and not bound to protein; and a second, long
lifetime of 2.3-3 ns when protein-bound, allowing for the separation for free and bound populations
(10,11). This is a distinct advantage of fluorescence lifetime measurements over traditional
NAD(P)H intensity measurements. However, to complicate matters, each NAD(P)H binding
partner corresponds to a different long fluorescence lifetime. These lifetime differences are due to
the change in radiationless electron decay rates due to variations in the free rotation between
pyridine and amide groups in protein-bound NADP)H (12). As expected, NAD(P)H lifetime

signatures from biological samples are complex mixtures and fall within the universal circle (13).
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Current understanding of changes in NAD(P)H FLIM signature is based almost entirely on
work conducted in cancer cells (14). The present model likens changes in NAD(P)H to changes in
glycolytic flux relative to changes in oxidative phosphorylation. In keeping with this hypothesis,
treating cells with KCN, a Complex IV inhibitor, changes the shape of the phasor histogram,
increasing the amount of free NADH in the system due to decreased electron-transport-chain flux
(14). Additionally, cancer cells exposed to high glucose, stimulating glycolysis, display a similar shift
towards free NADH. This is interpreted as an increase in glycolytic flux. Additionally, treatment of
cancer cells with either oxidizing H,O, or dichloroacetate, a pyruvate-dehydrogenase-kinase
inhibitor and TCA-cycle enhancer, shifts the NAD(P)H phasor histogram to a more bound state,
supporting the idea that more bound NADH is indicative of increased oxidative phosphorylation
(15). It is important to point out, however, that treatment with KCN in cancer cells shifts the
NAD(P)H phasor histogram along a trajectory in line with the lifetime of NADH bound to lactate
dehydrogenase (LDH) (16). 3 cells are known to have unusually low levels of LDH activity, which

raises the question: what is the behavior of NAD(P)H FLIM signatures in islets?

Dominant Factors Affecting FLIM Signatures

In islets, the majority of NAD(P)H fluorescence is localized to the mitochondria (18). Work
by Blinova et al. explains that the mitochondrial NAD(P)H signal is dominated by Complex I-
associated fluorescence (19). They show that NADH bound to Complex I displays a 10-fold
fluorescence multiplication factor over free NADH, as well as a particularly long lifetime of ~5.7 ns.
Within the mitochondria, there appear to be three distinct pools of NAD(P)H: a free NAD(P)H
pool that comprises 63% of the mitochondrial NAD(P)H and displays the associated short lifetime
of 0.4 ns; an intermediate-lifetime pool that accounts for 30% of mitochondrial NAD(P)H and is

proposed to emanate from NAD(P)H bound to the many mitochondrial dehydrogenases; and a
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Complex I-bound pool, with a lifetime of 5.7 ns, which accounts for only 7% of mitochondrial
NADH. Despite the small fractional contribution to total NAD(P)H in the mitochondria, Complex
I-bound NADH accounts for 30% of the mitochondprial fluorescence (10).

The dominance of the Complex I component of NAD(P)H FLIM signature appears to be
especially true in islets. As islets have low flux through LDH, glycolytic products predominantly flow
through the mitochondria (20). As such, shifts in NADH utilization in islets may not be
representative of a balance between glycolysis and oxidative phosphorylation, as in cancer cells, but
rather of the rate of NADH consumption by the electron transport chain. This is evidenced by the
straight-line trajectory of islet phasor histograms on the universal circle for both basal and
stimulatory glucose concentrations as well as a suite of ETC inhibitors, suggesting one dominant

contributor to islet NAD(P)H lifetime (Figure 2.4).

Preliminary Results in Islets

In islets, the NAD(P)H FLIM signature is strongly impacted by the stressors of age and
obesity (Figure 2.5). Islets challenged by obesity have significantly elevated and equivalent basal and
stimulatory 1-g_ . values, indicating enhanced ETC flux, especially under non-stimulatory
conditions. Aged human islets, on the other hand, display decreased NAD(P)H utilization and an
altered relationship between basal and stimulatory glucose. These data suggest that islet NAD(P)H
utilization is affected differently by the stressors of age and obesity. This observation motivates a
closer examination of islet mitochondrial metabolism as a potential mechanism for the changes

associated with islet stress.
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Figure 2.1

Jablonski Diagram
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Figure 2.1. Jablonski Diagram representing energy levels (S) of a fluorescent molecule. Solid
lines indicate the radiative transitions of absorption, fluorescence emission (k;), and
phosphorescence. Wiggly lines indicate the non-radiative transitions (k) of intersystem crossing and
internal conversion. Dashed lines indicate external interaction, photo bleaching, and the creation of
singlet oxygen.
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Figure 2.2
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Figure 2.2. Fluorescence-lifetime decay curve of a fluorescent molecule. Decay curve (orange)
representing the fluorescence-lifetime distribution histogram of a fluorophore after excitation (blue)

at time 0. The fluorescence lifetime (7) is equal to the time elapsed from t = 0, when the intensity of
the fluorophote population has dectreased by 1/e, as indicated by I(t) where I, is the intensity at time
= 0, tis the time after the absorption, and 7 is the fluorescence lifetime.
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Figure 2.3
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Figure 2.3. Phasor analysis of FLIM data. (A) Schematic of phasor properties on the universal

circle, showing fluorescence lifetime () at polar coordinates (s,g) as calculated by phase shift (¢) and
demodulation (m). (B) Representative 3D phasor histogram of a B6 04/ 0b islet at 10mM glucose.
Regions of the phasor histogram are highlighted and mapped back onto the intensity image in
corresponding colors.
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Figure 2.4

NAD(P)H FLIM

05

Figure 2.4. Linear trajectory of NAD(P)H fluorescence lifetime in phasor space.
Fluorescence-lifetime phasor histogram of B6 lean islets (n = 10) at 2mM, 10mM, and 10mM
glucose + 5uM Rotenone. Straight-line horizontal movement of histogram peak (red) indicates the
presence of a single dominant lifetime contributing to the location of the phasor distribution.
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Figure 2.5. Differential effect of basal and stimulatory glucose affected by age and obesity.

NAD(P)H fluorescence lifetime at 2 and 10 mM glucose (Glc) in lean and 0b/0b mice (n = 2 mice
with 10 islets each) and young and aged human islets (n = 4 humans with 20 islets each). Data are
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mean * SEM and were compared using one-way ANOVA with Sidak’s post-test. ¥ P < 0.0001.

Human donor information in Table 3.1.
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Chapter 3
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Reduced K, Channel Activity
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ABSTRACT

Aging is accompanied by impaired glucose homeostasis and an increased risk of type 2
diabetes, culminating in the failure of insulin secretion from pancreatic § cells. To investigate the
effects of age on B cell metabolism, we established a novel assay to directly image islet metabolism
using NAD(P)H fluorescence lifetime imaging (FLLIM). We determined that impaired mitochondrial
activity underlies an age-dependent loss of insulin secretion in human islets. NADP)H FLIM
revealed a comparable decline in mitochondrial function in the pancreatic islets of aged mice (= 24
months), resulting from 52% and 57% defects in flux through complex I and II of the electron
transport chain. However, insulin secretion and glucose tolerance are preserved in aged mouse islets
by the heightened metabolic sensitivity of the B cell triggering pathway, an adaptation clearly
encoded in the metabolic and Ca** oscillations that trigger insulin release (Ca®* plateau fraction:
young, 0.380 = 0.007; aged, 0.211 * 0.006, P < 0.0001). This enhanced sensitivity is driven by a
reduction in K, channel conductance (diazoxide: young, 5.1 £ 0.2 nS; aged, 3.5 + 0.5 n§, P <
0.01), resulting in a ~2.8 mM left shift in the 8 cell glucose threshold. Our results demonstrate how
mice, but not humans, are able to successfully compensate for age-associated metabolic dysfunction
by adjusting their B cell glucose sensitivity, and highlight an essential mechanism for ensuring the

maintenance of insulin secretion.

INTRODUCTION
The incidence of type 2 diabetes is disproportionally high in the elderly, over 25%, by
comparison to 4.1% in younger adults and 16.2% in the middle-aged (1). Although insulin resistance

and 3 cell mass have been heavily studied as contributors to impaired glucose tolerance and diabetes
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in the elderly (2-4), it remains uncertain whether B cell function contributes to this effect.
Confounding our understanding is the misalighment of studies on humans and laboratory mice. A
number of recent reports indicate that aging mice are resistant to a decline in glucose tolerance and §
cell function (5-8), factors which reportedly decline in humans (2—4,9,10). One potential explanation
is that differences in mitochondrial function, which are proposed to underlie the age-related decline
of numerous tissues (11), exist between mouse and human § cells. If § cells are susceptible to age-
related mitochondrial defects, one expects glucose-stimulated insulin secretion to significantly
decline, considering that § cells use metabolism as a signaling pathway not only to trigger oscillations
of insulin secretion, but also to augment the magnitude of the secretory response through metabolic
amplifying pathways (12). Indeed, age-associated factors intrinsic to the 3 cell, including defects in
NAD" synthesis (13), reduced mitochondrial copy number (14), and epigenomic changes affecting
the expression of metabolic genes (7) have been reported, but the extent to which they affect

metabolic function in mouse and human § cells remains unclear.

In this work, we explored the species differences between aging mouse and human 3 cells ex
vivo, allowing us to define the effect of age on the intrinsic ability of the 8 cell to respond to glucose
independently from other age-related physiological changes. We also used this opportunity to
develop NADP)H fluorescence lifetime imaging (FLIM) as a novel approach to image islet
metabolism. This method is more easily interpreted than intensity-based NAD(P)H imaging (15-18),
which cannot distinguish increases in NADH production, for example, from the binding of NADH
to proteins (which can multiply the fluorescence (19)). Using NAD(P)H FLIM, we report here that
aged human and mouse § cells exhibit similar defects in mitochondrial glucose sensing. Yet, mouse
B cells are uniquely resistant to age-associated defects in insulin secretion, which is maintained in
aged mice by the heightened metabolic sensitivity of the 3 cell plasma membrane — an effect driven

by the reduction of K, channel activity.
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RESEARCH DESIGN AND METHODS

Human Islets

An exemption was granted for all protocols by the Institutional Review Board at the University of
Wisconsin-Madison under Protocol Number 2015-0356. Human islets were obtained from the
Integrated Islet Distribution Program (IIDP), including the Center at University of Wisconsin. The

IIDP published isolation protocols and insulin secretion quality control assays can be found

at https://iidp.coh.org/investigator sops.aspx. Following shipment, the islets were cultured
overnight in RPMI1640/10% FBS and used within 24 hours for insulin secretion measurements.
Mice

All animal studies were approved by the Institutional Animal Care and Use Committees of the
University of Wisconsin-Madison and the William S. Middleton Memorial Veterans Hospital. Aged
(18, 24, and 30 month) and young (4-6 month) C57BL/6] male mice used for the insulin secretion
and mitochondrial assays were from the NIA Aging Rodent Colony. Additional 4-6 month old
C57BL/6] male mice used for the calcium and electrophysiology experiments were purchased from
The Jackson Laboratory. The median life expectancy of C57BL/6] male mice from these soutces is

approximately 28 months ((20) and phenome.jax.org).

In Vivo Studies

Glucose tolerance tests were performed by fasting the mice overnight for 16 hours and then
injecting 1 g/kg glucose intraperitoneally; glucose measurements were then performed at the
indicated times using a Bayer Contour blood glucose meter and test strips. Iz vivo glucose-stimulated
insulin secretion and fasting insulin levels were determined by fasting the mice overnight for 16

hours, measuring blood glucose and collecting tail blood (using Sarstedt heparinized tubes)
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immediately prior to and 15 minutes after injecting 1 g/kg glucose. Insulin levels

in heparinized plasma were determined using Mouse Insulin ELISA kits (Crystal Chem).

Islet Isolation and Adenoviral Infection

The mouse pancreas was inflated through the common bile duct with 3-5 mL of 0.5 mg/mL
collagenase (Sigma C5138) and 0.2 mg/ml. BSA (Sigma A8806) in HBSS (Invitrogen), excised, and
incubated in a glass vial at 37°C in 5 mL. HBSS/BSA/collagenase solution for 5 minutes on an
orbital shaking water bath (Thermo SHKA7000) at 250 rpm. Beginning 6-minutes post-incubation,
the digest was agitated for 20 seconds at 375 rpm every 2 minutes until minute 28, and washed three
times with 30 ml. ice-cold HBSS/BSA solution, and pelleted at 50g for 2 min. The pellets were
resuspended by vortex at medium speed in 1-2 mL solution, and hand-picked in 60 mL ice-cold
HBSS/BSA solution. After isolation the islets were maintained in RPMI1640 supplemented with
10% (v/v) fetal bovine serum, 100 units/ml penicillin and 100 pg/ml streptomycin (Invitrogen).
Adenoviruses were used to express Perceval-HR ATP/ADP sensors (Addgene 49082) in islet § cells
under control of the rat insulin promoter as in Merrins et al. (21). Groups of 25 freshly-isolated islets
were immediately infected with 2000 MOI of each adenoviral construct for 2 h in a 95/5% air/CO,
incubator at 37°C, followed by removal to fresh culture media lacking virus. Islets were imaged after
1-3 days in culture. We confirmed that the presence of the Perceval-HR sensors, which were

expressed in only a small fraction of 3 cells, had no effect on downstream Ca*" oscillations.

Respirometry

Following overnight incubation, 150 islets/condition/mouse (6 mice/condition) were transferred to
a 35 mm petri dish containing 2 ml of MiR05 (in mM: 0.5 EGTA, 3 MgCl,, 60 lactobionic acid, 20
taurine, 10 KH,PO,, 20 HEPES, 110 sucrose, 1% BSA; pH 7.1, adjusted with 5 M KOH) (22) and
5 mg/ml saponin; preliminary experiments showed that permeabilized islets demonstrated higher

coupled respiration rates. Islets were gently rocked in the permeabilization medium for 20 min. After
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20 min, the islets were rinsed with fresh MiR05 in the absence of saponin, and then pipetted into an
Oxygraph-2k chamber (Oroboros) containing 2 ml of MiR05 at 37°C. Oxygen electrodes were
calibrated to air-saturated MiRO5 buffer at 37°C using published oxygen solubilities (23) corrected
for local atmospheric pressure. Oxygen concentration and oxygen flux were recorded using DatlLab
software (Oroboros). A modified substrate-uncoupler-inhibitor titration (SUIT) protocol based on
Votion et al. (24) was applied. Respiratory flux through complex I was measured by adding 5 mM
glutamate and 1 mM malate, followed by 1.25 mM ADP to induce oxidative phosphorylation. To
assess the integrity of the outer mitochondrial membrane, cytochrome ¢ was added to the chamber
(8 uM) (25), and no significant increases in respiration were observed. Damage to the outer
mitochondrial membrane during permeabilization would result in a loss of cytochrome c, and a large
increase in respiration upon the addition of exogenous cytochrome c to the respiration chamber.
Convergent electron flow through complexes I and II was measured with the addition of 10 mM
succinate, allowing the electron transport system to achieve maximal coupled respiration. Next, a
step-wise addition of carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP) was used to
completely uncouple mitochondria (0.250 puM initial + 0.250 pM additions). To assess oxygen flux
through complex II, 0.5 uM rotenone was added to inhibit complex I. Finally, electron transfer was
blocked at complex III with the addition of 5 pM antimycin A and allowed to run long enough to
obtain a residual oxygen consumption. Oxygen flux was expressed per mg of total protein (Pierce

660 nm protein assay, ThermoFisher).

Fluorescence Lifetime Imaging (FLIM) of NAD(P)H
Islets were imaged in glass-bottom dishes on a custom built multiphoton laser scanning system
based around a Nikon TE-300 inverted microscope equipped with a Plan Apo 60X/1.4NA Oil

immersion objective (Nikon Instruments) in a standard external solution containing, in mM: 135

NaCl, 4.8 KCl, 5 CaCl,, 1.2 MgCl,, 20 HEPES, 10 glucose; pH 7.35. Temperature was maintained at
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35°C using a LiveCell incubator (Pathology Devices). NAD(P)H was excited with Mai Tai DeepSee
Ti:Sapphire laser (Spectra-Physics) at 740 nm with a 450/70m bandpass emission filter (Chroma)
before being collected by a Hamamatsu H7422P-40 GaAsP photomultiplier tube. FLIM images
were collected at 256x256 resolution with 120 s (1/s) collection using SPC-830 Photon Counting
Electronics (Becker & Hickl GbmH). In each experiment, urea crystals were used to define the
instrument response function with a 370/10 bandpass emission filter (Chroma), and coumarin was
used as a reference for lifetime (2.5 ns) using a 450/70m bandpass emission filter (Chroma). For
analysis, raw SDT files were imported into MATLAB (MathWorks), and a custom script was used to
generate a phasor histogram for each treatment using the equations in (26). To avoid contamination
from lipofuscin fluorescence in the aged cells (27), which forms a short-lifetime tail in the phasor

plot, all data were reported as the phasor histogram peak (7-g,,..,5

)

Timelapse Imaging of NAD(P)H, ATP/ADP, and Ca**

For measurements of cytosolic Ca™", islets were preincubated in 2.5 uM FuraRed (Molecular Probes,
Eugene, OR) for 45 min at 37°C. Islets were then placed in an RC-24N glass-bottomed chamber (54
uL volume) (Warner Instruments) on a Nikon Ti-Eclipse inverted microscope equipped with
10X/0.5NA and 20X/0.75NA SupetFluor objectives (Nikon Instruments). The chamber was
perfused with standard external solution (above). The flow rate was 0.3 ml/min and temperature
was maintained at 33°C using inline solution and chamber heaters (Warner Instruments). Excitation
was provided by a SOLA SEII 365 (Lumencor) set to 10% output. Excitation (x) or emission (m)
filters (ET type, Chroma Technology Corporation) were used in combination with an
FF444/521/608-Di01 dichroic (Semrock) as follows: FuraRed, 430/20x and 500/20x, 630/70m
(R430/500); NADP)H, 365/20x, 470/24m; Perceval-HR, 430/20x and 500/20x, 535/35m

(R500/430). Fluorescence emission was collected with a Hamamatsu ORCA-Flash4.0 V2 Digital
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CMOS camera at 0.125-0.2 Hz. A single region of interest was used to quantify the average response

of each islet using Nikon Elements and MathWorks MATLAB software.

Electrophysiology

B cell membrane potential and K, conductance were measured as in (28). Briefly, a Sutter MP-225
micromanipulator was used together with a HEKA EPC10 patch-clamp amplifier in the perforated
patch-clamp configuration to record membrane potential from intact islets perfused with standard
external solution (above). Pipette tips were filled with an internal solution (in mM: 28.4 K,SO,, 63.7
KCl, 11.8 NaCl, 1 MgCl,, 20.8 HEPES, 0.5 EGTA; 40 suctrose; pH 7.2) containing 0.36 mg/ml
amphotericin B. Islet B cells were identified by the presence of slow oscillations in 10 mM glucose.
The amplifier was then switched into voltage clamp mode. Conductance changes were determined
from the current-voltage relation (I-V) using 2 s voltage ramps from -120 to -50 mV every 20
seconds during the silent phase of bursting and following application of 200 um diazoxide.
Assuming that diazoxide acts by maximizing steady-state K,;, open probability, changes in

conductance primarily reflect changes in the number of open K, channels.

Ex Vivo Insulin Release

The glucose-stimulated insulin secretion assay was performed on human and mouse islets using a
high-throughput multiple-well plate technique (29) in which islets were individually incubated in a
tissue culture-treated 96-well V-bottom plate, allowed to adhere for 24 h, and incubated with Krebs-
Ringer bicarbonate buffer at 1.7 mM glucose (preincubation) followed by a stimulatory 16.7 mM
glucose incubation for 45 min each. Secretory medium was then collected, and the islets were lysed
utilizing a cell lysis buffer (Cell Signaling Technology 9803). Insulin secretion as a percentage of total

islet insulin content was measured by ELISA.
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Statistics

Data are expressed as means = SE. Statistical significance was determined using one- or two-way
ANOVA with Sidak multiple-comparisons test post hoc or Student's t-test as appropriate.
Differences were considered to be statistically significant at P < 0.05. Statistical calculations were

performed with GraphPad Prism.

RESULTS

Human aging is associated with defects in GSIS and islet metabolism

Insulin secretion measured in islets isolated from 31 human donors ranging from 19-64 years
of age (Table S1) revealed a significant decline in § cell function with age that was prominent at high
glucose levels (RZ = 0.51, P < 0.0001) (Figure 3.1A). The stimulation index, defined as the fold-
change in glucose-stimulated insulin secretion (GSIS), points the same age-related deficiency (R* =
0.26, P = 0.0046) (Figure 3.1B). There was no change in insulin content with age (Figure 3.1C), or a
trend in BMI across the donor population (Figure 3.1D). Neither the insulin secretion in high

glucose nor the stimulation index were correlated with BMI (Figures 3.1E and 3.1F).

To ascertain the relationship between insulin secretion and glucose metabolism in these
islets, we used multiphoton fluorescence lifetime imaging (FLIM) of NADH and NADPH to
directly image human islet metabolism. Rather than reporting NAD(P)H fluorescence intensity
(Figure 3.2A, /ef}) (16), FLIM measures the duration that NAD(P)H remains in the excited state — its
fluorescence lifetime — which increases ~6-fold when the coenzymes are bound to protein (19,30).
The discrete lifetimes imparted on NADH and NADPH by each of their binding proteins were
plotted as phasor histograms (26) so that each distinct mixture of lifetimes occupies a unique

position on the plot (Figure 3.2A, righ/). Note that the images of aged islets, especially, contain
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lipofuscin puncta (arrows), a cellular waste product identifiable by its broad spectrum excitation (31)
that accumulates with age independently of obesity or diabetes phenotypes (27); based on its very
short lifetime, lipofuscin was excluded from our analysis of the phasor histogram peak. Relative to
islets from an older donor (58 years old, ACKHO054A), the application of 17 mM glucose to islets
from a young donor (24 years old, ACJ3270) shifted the phasor peak significantly further along the
abscissa, reflecting an increase in bound NAD(P)H, which has a long lifetime (32). The difference in
islet metabolism between aged and young islets was even more pronounced at 2 mM glucose
(Figures 3.2B, 3.2C). A shift in the histogram peaks toward free NADH was induced by rotenone,
which blocks NADH utilization at complex I and served as a positive control to calibrate the FLIM;
changes in the islet phasor histogram peak along the 7-gmax axis reflect the metabolic consequences
of activating/inactivating the electron transport chain, consistent with NAD(P)H FLIM studies that
used alternative electron transport chain inhibitors (e.g. KCN (32,33)). Importantly, donor age was
correlated with the progressive loss of glucose-dependent NADH utilization (R* = 0.63, P = 0.006,
Figure 3.2D), indicating that a reduction in mitochondrial metabolism contributes to the loss of

insulin secretion with age.

Despite mitochondrial decline, insulin secretion and glucose tolerance are preserved in aged
mice

Given the strong relationship between B cell secretory dysfunction and human aging, we
investigated organismal glucose homeostasis in young (4-6 months), middle-aged (18 months), and
aged (= 24 months) C57BL/6] mice from the NIA (National Institute on Aging) Aged Rodent
Colony. Glucose tolerance, measured in fasted animals, was equivalent between the young and aged
mice (Figures 3.3A and 3.3B) as reported previously (5,8). However, middle-aged and aged animals

trended toward increased fasting insulin levels, and aged animals exhibited an augmented insulin



64

secretory response following intraperitoneal glucose injection (Figures 3.3C and 3.3D). To determine
whether this effect can be explained by a § cell autonomous mechanism, pancreatic islets isolated
from young and aged mice were subjected to an ex viwo GSIS assay. Islets from the aged mice
secreted significantly more insulin than young islets at both basal and stimulatory glucose
concentrations (Figure 3.3E); no difference in insulin content was observed (not shown). These data,
which are in alignment with recent reports (7,34), imply that 3 cell compensation is necessary to
maintain euglycemia in the aged mice, which could reflect increased 3 cell mass — islet area was 43%

larger in the aged mice relative to controls (Figure 3.3F) — but also functional compensation.

As a means to compare metabolic function in young and old mice with the human islet
phenotype, multiphoton NAD(P)H FLIM was again used to directly image mitochondrial
metabolism (Figure 3.4). While glucose induced an increase in free NAD(P)H in both groups,
quantification of the phasor histogram peaks shows that the NAD(P)H response is depressed in the
aged islets in response to glucose (Figures 3.4A and 3.4B). NADH consumption by the
mitochondrial respiratory chain was assessed by acute application of rotenone (5 uM, Complex I
inhibitor) and oligomycin (5 uM, Complex V inhibitor). In all four treatments, a decline in
mitochondrial function — reflected by the decline in bound NAD(P)H — was evident in aged islets
relative to young controls (Figure 3.4C). The relative difference in the cellular response to

oligomycin and rotenone, which reveals the proton leak (35), was not altered.

As a second approach, we measured mitochondrial oxygen consumption in permeabilized
islets stimulated with glutamate, malate, succinate, and ADP. In excellent agreement with the
NAD(P)H FLIM, mitochondrial respiration was strongly decreased in the aged islets (Figure 3.4D).
Flux through Complex I and II were similarly reduced (by 52% and 57%, respectively), indicating

that defects in aged cells manifest within the electron transport chain. As age-associated



65

mitochondrial dysfunction afflicts both human and mouse islets, these findings prompted us to seek

an explanation for the augmented insulin secretion we observed in aged mice.

Hyper-sensitivity of the [ cell plasma membrane, driven by a reduction in K,
conductance, compensates for mitochondrial dysfunction in aged mice

Downstream of the mitochondria, ATP/ADP, K., channels, and Ca** control the triggering
pathway of insulin secretion. Oscillations in these parameters between active and silent phases occur
within an intermediate range of glucose levels (Figure 3.5A). Within this range, an analysis of the
oscillatory plateau fraction — the fraction of the time the islet spends in the active state (21,36,37) —
can provide direct information on the § cell glucose threshold, without the need for a full glucose
dose-response curve. This is because of the direct relationship between B cell glucose metabolism

+

and plateau fraction, which can be calculated from ATP/ADP or Ca*" oscillations (Figure 3.5B).
Note that increased ATP/ADP plateau fraction # increased ATP level; the plateau fraction of
ATP/ADP follows activity of membrane potential oscillations strictly (21), while the plateau fraction

of Ca®" oscillations (in the same islet) is slightly longer due to extended Ca®" release from the ER

during the silent phase (38).

When measured simultaneously, Ca** and ATP/ADP oscillations in mouse islets (Figure
3.5C) are out of phase due to ATP consumption by Ca®>"-ATPases located in the ER and plasma
membrane (39,40). By comparison with young islets, aged islets displayed an increased oscillatory
plateau fraction, reflecting increased sensitivity to glucose (Figure 3.5D); based on Figure 5B, we
estimate this effect corresponds to a ~2.8 mM left shift in the plasma membrane glucose threshold.
While enhanced insulin secretion is consistent with enhanced Ca®" activity in aged B cells (Figure
3.3), this observation remains surprising because of the respiratory chain failure we observed in the

aged mouse islets (Figure 3.4), which would be expected to restrict K, channel inhibition and Ca**
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channel activation. These findings suggest that the 3 cell plasma membrane in aged cells is hyper-

sensitive to glucose metabolism.

As K,p channels serve as the primary metabolic sensor for the 3 cell plasma membrane
(41,42), we hypothesized that the loss of K, channel conductance (Gy,p) could account for the
enhanced Ca®* oscillations we observed in aged islets. Gy pp Was calculated from voltage ramps (28)
during islet bursting and in the presence of the K, channel opener diazoxide (200 uM) (Figure
3.5E). The more K, channels present in the plasma membrane, the larger the change in Gy
seen in response to diazoxide; by this measure, G ,rp was reduced by 31% in aged relative to young
B cells (Figure 3.5F, /eff). There was no difference in cell size between groups (not shown). We also
confirmed that these results were not due to differences in leak resistance between individual islets
by subtracting the conductances measured during the silent phase of bursting from the same § cell
during diazoxide application, which yielded the same fundamental conclusion (Figure 3.5F, right).
The age-dependent loss of K, channels would be expected to reduce the ATP/ADP ratio required
to initiate membrane depolarization, and account for the enhanced plateau fraction of calcium

oscillations and elevated insulin release we observed in aged islets.

DISCUSSION

The focus of this work was to compare the effects of age on 8 cell metabolism and insulin
secretion in mouse and human islets. To do so we developed a novel assay for metabolic
fingerprinting of the pancreatic islet, NAD(P)H FLIM. We demonstrated that both human and
mouse islets exhibited an age-associated decline in mitochondrial NADH utilization due to defects
in the electron transport chain. Significantly, we found that islets from aged mice compensated for

this defect with restricted 3 cell K,;, channel conductance, which in turn increased the glucose
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sensitivity of plasma membrane Ca®’ triggering and insulin secretion. While our results help to
explain the resistance of mice to age-induced defects in insulin secretion, human islets apparently

lack this compensation.

Human aging is accompanied by declining glucose tolerance (2—4), and we detected a
corresponding defect in insulin secretion in pancreatic islets isolated from aged human subjects.
Surprisingly, our measurements revealed an age-dependent defect in stimulated insulin secretion (R* =
0.51, P < 0.0001), with a much weaker effect on the stimulation index (R* = 0.26, P = 0.0046). A
decline in the stimulation index based instead on an age-dependent increase in basa/ insulin secretion
has also been reported (9,10), while another study found no age-related defects (5). While we find no
fault with these studies, or a satisfactory explanation for the discrepancy between them, our results
are qualitatively similar to unpublished study by Benninger and colleagues (Personal communication)
showing a significant age-dependent decline in both stimulated and basal insulin secretion (» = 21
preparations); in our study basal secretion trended lower with age but was not significant (P = 0.08, #
= 31 preparations).

Recent studies of glucose homeostasis in aged mice are more consistent. The widely studied
C57BL/6 inbred mouse strain exhibits normal glucose tolerance with age (Figure 3.3 and (5,43,44);
but see (6)), and in addition to the present study, three recent reports utilizing mice from the NIA
Aging Rodent Colony found that insulin secretion increases with age (Figure 3.3 and (5,7,8)). What,
then, explains the discrepant phenotype of human and mouse islets? We considered the possibility
that mitochondrial health, which declines with age in human  cells (14), might be unaffected in
mouse islets. However, using NAD(P)H FLIM, we showed that mitochondrial NADH utilization
declines with age in both species (Figures 3.2 and 3.4). Using respirometry we directly identified
defects in complexes I and II of the electron transport chain, which likely underlies the impairment

in glucose-dependent hyperpolarization of the mitochondrial membrane potential in aged C57BL/6]
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mouse islets (6). However, by quantifying the dynamics of glucose-dependent 8 cell oscillations in
metabolism and Ca®’, we discovered that these age-associated defects in metabolism are
compensated by hypersensitivity of the mouse § cell plasma membrane. The mechanism of this
effect was due specifically to a reduction in K, channel conductance, which was accompanied by

increased insulin secretion.

The appeal of an age-dependent shift in the § cell glucose threshold is that insulin secretion
can increase despite defects in mitochondrial respiration. Two lines of evidence might explain how
regulation of K, occurs. The first is based on experiments demonstrating that exposure of islets to
hyperglycemic conditions can reduce 3 cell K, conductance by adjusting K, channel trafficking
to the plasma membrane (45,46). Interestingly, this trafficking mechanism requires autocrine
feedback of insulin (46), which is reminiscent of a second potential mechanism involving insulin-
dependent transcriptional regulation of K . In this case, insulin receptor signaling activates cyclin-
dependent kinase 4 (Cdk4), which phosphorylates Rb to activate the E2F transcription factors
required for Kir6.2 (IKCNJ11) promoter activity (47). By activating Kir6.2, which comprises the pore
forming subunits of K, p, the insulin receptor signaling pathway acts to limit 3 cell excitability.
Importantly, several groups have demonstrated that 3 cells exhibit increased expression of cell cycle
inhibitors with age (reviewed in (3)), most prominently the Cdk4 inhibitor p16/Ink4a (34,48), which
would be expected to restrict E2F activation and Kir6.2 transcription. In this second model, the
reduced K, channel activity we observed in mouse islets is an inevitable but welcome adaptation
to B cell senescence. Ultimately however, distinguishing between these two alternative models will

require additional experimentation in genetically modified aged mice, for example mice lacking

Cdk4.

In addition to advancing our understanding of B cell aging, we have made a significant

technical leap by utilizing FLIM of NADH and NADPH to quantify the metabolic health of islet
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cells. Although we do not currently possess a way to distinguish between the endocrine cell types,
NAD®P)H FLIM addressed a number of issues inherent to the intensity-based NAD(P)H
measurements used in our prior studies (49,50). First, the autofluorescence signal in aged islets is
dominated by lipofuscin, which accumulates with age (27). We were able to exclude lipofuscin from
our analysis by its short lifetime using the phasor approach to FLIM (26,32); as lipofuscin is
accumulated by many cell types in aging rodents and humans, we expect this approach to be broadly
applicable to the study of metabolism in other tissues. Second, we noted that NAD(P)H
fluorescence intensity, when determined using epifluorescence, is strongly dependent on islet size.
Size-matching would have skewed our comparison of young and old islets, which were 42% larger,
and would be impossible when studying islets isolated from some genetic models of obesity such
ob/ob mice. Islet size is normalized when using multiphoton microscopy, which ensutes a uniform

volume is measured from each islet.

As the population grays, it seems likely that the already high prevalence of diabetes among
the aged will continue to rise. In the present work, we determined that a reduction in the 3 cell
glucose threshold allows mice, but apparently not humans of the studied age group, to circumvent
age-associated mitochondrial decline and maintain insulin secretion. This left shift in the glucose
threshold for Ca®* activation may also be found in studies of genetic (db/db), pharmacologic
(streptozotocin), and diet-induced diabetes models (51,52), hinting that threshold shifting is an

important mechanism of 3 cell compensation for all ages.
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Figure 3.1. Insulin secretion declines with age in human islets. Insulin secretion (2 and 17 mM
glucose) (A) stimulation index (i.e. stimulated/basal secretion) (B), insulin content (C), and BMI (D)
as a function of donor age (» = 37). (E and F) Insulin secretion (17 mM glucose) and stimulation
index as a function of BMI (# = 37). Donor information is listed in Table S1.
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Figure 3.2
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Figure 3.2. NAD(P)H FLIM of human islet metabolism. (A) Multiphoton FLIM of NAD(P)H
in human islets from representative young (24 year old, ACJ3270) and aged donors (58 year old,
ACKHO054A). Phasor histograms show the frequency distribution of NAD(P)H lifetimes in young
and aged islets (» = 20 islets each). Lipofuscin (red arrows) was excluded from the FLIM analysis
based on its very short lifetime, which forms a tail at the right of the phasor plots (dashed boxes).
Image scale bar = 5 um. (B, C) Translation of the phasor histogram peaks (7-g,,...,5,..) along the 7-¢
axis were used to quantify changes in Bound:Free NAD(P)H in response to 2 mM glucose (2G), 17
mM glucose (17G), and 17 mM glucose plus 5 pM rotenone (Complex I inhibitor). 7-g,,.. is plotted
to give the same directionality as mitochondrial oxygen consumption. Data are mean = SEM and
were compared by 2-way ANOVA with Sidak’s post-test. **** P < 0.0001. (D) Islet mitochondrial
response to glucose (17 mM) declines with age. Data reflect 20 islets from each of 10 human islet
donors (ACJV399A, ACJY368C, ACJ3270, ACKB319, ACKB044, ACKB010B, ACKHO054A,
ADAH342, ADAN146A, ADAT167). Donor information is listed in Table S1.
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Figure 3.3
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Figure 3.3. Insulin secretion is increased in aged mice. I vivo glucose tolerance (A and B) in
young (6 month old) and aged (>= 24 month old) C57BL/6] mice. (C and D) Plasma insulin levels
in young (6 month old, » = 5), middle-aged (18 month old » = 5), and aged (>= 24 month old, » =
10) mice after an overnight fast, prior to (C) and 15 minutes after (D) intraperitoneal glucose
injection. (E) Insulin secretion measured ex zivo using islets from young (# = 2) and aged (» = 2)
mice. (F) Islet size was estimated from the cross-sectional area. Young, #» = 103 islets from 2 mice;
Aged, n = 122 islets from 5 mice. Data are mean = SEM and were compared by t test (A-D, F) or
ANOVA with Sidak’s post-test (E). * P = 0.07, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P <
0.0001.
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Figure 3.4
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Figure 3.4. NAD(P)H FLIM of mouse islet metabolism. (A) Multiphoton FLIM of NAD(P)H
in islets isolated from young (6 months) and aged C57BL/6J mice (30 months). Arrows in the
NAD(P)H intensity images indicate contaminating lipofuscin fluorescence. Scale bar = 5 um. Phasor
histograms show the frequency distribution of NAD(P)H lifetimes in young and aged islets in the
presence of 2 and 10 mM glucose (#» = 10 islets per condition). (B,C) Translation of the phasor
histogram peaks (1-g,..9,..) along the abscissa were used to quantify changes in Bound:Free
NAD(P)H in response to 2 mM glucose, 10 mM glucose, and 10 mM glucose plus 5 uM oligomycin
(Complex V inhibitor) or 5 uM rotenone (Complex I inhibitor) as indicated. (D) Oxygen
consumption rate (OCR) measured from 5 mice per condition (150 islets per mouse) shows that
stimulated mitochondrial respiration is deficient in aged islets. Rotenone (5 uM) was present as

indicated. Data are mean £ SEM and were compared by ANOVA with Sidak’s post-test. *** P <
0.001, #**+£ P < 0.0001.
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Figure 3.5
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Figure 3.5. Loss of K,;, channel conductance underlies a left shift in the glucose threshold
of aged mouse B cells. (A) Recording of islet Ca** in response to increase glucose levels. (B)
Glucose-dependence of plateau fraction, calculated from simultaneous recordings of Ca®" (FuraRed)
and ATP/ADP (Perceval-HR) oscillations using MATLAB. (C) Ca** and ATP/ADP oscillations in
young (6 month) and aged (24 month) C57BL/6] mouse islet § cells in the presence of 10 mM
glucose. (D) The oscillatory plateau fraction, reflecting the plasma membrane glucose sensitivity, was
calculated as the fraction of time spent in the active state of each oscillation. Young, » = 124 islets
from 4 mice; aged, » = 210 islets from 5 mice. (E and F) Representative I-V curves showing slope
conductance changes in islet 3 cells during the silent phase (SP) of bursting (10 mM glucose) and 5
min after treatment with 200 uM diazoxide (DZ). Average KATP conductance, as well as
conductance difference (DZ — Silent Phase), is reduced in aged B cells (# = 8 cells from 3 mice)
relative to young controls (7 = 19 cells from 4 mice). Data are mean = SEM and were compared by
2-way ANOVA with Sidak’s post-test. ** P < 0.01, **** P < 0.0001.



HbAlc
% (mmol/mol)
AABW178 42 M 34.9
AACC270 64 M 255
AADU498 21 M 37
AAEG306 36 F 34.8
AAE2431 25 M 26.6
AAFD181 52 M 34.4 5.7 (39)
AAGW388 43 M 30.6 5.8 (40)
AAG5351 23 M 23.9 5.3 (34)
AAHE140 25 M 35.7
AAHP353 19 M 26.9
AAIQ245 51 M 38.9
AAI4274 42 M 22.76
AAI1303 53 M 272 51 (32)
AAJF122 52 M 29.1 5.4 (306)
AAJY035 40 M 38.91
AAKE155 36 M 33.8 5.4 (30)
AAK4206 48 F 29.2
ABAW?280 40 M 35.4
ABCJ117 46 M 29.3
ABCM211 58 F 31.1
ABDG032 61 M 42.1

75



ABDG134 36 M 26

ABDNI160 38 F 30.6

ABEI387 58 M 34.8

ABIT067 32 F 39.4

ABJA126 59 F 31.3

ABJN226 39 F 259 5 (31)

ABJU206 52 F 314 5 (31)

ABJ5204 51 M 247

ABKH361 48 M 30.7 5.8 (40)
ABLMO090 58 M 312

ACJV399A 41 F 431 6.5 (48)
ACJY368C 42 F 23.1 5.4 (36)

ACJ3270 24 M 50.4 5.6 (38)
ACKB319 49 F 31.6 5.2 (33)
ACKB044 32 F 31.3 5.1 (32)
ACKBO010B 20 M 30.9 5.6 (38)
ACKHO54A 58 F 35.1 4.8 (29)
ADAH342 48 M 437 6.6 (49)
ADANT46A 63 M 31.8 5.8 (40)
ADAT167 60 M 237 5.7 (39)

AVGESEM 43.54%2.0 32.17£0.96  5.521+0.07 (36.89%0.84)




77

Table S1. Human Islet Donors from the Integrated Islet Distribution Program (IIDP).
Summary characteristics of donors studied by Unos ID. BMI — Body Mass Index, HbAlc — glycated
hemoglobin.
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ABSTRACT

Type 2 diabetes is linked genetically to Cyclin-dependent kinase (Cdk) signaling. However, the
significance of Cdk1/Cyclin B1 signaling in adult B-cells remains largely unknown. Here, we show
that one of the key mitotic functions of Cdkl/Cyclin Bl — the activation of mitochondrial
respiratory Complex I — is active in adult B-cells and hyperactive in B-cells from obese (0b/0b) mice.
In wild-type islets, an analysis of TCA cycle and electron transport chain (ETC) fluxes with
NAD(P)H FLIM and respirometry revealed that 65 = 13% (P = 0.0106) of Complex I flux and 49 *
12% (P < 0.05) of State 3 respiration is sensitive to Cdk1 inhibition. Islets from ob/0b mice express
more Cyclin B1 and exhibit an even higher sensitivity to Cdkl blockade, which reduced Complex I
flux by 76 = 11% (P < 0.001) and State 3 respiration by 79 £ 6% (P < 0.001). While Cdk1 signaling
and ETC flux were correlated with the activity of glucose-stimulated Ca*" oscillations, insulin
secretion increased following Cdk1 inhibition as carbon shifted to the K ,-independent metabolic
amplifying pathways. These results reveal that ETC activity is inversely proportional to insulin
secretion. Our results further demonstrate that Cdkl and Complex I are control points for 3-cell

metabolism which, in the setting of obesity, rebalance the insulin secretory pathway.

INTRODUCTION

Obesity is characterized by insulin resistance, and in the islet, adaptive compensation by
pancreatic B-cells. Leptin-deficient (0b/0b) mice are a well-studied model for B-cell compensation
arising from hyperphagia and obesity in which numerous adaptations to the insulin secretory
pathway facilitate insulin hypersecretion, B-cell growth, and proliferation (1-4). In 2008, Attie and
colleagues (5) took advantage of the phenotypic differences between ob/0b mice on two different

backgrounds — diabetes-resistant C57Bl/6] 0b/0b, and diabetic BIBR 0b/0b — to model the B-cell
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compensation and decompensation that accompanies human type 2 diabetes (6). A strong genetic
linkage was observed between the cell cycle regulators and diabetes susceptibility (5). Here, we focus
on the significance of Cyclin-dependent kinase 1 (Cdk1), and its activator Cyclin B1, for the B-cell
secretory pathway.

There is little doubt that the raison d’etre of Cdkl/Cyclin B1 signaling is the control of
proliferative signaling (7), and it was recently discovered that Cdk1 is a critical mediator of adaptive
proliferation in 3-cells (8). However, Cdk1 signaling may be controlled in quiescent 3-cells, at least in
part, by autocrine insulin signaling (9-11). Not only is Cdk1 expression lost in B-cells derived from
B-cell-specific insulin receptor knockout (i.e. BIRKO) mice, but more physiologically, short-term
blockade of insulin secretion with diazoxide is sufficient to restrict glucose-induced Cdk1 signaling
in wild-type B-cells (8). These 7n vitro experiments are paralleled by prior studies showing that
diazoxide blocks glucose-induced B-cell proliferation 7z vivo (12). An important question, then, is
whether the insulin secretory pathway is impacted by Cdk1 signaling, both in quiescent 3-cells and
during the adaptive response to obesity, when Cdk1 signaling is upregulated and insulin demand is
high.

Here, we show that one of the key mitotic functions of Cdk1/Cyclin B1 — the activation of
mitochondrial respiratory Complex I — is active in adult B-cells and hyperactive in B-cells from obese
(0b/ob) mice. Although the best-studied functions of Cdk1 are cytosolic and nuclear (7), our studies
focused on the mitochondtrial pool of Cdkl/Cyclin B1 (13-16). Cdk1 phosphorylates an estimated
52 mitochondrial substrates at consensus sites (S/T*P-x-K/R or S/T*-P), including eight subunits
within Complex I of the electron transport chain (ETC) (13,14). Complex I occupies a key postion
in the B-cell secretory pathway. Not only does it link TCA cycle-dependent NADH turnover to the
ATP/ADP ratio, a key component of the 8-cell triggering pathway, but the tight coupling of the

TCA cycle to the ETC indirectly links Complex I to a number of mitochondrial cycles that amplify
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insulin secretion (i.e. the pyruvate and phosphoenolpyruvate (PEP) cycles) (17,18). Our studies
demonstrate that Cdkl signaling acts at Complex I to enhance oxygen consumption, while
simultaneously depleting the metabolic amplifying pathways. We propose that this reciprocal
relationship between ETC flux and the TCA cycle-derived amplifying pathways is a general property

of B-cell metabolism, imbalanced in the setting of obesity.

RESEARCH DESIGN AND METHODS

Mice

All animal studies were approved by the Institutional Animal Care and Use Committees of the
University of Wisconsin-Madison and the William S. Middleton Memorial Veterans
Hospital. C57B16/] wild-type and leptin-deficient (0b/0b) mice were obtained from The Jackson
Laboratory (stocks 000664 and 000632). Male mice were analyzed between 10-16 weeks of age.

In Vivo Studies

Glucose tolerance tests were performed on mice fasted overnight for 16 hours. Following
intraperitoneal injection of 1 g/kg glucose in sterile saline, glucose measurements were taken at 0,
15, 30, 60 and 120 minutes via tail nick using a Bayer Contour glucometer.

Islet Isolation and Cdkl1 inhibitor treatment

Mice were sacrificed via cervical dislocation and islet isolations were carried out as previously
desctribed (19). Islets were cultured overnight in RPMI1640 supplemented with 10% (v/v) fetal
bovine serum (Invitrogen A31605), 100 units/ml penicillin and 100 pg/ml streptomycin (Invitrogen)
containing Cdk1 selective inhibitor, 5 puM RO-3306 (Enzo ALX-270-463) (20), or vehicle (0.1%

DMSO).
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Immunoblotting

Islets were lysed in buffer containing 20 mM Tris, 100 mM NaCl, 1 mM EDTA and 0.5% Triton-X.
Protein concentrations were determined using Pierce 660 nm protein assay (Thermo Fisher). All
antibodies except Cdk4 (Santa Cruz sc260) were purchased from Cell Signaling (Cyclin B1, 4138;
Cdk1, 77055; Hsp90, 4877; Lamin, A/C; Cox IV, 11967).

Ca®" Imaging

Islets treated with vehicle or Cdk1 inhibitor were imaged simultaneously; one treatment group was

pre-labeled with 0.5 pg/mL DiR (Molecular Probes, Eugene, OR) for 10 minutes. DiR labeling had
no effect on islet metabolic or Ca®* oscillations (data not shown). For measurements of cytosolic
Ca™, islets were pre-incubated in 2.5 uM FuraRed (Molecular Probes F3020) in islet media for 45
min at 37°C before they were placed in a glass-bottomed QE1/RC-37W imaging chamber (Warner
Instruments) mounted on a Nikon Ti-Eclipse inverted microscope equipped with a 20X/0.75NA
SuperFluor air objective (Nikon Instruments). The chamber was perfused with a standard external
solution containing 135 mM NaCl, 4.8 mM KCI, 5 mM CaC(Cl,, 1.2 mM MgCl,, 20 mM HEPES (pH
7.35). The flow rate was 0.4 mL/min and temperature was maintained at 33°C using inline solution
and chamber heaters (Warner Instruments). Excitation was provided by a SOLA SEII 365
(Lumencor) set to 10% output. Excitation (430/20x and 500/20x) and emission (630/70m) filters
(ET type, Chroma Technology Corporation) were used in combination with an FF444/521/608-
Di01 dichroic (Semrock) and reported as an excitation ratio (R430/500). Single DiR images utilized
a Chroma Cy7 cube (710/75x, T760lpxt, 810/90m). Fluorescence emission was collected with a
Hamamatsu ORCA-Flash4.0 V2 Digital CMOS camera at 0.125 Hz. A single region of interest was
used to quantify the average response of each islet using Nikon Elements and custom MATLAB

software (MathWorks).
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NAD(P)H Fluorescence Lifetime Imaging (FLIM)

Islets were imaged in #1.5 glass-bottom dishes on a custom-built multiphoton laser scanning system
based around a Nikon TE-300 inverted microscope equipped with a Plan Apo 60X/1.4NA Oil
immersion objective (Nikon Instruments) in a standard external solution (above). Temperature was
maintained at 35°C using a LiveCell incubator (Pathology Devices). NAD(P)H was excited with Mai
Tai DeepSee Ti:Sapphire laser (Spectra-Physics) at 740 nm with a 450/70m bandpass emission filter
(Chroma) before collection by a Hamamatsu H7422P-40 GaAsP photomultiplier tube. FLIM images
were collected at 256x256 resolution with 120 s collection at 1 Hz using SPC-830 Time-Correlated
Single Photon Counting (TCSPC) electronics (Becker & Hickl GbmH). In each experiment, urea
crystals were used to define the instrument response function with a 370/10 bandpass emission filter
(Chroma), and coumarin was used as a reference for lifetime (2.5 ns) using a 450/70m bandpass
emission filter (Chroma). For analysis, raw SDT files were imported into MATLAB (MathWorks),
and a custom script was used to generate phasor histograms for each treatment using the equations

in (21). All data were reported as the phasor histogram peak (7-g,,..,s

Islet Respirometry

Following overnight incubation in either islet media or islet media containing 5 uM Cdkli, 150
islets/condition/mouse (5 mice/condition) were transferred to a 35 mm petri dish containing 2 ml
of MiR0O5 (in mM: 0.5 EGTA, 3 MgCl,, 60 lactobionic acid, 20 taurine, 10 KH,PO,, 20 HEPES,
110 sucrose, 1% BSA; pH 7.1, adjusted with 5 M KOH) (22) and 5 mg/ml saponin; preliminary
experiments showed that permeabilized islets demonstrated higher coupled respiration rates. Islets
were gently rocked in the permeabilization medium for 20 min. After 20 min, the islets were rinsed
with fresh MiRO5 in the absence of saponin, and then pipetted into an Oxygraph-2k chamber
(Oroboros) containing 2 ml of air-equilibrated MiR05 at 37°C. Oxygen electrodes were calibrated to

air-saturated MiRO5 buffer at 37°C using published oxygen solubilities (23) corrected for local
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atmospheric pressure, and zero oxygen calibrations were performed at regular intervals throughout
the study. Oxygen concentration and oxygen flux were recorded using DatlLab software (Oroboros).
A modified substrate-uncoupler-inhibitor titration (SUIT) protocol based on Votion et al. (24) was
applied. Respiratory flux through complex I was measured by adding 5 mM glutamate and 1 mM
malate, followed by 1.25 mM ADP to induce oxidative phosphorylation. To assess the integrity of
the outer mitochondrial membrane, cytochrome ¢ was added to the chamber (8 uM) (25), and no
significant increases in respiration were observed. Damage to the outer mitochondrial membrane
during permeabilization would result in a loss of cytochrome c, and a large increase in respiration
upon the addition of exogenous cytochrome c to the respiration chamber. Convergent electron flow
through complexes I and II was measured with the addition of 10 mM succinate, allowing the
electron transport system to achieve maximal coupled respiration. Next, a step-wise addition of
carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP) was used to completely uncouple
mitochondria (0.250 uM initial + 0.250 uM additions). To assess oxygen flux through complex II,
0.5 uM rotenone was added to inhibit complex I. Finally, electron transfer was blocked at complex
IIT with the addition of 5 uM antimycin A and allowed to run long enough to obtain a residual
oxygen consumption rate. Oxygen flux was expressed per mg of total protein (Pierce 660 nm
protein assay, ThermoFisher 22660).

Ex Vivo Insulin Release

The glucose-stimulated insulin secretion assay was performed on mouse islets treated overnight with
vehicle or Cdk1i, which were present throughout the assay. All experiments were carried out at 37°C
in a 5% CO, incubator using DMEM (Sigma D-5030) supplemented with 4 mM L-glutamine, 44
mM sodium bicarbonate, 10 mM HEPES and 0.2% BSA. 60 islets per treatment were pre-incubated
for 45 minutes in DMEM/1.7 mM glucose, which was discarded. Six groups of 10 islets were then

moved to 12-well plates (Falcon 353225) containing 1 mL of DMEM/1.7 mM glucose for 45 min.
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The islets were transferred to a new 12-well plate, each well containing 1 mL. of DMEM/16.7 mM
glucose for an additional 45-minute incubation. The incubation media was collected and the islets
were lysed in cell lysis buffer containing 20 mM Tris-HCI (pH 7.5), 150mM NaCl, and 1% Triton-X.
Insulin ELISA

Insulin secretion as a percentage of total islet insulin content was measured by ELISA in 96-well
high-binding plates (Corning 3096) coated overnight with 3 pg/mL (50 pL/well) of anti-insulin
primary antibody (Research Diagnostics, RDI-TRK2IP10- D6C4) diluted 1:2500 in PBS. Plates were
blocked with PBS containing 4% BSA (Sigma A-7888) for 1 h (100 uL/well). Following blocking,
plates were emptied and incubated for 1 h with either insulin standards (Millipore 24304391/8013-k,
0.1-10 ng/mlL), secretion media, or islet lysate (25 uL/well). Secondary antibody (Research
Diagnostics, RDI-TRK2IP10-D3E7- BT) (25 pL/well) diluted 1:1000 in PBS with 1% BSA was
added to each well, gently mixed, and incubated for an additional hour. Wells were then washed
three times (50 mM Tris, 0.2% Tween-20, pH 8.0), and 1 pg/mL of streptavidin-HRP (Pierce
21126) in PBS with 0.1% BSA was added (50 pL/well) and incubated for 30 min. Plates were then
washed three times. 16 pmol/mL of o-phenylenediamine (Sigma P-5412), dissolved in citrate buffer
(0.1 M citrate-phosphate, 0.03% H,O, at pH 5.0), was then added (50 pL/well). After 3-5 minutes
of development, 0.18 M sulfuric acid (50 pL/well) was added to quench the reaction. Absorbance at
492 nm was determined by a plate reader (TECAN Infinite M1000 Pro). Insulin contents in plasma
were calculated by comparison to known standards.

Human Islets

An exemption was granted for all protocols by the Institutional Review Board at the University of
Wisconsin-Madison under Protocol Number 2015-0356. Human islets were obtained from the
Integrated Islet Distribution Program (IIDP). Donor information is listed in Table S1. The IIDP

published isolation protocols and insulin secretion quality control assays can be found
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at https://iidp.coh.org/investigator sops.aspx. Following shipment, the islets were cultured

overnight in islet media prior to imaging.

Islet Mitochondrial Content

Islets were isolated and washed with PBS. DNA was isolated with a Mini Genomic DNA kit (IBI
Scientific). qPCR was performed in triplicate using primers MT9
(GAGCATCTTATCCACGCTTCC) and MT11 (GGTGGTACTCCCGCTGTAAA), normalized to
reference gene Ndufv1: F (TTCCTCTGGATTCACCCTCA), R
(CATGAGGAGCGCGAGTATTT) with FastStart Universal SYBR Green Master (Rox) (Roche).
30 ng of DNA was used per reaction with a final primer concentration of 2 pM. Reactions were run
on a StepOne Plus Real-Time PCR system (Applied Biosystems). PCR product specificity was
determined by melt-curve analysis and data was reported as AACt.

Statistics

Data are expressed as means * SE. Statistical significance was determined using one- or two-way
ANOVA with Sidak multiple-comparisons test post hoc or Student's t-test as appropriate.
Differences were considered to be statistically significant at P < 0.05. Statistical calculations were

performed with GraphPad Prism.

RESULTS

Cdk1 Signaling is Upregulated in Pancreatic Islets from Obese (0b/0b) Mice

Leptin-deficient (0b/0b) mice were used as a model of adaptive B-cell compensation (1-4). At
10 weeks of age, 0b/0b mice weighed significantly more than their lean (i.e. wild-type) counterparts,
and exhibited elevated fasting blood glucose and impaired glucose tolerance (Figures 1A, 1B, 1C).

We compared islet mRNA expression levels between lean and 0b/0b mice using the database
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provided by Attie and colleagues (http://diabetes.wisc.edu), who previously described a confluence
of gene expression changes surrounding the cell cycle regulators (5). Among these, the mRINA levels
of the Cdk1 and its activators Cyclin B1 and Cdc25¢ were increased in 0b/ob mice relative to their
lean counterparts (Figure 4.1C). At the protein level, Cdkl was unchanged, while Cyclin B1 was
significantly increased in 0b/0b islets relative to lean controls (Figure 4.1D).

Cdk1 is present in multiple cellular compartments, including a mitochondrial pool (13—
16,26) and a cytosolic/nuclear pool (7,27). In Min6 cells, 29.6 = 0.6% (» = 2) of Cdk1 was found in
the mitochondrial fraction, while Cdk2 and Cdk4 (i.e. the Cdks associated with G1) were more
prominent in the nuclear fractions (Figure 4.1E). Notably, the majority of Cdkl
immunofluorescence in adult B-cells is perinuclear (28), suggesting that the mitochondrial

localization is favored in quiescent cells. Our subsequent studies focused on determining whether
Cdk1 has a role in controlling B-cell mitochondrial function.

Cdkl Activates Mitochondrial Respiration at Complex I

Considering that the reported functions of mitochondrial Cdkl include the activation of
Complex I (13-16), we hypothesized that the consequences of increased Cyclin B1 in 0b/0b islets
(Figure 4.1D) would be to enhance Cdkl signaling and mitochondrial bioenergetics. We took
advantage of the small-molecule Cdk1 inhibitor RO-3306 (20), which was chosen based on its low
non-specificity for endogenous kinases other than Cdk1, and because its effectiveness to block
Cdk1/Cyclin Bl-dependent Complex I activation was previously validated with genetic mutants of
Cdk1, Cyclin B1, and Complex I (14).

To compare metabolic function in wild-type and 0b/0b islets, we performed multiphoton
NAD(P)H fluorescence lifetime imaging (FLIM) using the assay we developed to assess NADH
utilization by the ETC in intact islets (19). Figure 4.2A shows representative NAD(P)H lifetime

images of wild-type and 0b/0b islets. These images are spatial maps of islet redox metabolism
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reflecting the glucose-dependent changes in NAD(P)H lifetime that accompanies each coenzyme-
protein interaction (19,29); advantageously, much of the assay’s resolution comes from NADH
binding to Complex I (30,31). For quantification, each image pixel was plotted on a phasor
histogram (21) so that each distinct mixture of lifetimes occupies a unique position on the plot
(Figure 4.2B). Relative to wild-type islets incubated in 10 mM glucose, the 0b/0b islet phasor was
shifted further along the 1-gmax axis (Figure 4.2C), reflecting an increase in bound NAD(P)H
lifetime that occurs with increasing Complex I flux (19). Overnight incubation with 5 uM Cdkl
inhibitor RO-3306 reduced 7-gmax in both wild-type and 0b/0b islets, but to a lesser extent than
direct Complex I inhibition with 5 uM rotenone. In 0b/0b islets, the simultaneous application of
these inhibitors had no further effect, implying that the ETC is more highly dependent on Cdkl
signaling in ob/ob islets relative to controls. The similar directionality of Cdkl and Complex I
inhibition in phasor space is consistent with them working in the same pathway. Comparable effects
were observed on NAD(P)H lifetime in human islets treated overnight with Cdk1 inhibitor (Figure
4.81).

To directly test the effect of Cdkl inhibition on individual ETC fluxes, we measured
mitochondrial oxygen consumption in permeabilized mouse islets stimulated with glutamate, malate,
succinate, and ADP. In excellent agreement with NADP)H FLIM assay, 0b/ob islets exhibited
increased State 3 respiration relative to lean controls, and Complex I flux was blocked by overnight
application of Cdk1 inhibitor RO-3306 (Figure 4.2D). No further effect of Cdk1 inhibition was seen
when Complex I was directly inhibited with rotenone. Compared with wild-type islets, the elevated
Cyclin B1 levels observed in 0b/0b islets (Figure 4.1) would be predicted to activate Cdk1 signaling,
and Complex I in turn. As expected, respiration in 0b/0b islets exhibited a higher rotenone sensitivity
than lean controls (84 + 6% reduction in 0b/0b vs. 61 = 11% in wild-type, P < 0.0001). Importantly,

RO-3306 had no acute effects on NADH or Ca”" oscillations, ruling out off-target inhibition of
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Complex I (data not shown). Complex 1T activity, which was equivalent between wild-type and 0b/0b
islets, was unaffected by treatment with Cdkl inhibitor (Figure 4.2F). No difference in
mitochondrial mass was observed between wild-type and 0b/0b islets (Figure 4.2F). These results
directly identify Complex I as a target of Cdk1 signaling, which is highly active in 0b/0b relative to
wild-type islets.
Activation of Cdkl and Complex I Correlates with Ca’>" Influx

Because of the important linkage between the metabolic generation of ATP/ADP and
plasma membrane depolarization in B-cells, we predicted that glucose-stimulated Ca”" influx should
be higher in 0b/0b islets, and more sensitive to Cdkl inhibition. A recent study by Quesada and
colleagues (4) had already established that Ca®* influx in ob/0b islets is triggered at a lower glucose
concentration than in wild-type islets (Km ~5.6 vs 7 mM). The data in Figure 4.3 confirms this
result; when exposed to a typical subthreshold glucose level (6 mM), 94% of ob/ob islets (n = 49)
displayed Ca®" oscillations compared to only 9% of lean controls (# = 47) (Figure 4.3C, 4.3F). The
same conclusion can be drawn by examining the oscillatory plateau fraction — also known as the
pulse-width or activity fraction — which is the fraction of time the islet spends in the active state
during each Ca”" oscillation. This parameter is useful because it directly relates the sensitivity of B-
cell Ca** to glucose metabolism (17,19,32). Ob/ob islets stimulated by 8 mM glucose exhibited
significantly a higher plateau fraction (0.50 £ 0.09, #» = 38) than wild-type islets stimulated by 10 mM
glucose (0.35 * 0.07, » = 47) (Figure 4.3B, 4.3E). As predicted, overnight treatment with Cdkl
inhibitor reduced the plateau fraction by 9 £ 3% in wild-type islets (P < 0.0001) compared with 15 £
1% in 0b/ob islets (P < 0.0001). The alternative Cdk1/2 inhibitor SU9516 (33), which was otherwise
omitted from this study because its effects on insulin secretion are dominated by Cdk2 inhibition
(34), nonetheless had a similar effect to reduce Ca*" plateau fraction when applied overnight (0.1%

DMSO, 0.54 = .01, » = 30; 5 pM SU9516, 0.39 + .006, » = 66, P < 0.0001); no acute effects of
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either inhibitor were observed (data not shown). Collectively, the data in Figures 2-3 indicate that
Cdk1, acting via Complex I, is coupled to downstream oscillations in Ca*, the direct trigger for

insulin release.

Cdkl, by Stimulating Mitochondrial Respiration, Restricts the Metabolic Amplifying
Pathways of Insulin Secretion

We next tested the effects of Cdk1 inhibition on glucose-stimulated insulin secretion using
islets isolated from wild-type and 0b/0b mice (Figures 4A and 4B). Insulin secretion and content
were higher overall in the 0b/0b islets, although secretion appears lower when normalized to insulin
content. Interestingly, insulin secretion stimulated by 16.7 mM glucose was increased by Cdkl
blockade with RO-33006, by 151 £ 13% in wild-type islets and 266 £ 32% in o0b/0b islets (Figure
4.4A). Insulin content was unaffected by Cdk1 inhibition in wild-type islets and reduced in 0b/0b
islets (Figure 4.4B), not by enough to account for the increased insulin secretion. These results,
taken together with Figures 2-3, reveal a reciprocal relationship between Complex I flux and insulin
secretion.

Since Ca*" influx was reduced by Cdk1 inhibition (Figure 4.3), we hypothesized that glucose-
derived carbon was diverted to the metabolic amplifying pathways that emanate from the
mitochondrial TCA cycle (18). To test this idea, “K qp-independent” insulin secretion was measured
from islets exposed to 1.7 mM or 16.7 mM glucose in the continuous presence of 200 uM diazoxide
(to open K, channels) and 30 mM KCI (to depolarize the plasma membrane) (Figure 4.4C). In
wild-type islets, KCl-induced insulin secretion increased in response to glucose elevation, reflecting
metabolic amplification, while KCl-induced secretion from ob/0b islets started higher and was fully
saturated in low glucose. Treatment with Cdkl inhibitor approximately doubled the K-
independent secretory capacity in all treatments. In this case, insulin content was unaffected by Cdk1

inhibition (Figure 4.4D). These data indicate that Cdk1, acting though Complex I, sets the dynamic
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range of the metabolic amplifying pathway, and imply that activation of the triggering pathway

inductively removes carbon from the metabolic amplifying pathway. A model is shown in Figure 4.5.

DISCUSSION
Here, we demonstrate that Cdk1 signaling is active in quiescent B-cells, and upregulated in -

cells from obese (0b/0b) mice, a model of proliferative signaling and adaptive B-cell mass expansion.
While the mechanism of this effect appears to be the stabilization of Cyclin Bl mRNA and protein,
the bulk of our experiments were focused on understanding the dominant effects of Cdk1 on islet
function and insulin secretion. Using NAD(P)H FLIM and respirometry in combination with the
small-molecule Cdk1 inhibitor RO-3306 (20), we demonstrate that both mouse and human islets
exhibit Cdk1-dependent activation of mitochondrial Complex I. Intriguingly, activation of the B-cell
ETC reduces insulin secretion by limiting the metabolic amplifying pathways.

Prior studies show that mitochondrial Cdkl phosphorylates Complex I, and that
phosphotylation-insensitive mutants of Complex I block the effects of Cdk1/Cyclin B1 on oxidative
phosphorylation and ATP production (13-16). As our islet respirometry experiments directly
implicate Complex I as the target of Cdk1 in B-cells, this mechanism seems an obvious explanation.
However, we make no claim to have proven that the global application of Cdk1 inhibitor affects the
mitochondria directly, as the observed reduction in Complex I flux could in principle reflect non-
mitochondrial ~Cdkl-dependent signaling pathways, such as the recently discovered
FoxM1/Plkl/CENP-A pathway (8). Notably, Plkl is known to activate Cdkl through a positive
feedback loop involving the Cdc25 proteins (7), and we show that Cdc25c mRNA is increased in
ob/ob islets relative to controls (Figure 4.1 and (5)). RO-3306 had no acute effects on metabolic or

Ca®" oscillations (data not shown), arguing against dynamic regulation of Complex I by rapidly-
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reversible phosphorylation, and placing the inhibitor’s effects on a similar timescale to the restriction
of Cdk1 signaling observed following overnight inhibition of autocrine insulin signaling (8).

Given that Cdk2 is also activated by insulin receptor signaling (8,35), one potential
confounder is that RO-33006 is reported to inhibit Cdk1 with only 10-fold selectivity over Cdk2 (Ki,
35 vs. 340 nM) (20). Importantly, though, RO-33006 arrests proliferating cells at G2 rather than G1,
suggesting that it does not inhibit Cdk2 or Cdk4 7z wvivo (20,36). The available data suggests
furthermore that Cdkl and Cdk2/4 control different pathways. Not only is the subcellular
distribution of Cdk1 distinct from Cdk2 and Cdk4 (Figure 4.1 and (28)), but our recent collaborative
study showed that both whole-animal and pancreas-specific Cdk2”~ mice exhibit reduced insulin
secretion (34), whereas Cdkl restriction increased glucose and KCl-stimulated insulin secretion.
Likely, the timing of proliferative signaling catried out in the mitochondrial and cytosolic/nuclear
compartments by Cdkl and Cdk2 are coordinated by insulin receptor signaling (8), to different ends.

We also established a novel role of Cdkl/Complex I to counterbalance ETC function and
the metabolic amplifying pathway of insulin secretion. Notably, the inhibition of carnitine acyl-
carnitine translocase ($425420), which fuels the TCA cycle by transporting fatty acids into the
mitochondria, increases insulin secretion (37). Likewise, inhibition of Complex I by rotenone in
permeabilized islets stimulated with ADP and PEP was found to increase K, p-independent insulin
secretion (38), and here we show using NAD(P)H FLIM and respirometry that Cdk1/Complex I
inhibition enhances K ,;p-independent insulin secretion in intact islets (Figures 2 and 4). Finally, data
provided by our collaborator Richard Kibbey (personal communication) shows that accelerating the
TCA cycle via double knockout of pyruvate dehydrogenase kinases 2/4 (Pdk2”~ Pdk4™"), both
inhibitors of pyruvate dehydrogenase (PDH), reduced second-phase insulin secretion by 50% in an
islet perifusion assay (# = 4, P < 0.0001). Collectively, these data mitigate doubts about the

pharmacologic approach employed here, and show that the balance between oxidative
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phosphorylation and the metabolic amplifying pathways is determined by the flux through the TCA
cycle and Complex I of the ETC.

As the consensus model of the B-cell secretory pathway continues to be revised, an
important discovery is that Complex I activation is antagonistic to one or more of the metabolic
amplifying pathways of insulin secretion (see the model in Figure 4.5). As Complex I activation
would not be expected to restrict glucokinase, which admits glucose to glycolysis (39), we expect
little effect on the glycolytic amplifying pathways that provide glucose-6-phosphate for
adenylosuccinate (S-AMP) signaling (40), and glycerol-3-phosphate for the glycerolipid/free fatty
acid cycle (41). Pyruvate and PEP cycling, on the other hand, is almost certainly affected by ETC
inhibition. Pyruvate entering the TCA cycle through PDH raises the levels of citrate and isocitrate,
which can exit the mitochondria and through cytosolic malic enzyme (ME1) or isocitrate
dehydrogenase (IDH1) raise the cytosolic levels of NADPH, a critical amplifying factor that feeds
the free radical scavenging SENP1 pathway (42). Accelerating NADH consumption by Complex I
could limit citrate-isocitrate departure, depleting cytosolic NADPH, or if the cytosolic aconitase
(ACO1) and IDHI1 reactions run in reverse to accommodate the cytosolic a-ketoglutarate deposited
by the oxoglutarate carrier, then cytosolic NADPH would be consumed. Either possibility is
consistent with the observed reduction in NAD(P)H lifetime when the Complex I flux is slowed by
Cdk1 blockade. Finally, increased TCA cycle/ETC activity could disturb pyruvate carboxylase (PC)-
dependent (anaplerotic) fluxes by depleting allosteric activation of PC by acetyl-CoA and limiting
PEP production by mitochondrial PEPCKm, which is required for insulin secretion (43). Thus,
Cdk1 signaling — or indeed any mechanism that increases flux through the TCA cycle and ETC
without also increasing glucose uptake — would be predicted to restrict insulin secretion through the
metabolic amplifying pathways. By further constraining the 3-cell consensus model, our data enables

testable predictions surrounding the mitochondrial amplifying pathways.
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In conclusion, our findings have important and broad conceptual implications for type 2
diabetes therapies. We demonstrate that for a given level of glucose, the secretory pathway can be
internally remodeled to tune the glucose responsiveness of the B-cell. Notably, currently available
drugs that increase insulin secretion by stimulating glucose uptake (e.g. non-liver specific glucokinase
activators) increase the metabolic workload on each B-cell (12), leading to glucotoxic-like damage
(44). Drugs that increase insulin secretion by directly triggering membrane depolarization such as
sulfonylureas, while invaluable for treating some forms of maturity-onset diabetes of the young
(MODY) (45), decouple B-cell nutrient sensing with insulin secretion. Further studies aimed at
remodeling the B-cell metabolic pathways could lead to a treatment for diabetes that avoids these

pitfalls.



99

Figure 4.1
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Figure 4.1. Cdkl signaling is upregulated in islets from obese (0b/0b) mice. Body weight (A)
and glucose tolerance test (GTT) (B) of lean (i.e. wild-type) and (» = 8) and 0b/0b (n = 8) mice aged
8-14 weeks. GTT data is reported as area under the curve (AUC) (C). (D) Normalized islet gene
expression in lean and 0b/0b mice aged 10 weeks mined from Keller et al. (5) (diabetes.wisc.edu) for
Cdk1, Cyclin B1 (cycB1), and Cdc25¢ (7 = 5 mice per condition). (E) Representative Western blot
of Cyclin B1 and Cdkl1 in lean and 0b/0b islets. Protein levels were quantified after normalizing to
Hsp90 loading controls (7 = 5-9 islet preparations per condition). (F) Western blot showing Cdkl1,
Cdk2, Cdk4 expression and together with mitochondrial (Cox IV) and nuclear (Lamin A/C) markers
and following Min6 cellular fractionation. Representative of 2 independent experiments. Data are
mean = SEM and were compared by t test (A-B) or ANOVA with Sidak’s post-test (C-D). * P <
0.05, ** P < 0.01, ** P < 0.001, *** P < 0.0001.
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Figure 4.2
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Figure 4.2. Cdkl increases mitochondrial NADH utilization by activating flux through
Complex I. (A) Representative multiphoton images showing the intensity-weighted mean
NAD(P)H lifetime of lean and 0b/0b islets. n = 20-22 islets per condition from 2 mice each. Scale
bar = 5 pm. (B) Representative phasor histograms showing the frequency distribution of NAD(P)H
lifetimes (7-g, ) in lean (» = 10) and 0b/0b (n = 10) islets imaged in 10 mM glucose. Projection of the
phasor histogram peak along the abscissa (C) was used to quantify bound:free NAD(P)H in lean
and ob/ob islets in the presence of 10 mM glucose, Cdk1 inhibitor (Cdk1i) (5 pM RO-3306, 12 hr),

and Complex I inhibitor (Rot) (5 M rotenone, 15 min) as indicated. » = 20-22 islets per condition.
(D-E) Oxygen consumption rate (OCR) of lean and 0b/ob islets measured from 5 mice per
condition (150 islets per mouse) with inhibitor treatments equivalent to (A-C). Complex I and
Complex 1II flux calculated from state 3 respiration (D) are shown in (E). (F) Mitochondrial mass in
lean and 0b/0b islets was proxied by the ratio of mitochondrial DNA (mtDNA) to nuclear DNA
(nDNA) (# = 3 mice per condition). Data are mean = SEM and were compared by t test (F) or
ANOVA with Sidak’s post-test (C-E). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Figure 4.3

A Ca? Oscillations B Plateau Fraction C % Oscillating

1OG
|| ﬂ ' P

0.6 100

lean

[ ]Plateau

| 0.5+ g9 [ Oscillating
M \ 04l 3 [~ Lol
r . I| “ || |I . «??_
Cdk1| 5 1 \\J\J\J 0.3- 5
_| 0.2 0
Smn - Cdkti -+ Cdk1i -+ -+
6G 10G
D Ca® Oscillations E Plateau Fraction F % Oscillating
8G
06 P 100 |:| Plateau
Con IMW Hﬁ 0.5 ﬁ I Oscillating
- @ | [elij
r| 5 ||| N l r 04 S
[ 4 ' | A 03 B
Cdk1||u \I\J\|\J /U :
: | 0.2 0
5 min Cdk1li - + Cdkti -+ -+

6G 8G

Figure 4.3. Ca’ influx is correlated with Cdkl1/Complex I activity. Ca’" oscillations in lean (A-
C) and ob/0b (D-F) islets in the presence of 6-10 mM glucose. The islets were pre-treated with 0.1%
DMSO (Con) or Cdkli (5 uM, 12 hr) as indicated. The plateau fraction at 10 mM glucose (lean, B)
and 8 mM glucose (04/0b, E) was calculated as the fraction of time spent in the active state of each
oscillation. The active state was defined as >50% oscillation amplitude. At each glucose
concentration, the percent of islets in the plateau, oscillating, or off state is shown for lean (C) and

ob/ob (F) islets. Lean, » = 100 islets from 3 mice; ob/ob, » = 100 islets from 3 mice. Data are mean
+ SEM and were compared by t test. ¥ P < 0.05, **** P < 0.0001.
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Figure 4.4
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Figure 4.4. Cdkl signaling limits the metabolic amplifying pathways of insulin secretion. (A-
B) Ex vivo glucose-stimulated insulin secretion (A) and content (B) in islets isolated from lean (7 =
3) and 0b/0b (n = 3) mice. Islets were pre-treated with vehicle (0.1% DMSO) or Cdkli (5 pM, 12 hr).
(C-D) K,;p channel-independent insulin secretion (C) and content (D) measured in islets isolated
from from lean (» = 3) and 0b/0b (n = 3) mice in the presence of 30 mM KCl and 200 pM diazoxide
(Dz/KCl). Islets were pre-treated with vehicle or Cdkli as in A-B. Data are mean + SEM and were
compared by ANOVA with Sidak’s post-test. * P < 0.05, ** P < 0.01, *** P < 0.0001.
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Figure 4.5
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Figure 4.5. Proposed regulation of 3-cell mitochondrial fluxes by Cdkl-dependent activation
of Complex I. Model showing the inverse relationship between TCA cycle/ETC activation and
insulin secretion through the metabolic amplifying pathways. Activation mitochondrial Cdkl by
Cyclin B1 (CycB1) increases Complex I (CI) flux, which increases NADH turnover and
consumption of TCA cycle intermediates, reducing metabolic flux through one or more cycles (e.g.
the PEP or pyruvate-citrate cycles) or shuttles (e.g. a-ketoglutarate-isocitrate) that produce metabolic
coupling factors (NADPH, AcCoA, MaCoA) known to amplify insulin secretion. Abbreviations:
PDH, pyruvate dehydrogenase; PC, pyruvate carboxylase; OGC, oxoglutarate carrier; CIC, citrate-
isocitrate carrier; IDHI, isocitrate dehydrogenase; ACL, ATP citrate lyase; ME1, malic enzyme;
PEP, phosphoenolpyruvate; AcCoA, acetyl-CoA; MaCoA, malonyl-CoA; PK, pyruvate kinase; aKG,
a-ketoglutarate.
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Figure 4.51
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Figure 4.S1. Inhibition of Cdkl reduces mitochondrial NAD(P)H utilization in human islets.
Representative NAD(P)H mean lifetime images (A) and corresponding phasor histograms (B) in
human islets stimulated with 16.7 mM glucose. Islets were pre-treated for 12 hr with vehicle (0.1%
DMSO) or Cdkli (5 pM) in the presence of 10 mM glucose. Scale bar = 5 um. (C) Quantification
of the phasor histogram peak along the abscissa (7-g axis). Vehicle (0.1% DMSO, 12 hr), » = 152
islets; Cdki (5 uM RO-33006, 12 hr), » = 151 islets; Rot (5 pM rotenone, 15 min), » = 146 islets. Data
reflect islets from 9 human islet donors. Donor information is listed in Table S1. Data are mean *
SEM and were compared by ANOVA with Sidak’s post-test. **** P < 0.0001.
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HbAlc %
BMI (mmol/mol)
ACJV399A 41 F 43.1 6.5 (48)
ACJY368C 42 F 23.1 5.4 (36)
ACJ3270 24 M 50.4 5.6 (38)
ACKB319 49 F 31.6 5.2 (33)
ACKB044 32 F 31.3 5.1 (32)
ACKBO010B 20 M 30.9 5.6 (38)
ACKHO54A 58 F 35.1 4.8 (29)
ADANT46A 63 M 31.8 5.8 (40)
ADAT167 60 M 23.7 5.7 (39)

Table S1. Human Islet Donors from the Integrated Islet Distribution Program (IIDP).
Summary characteristics of donors studied by Unos ID. BMI — Body Mass Index, HbAlc — glycated

hemoglobin.
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Summary

Aging and obesity are major risk factors for T2D. In the pancreatic islet, both induce
adaptive compensation by pancreatic B cells. In the work presented here, we defined strong linkages
between changes in mitochondrial respiration and insulin secretion in response to these stressors.

Work presented in Chapter 3 of this dissertation tested the hypothesis that impaired B-cell
respiration underlies the age-associated phenotype of compromised insulin secretion in both mouse
and human islets. This was the case in human islets. However, we also demonstrated that aged
mouse islets maintain adequate insulin secretion through compensation linked to K, ion channel
function.

Chapter 4 examined changes in mitochondrial metabolism associated with obesity, focusing
on the induction of Cdk1 signaling and its consequences for insulin secretion. We showed that the
obesity-associated increase in Cdkl signaling enhances mitochondrial respiration, but, surprisingly,

this negatively impacted the sectretory pathway in f-cells. This suggests that increased B-cell mass

may come at the expense of the secretory capacity of the 3 cell, limiting functional compensation.

As a central part of these studies, we introduced Fluorescence Lifetime Imaging of
NAD(P)H to the islet field, a technique especially useful for examining B-cell TCA cycle and ETC
function. Significant work remains to take full advantage of the capabilities of NAD(P)H FLIM,
some of which will be addressed later in this chapter. Nonetheless, the work described in this
dissertation also represents some of the first steps toward discovering what NAD(P)H FLIM can tell

us about islet metabolism.
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Future Work in Aging Islets

Comparison of the species-specific effects of aging on B-cell metabolism revealed important
differences in human and mouse islet biology. Human islet insulin secretion measurements also
revealed an age-dependent defect in stimulated insulin secretion (R = 0.51, P < 0.0001). Mouse
islets, by contrast, showed improved insulin secretion with age. We found that islets from aged mice
compensated for mitochondria defects with restricted B-cell K ;p channel conductance, which in
turn increased the glucose sensitivity of the plasma membrane. In this research, it was not possible
to establish the origin of the K, channel conductance differences based on perforated patch clamp
electrophysiology measurements alone. Perforated patch clamp analysis is not capable of
distinguishing between changes in the K, channel number versus changes in individual channel
competence. Several additional experiments will be necessary in order to make this distinction.
Individual channel flux rates should be directly assessed using either a cell-attached patch clamp or
excised patch clamp techniques. If the individual channel conductance rates prove similar between
young and aged mouse islets, the observed difference is K, channel conductance is like due to
changes in K, channel expression on the plasma membrane. Variation in K, channel number
could potentially derive from defects in channel trafficking to the plasma membrane, but a more
likely cause would be the decreased proliferative signaling associated with aging. As expression levels
of K, p channel subunit Kir6.2 are directly impacted by Cdk2/4-E2F signaling pathways, decreased
proliferative signaling—specifically decreased Cdk2/4 activity—associated with age likely also
reduces Kir6.2 expression in aged islets. Comparing islet Kir6.2 protein and mRNA levels between
young and aged mouse islets will provide insight into this hypothesis.

The source of age-related mitochondrial dysfunction in both mouse and human islets
remains unresolved. The observed decrease in flux through both Complex I and Complex II in

mice—by 52% and 57%, respectively—could result from a number of phenomena. The most
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straightforward possibility is that the decrease in ETC flux is due to decreased mitochondrial mass in
aged islets, a phenomenon observed in several other tissue types (1). Quantifying mitochondrial
mass or mitochondrial DNA copy number—techniques used in Chapter 4—would be a simple
follow-up experiment to address this possibility. However, if mitochondrial number is not
significantly impacted by age in islets, the observed decrease in flux could then result from one of
two processes: either a decrease in production of ETC fuel (i.e. a defect in glucose oxidation), or
decreased consumption due to dysfunction of the ETC itself. A metabolic control analysis (2), which
provides a bioenergetics description of ETC function by quantitatively relating mitochondrial

membrane potential to respiration, would begin to address this question.

Future Work on Cdk Signaling in Aging Islets

As mentioned in Chapter 1, Helman et al. identified a link between the age-related increase
in PB-cell senescence and increased insulin secretion (3). This finding was related to increased
expression of the Cdk4 inhibitor p16INK4a, which also indirectly inhibits Cdk2, and was proposed
to increase mitochondrial biogenesis due to increased mTOR and PGC-1a signaling. The authors
also observed increased oxygen consumption rates in islets over-expressing p16INK4a. These
findings raise the question: would the effects of aging, namely decreased mitochondrial respiration,
be exacerbated if not for the accompanying decrease in proliferative signaling due to senescence?
This possibility raises important and unanswered questions about the relationship between Cdkl
activity and senescing islets. Based on the data presented herein, one hypothesis is that decreased
Cdkl activity would enhance the amplifying pathway in aged islets, facilitating increased
compensatory insulin secretion. Unfortunately, due to small sample size, we observed no correlation
between age and the effect of Cdk1 inhibitor on mitochondtial TCA cycle/ETC function in human

islets, which we examined with NAD(P)H FLIM (R* = 0.25) (Figure 5.1). Additional research is
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needed to understand the link between age-associated decreases in proliferative signaling and

mitochondrial function.

Future Work on the Impact of Proliferative Signaling on B-Cell Function

Islet mitochondrial function in the context of obesity and increased proliferative signaling
was also examined. We reported that in 0b/0b islets, increased Cdk1 activity enhanced mitochondrial
oxidative flux through Complex I of the electron transport chain by 41% £11%. As expected due to
the tight linkage between ETC flux and Ca®" signaling in pancreatic islets, increased Complex 1 flux
increased in proportion to Ca* influx. Surprisingly, we found that increased Ca®" and mitochondrial
activity correlated with a reduction in the amplification pathways of glucose-stimulated insulin
secretion, ultimately decreasing the overall magnitude of insulin secretion in b/ 0b islets.

These experiments were carried out using the small-molecule inhibitor RO-3306. Although
considerable work has been done to demonstrate the specificity and efficacy of this inhibitor,
concerns with inhibitor-based studies remain. RO-3306 is a competitive inhibitor for the ATP-
binding pocket of Cdk1 with a Ki of 35 nM. Work by Vassilev et al. revealed a 10-fold specificity for
Cdk1 over Cdk2 and a still greater 50-fold selectivity over Cdk4 (4—8). The authors also found at
least a 15-fold difference in Ki between Cdk1 and a suite of other cellular kinases, including a nearly
60-fold difference in specificity over PKA, AKT, and ERK. Despite these validations, ATP-binding
pocket-specific kinase inhibitors are notoriously non-specific (9—11). The International Center for
Kinase Profiling, however, has tested other ATP-pocket Cdk inhibitors such as Roscovitine and has
concluded that, at minimum, they meet acceptable standards for use as a pan-Cdk inhibitor. They
have also suggested a minimum set of requirements for a kinase inhibitor to pass muster, and RO-
33006 satisfies these requirements (12). Nonetheless, the validity of the results presented in Chapter 4

would be significantly enhanced by genetic-based verification, such as siRNA knock down of Cdk1
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in either Min6 cells or dispersed islets, or through the expression of dominant-negative Cdkl
constructs. These approaches could be used to confirm the specific role of Cdkl in modulating
Complex I activity, and that flux through the TCA cycle and Complex I of the ETC determines the
balance between ATP/ADP generation by oxidative phosphorylation and the metabolic amplifying

pathway.

Future Work on the Balance Between ETC Flux and Amplifying Pathways

We have discovered an inverse relationship between the ETC/TCA flux and metabolic
amplification of insulin secretion. We propose this to be a general feature of B-cell metabolism that
merits further investigation. Well-known mitochondrially derived amplifying factors that play a role
in the balance between triggering and amplifying pathways are PEP, cytosolic NADPH, Acetyl-CoA
(AcCoA), and Malonyl-CoA (MalCoA). These amplifying factors are generated through the efflux of
TCA-cycle intermediates into the cytosol, a process called cataplerosis (13). These cataplerotic
shuttles/cycles include the pyruvate/citrate cycle, the pyruvate/malate cycle, the PEP cycle, and the
o-ketoglutarate shuttle (Figure 5.2). Replenishment of TCA cycle intermediates, or anaplerosis, is
fueled via pyruvate carboxylation to form oxaloacetate by pyruvate carboxylase (PC) and the
irreversible consumption of pyruvate by pyruvate dehydrogenase (PDH) to create AcCoA (14). For
every turn of the TCA cycle, cataplerotic flux in the form of citrate, isocitrate, a-ketoglutarate, or
PEP reduces mitochondrial matrix levels of NADH and succinate. We propose that the cataplerotic
shuttles then produce amplifying factors in the cytosol at the expense of ETC flux. In addition to
describing glucose carbon utilization, this model can be understood through redox coenzymes,
specifically, the balance between mitochondrial NADH generation and cytosolic NADPH
production. Mitochondrial citrate-isocitrate carrier (CIC) is capable of running in reverse, importing

cytosolic citrate into the mitochondrial matrix (15). If NADH demand is high enough, the TCA
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cycle may act like a vortex, pulling cytosolic citrate into the mitochondrial matrix to feed oxidative
phosphorylation.

To test this hypothesis, future development of several experimental tools will be
instrumental for furthering our understanding of the relationship between ETC flux and the
amplification of insulin secretion. Assay development and B-cell specific characterization of two
fluorescence-based biosensors will be a critical first step. One of these sensors is the cytosolic citrate
biosensor, Cit96p. Cit96p is a Venus/CFP (yellow/cerulean)-based FRET biosensor centered
around the citrate binding domain of histidine sensor kinase CitA (16). Application of this biosensor
in the cytosol of B cells would allow us to examine the level of cytosolic citrate and its relationship
to islet metabolic and Ca®" oscillations. In accordance with the idea that increased TCA flux would
result in mitochondrial import of cytosolic citrate, preliminary experiments in our lab indicate that
cytosolic citrate levels decrease upon glucose stimulation (Figure 5.3A). Oscillations in cytosolic
citrate levels were also observed (Figure 5.3B). Further analysis of changes in citrate oscillation
plateau fraction, as well as amplitude, would provide insight into the dynamics of citrate production.
Experimentally, it is also worth considering the addition of a mitochondrial targeting sequence to the
Cit96p probe, modified with lower affinity to accommodate elevated mitochondrial citrate levels.
Comparison of mitochondrial and cytosolic citrate level fluctuations in response to stimulatory
glucose, or the application of electron transport chain inhibitors, would provide direct evidence of
the balance between cataplerotic shutting and ETC flux.

Additionally, it would be worth developing the NADPH fluorescent biosensor Apollo-
NADP" in intact islets. Apollo-NADP" is 2 homo-FRET anisotropy based sensor that relies on the
homodimerization of a catalytically inactive mutant of NADPH-dependent glucose-6-phosphate
dehydrogenase (17). Apollo-NADP" is theoretically capable of reporting fluctuations in cytosolic

NADP'/NADPH levels in islets in real time. In conjunction with cytosolic and mitochondria
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Cit96p measurements, Apollo-NADP® would provide a more complete picture of NADPH
generation, a well-established amplifying factor in glucose-stimulated insulin secretion.

Based on our current understanding of the oscillatory characteristics of several metabolic
and secretory factors in islets, such as Ca**, mitochondrial NADH, ATP, and mitochondrial
membrane potential (MMP), it is possible to predict the phase relationships expected for cytosolic
NADPH and mitochondrial citrate (18) (Figure 5.4). Similar to the out-of-phase relationship
observed between MMP and mitochondrial NADH, mitochondrial citrate is likely out of phase with
cytosolic citrate. As cytosolic citrate is used in the generation of cytosolic NADPH, NADPH
oscillations would be predicted to oscillate in phase or at a slight lag relative to those of cytosolic
citrate. Of course, experiments with the two biosensors detailed above will be integral to validating
these hypothesizes.

Generation of several mouse lines would also be valuable for verifying this hypothesis.
Inducible B-cell specific knock-ins of several pyruvate catboxylase and pyruvate dehydrogenase
mutants would be priority models for development. Specifically, pyruvate dehydrogenase phospho-
mimetic and phospho-resistant mutants S293D and S293A would provide critical insight into the
role of PDH flux in metabolic amplification (19). PDH S§293D has been shown to reduce
mitochondrial ATP generation by ~50% in mouse oocytes compared to a non-statistically significant
10% increase conferred by the S293A mutant PDH. Tuning PDH flux would provide a more
physiologically relevant picture compared to complete knock-out models. Similarly, the PC mutant
A610T does not affect the enzyme’s K| for pyruvate, but rather results in a ~50% reduction in
mitochondria import (20,21). Islets isolated from these mouse models should then be assayed for
citrate and NADPH oscillations in addition to NAD(P)H-FLIM, oxygen consumption, and Ca**

measurements.
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Future Proteins of Interest

An additional protein of interest that fits nicely into this model is the mitochondrial protein
nicotinamide nucleotide transhydrogenase (NNT). NNT is a mitochondrial inner membrane protein
that takes advantage of the mitochondrial proton gradient to facilitate hydride transfer from NADH
to NADPH in the mitochondrial matrix. Mitochondrial NADPH can then be used either by
glutathione reductase/thioredoxin reductase to combat reactive oxygen species or by IDH2 running
in reverse to make isocitrate (Figure 5.2) (22,23).

The role of NNT in insulin secretion is controversial in the field of islet biology. Some
studies, some of which of which have been called into question, reveal that NNT plays a critical role

in mitochondrial ROS detoxification and insulin secretion (24,25). Other studies have found no
impact of NNT deletion on B-cell function (26). NNT has, however, also been shown to play an

important role in B-cell compensation for diet-induced obesity (DOI), with NNT mutant mice
gaining significantly more weight and exhibiting increased plasma glucose levels as a result of high-
fat diet (27). Study of NNT are also particularly relevant because a large fraction of the islet biology
field employs C57Bl6/] as their experimental model. In 2005, Toye et al. discovered, C57BI6/] mice
carry a series of mutations in the NNT gene that result in nonfunctional NNT protein in these mice
(28). Discovery of a critically important role for NNT in insulin secretion or T2D progression would
undeniably disrupt the field.

While our research into the effects of increased Cdk1 activity in the context of obesity were
petformed in NNT null C57Bl6/] mice, the impact of NNT phosphorylation on this phenomenon
is yet to be examined. Regardless of the controversy surrounding NNT, it is perfectly poised as the
next avenue of study to follow the work described in this dissertation. Not only does NNT appear
to play a key role in cataplerotic shuttling and amplification of insulin secretion, but human NNT is

also phosphorylated by mitochondrial Cdk1 at $*” and T*” (29).
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Further Development of NAD(P)H FLIM

Considerable work also remains for improving our understanding of NAD(P)H FLIM
results, which in turn will assist with the experiments proposed for further research. Ideally, the next
step in developing FLIM for more detailed metabolic analysis would be to establish a database of
NAD(P)H lifetimes bound to a suite of binding partners. This can be accomplished using free—i.e.,
in-solution—NADH/NADPH in conjunction with purified individual NAD(P)H binding proteins
such as pyruvate dehydrogenase, isocitrate dehydrogenate 1/2/3, malic enzyme, malate
dehydrogenase, and a-ketoglutarate dehydrogenase, to name a few. These 2 vitro experiments
should then be repeated using a combination of inhibitors or knockdown/knockout models to
validate that ex viwo changes in NAD(P)H lifetime values reflect the iz vifro measurements. Then, by
applying vector math and the FLIM analysis techniques described in Chapter 2, we can attempt to
place individual NAD(P)H binding proteins on the universal circle. This is a daunting task, but if a
database can be successfully established, one could use FLIM to probe specific biological questions
and extrapolate metabolic changes based on shifts in phasor space and NAD(P)H binding partner.
Similar work, focusing on a variety of intrinsic fluorophores in germ cells, was carried out by
Stringari et al. and would serve as an experimental blueprint (30).

Even if resolving numerous NAD(P)H-dependent pathways proves unsuccessful, our work
strongly suggests that NADPH FLIM can be used in islets as a specific assay for TCA cycle and
ETC flux. This observation could be further validated with experiments examining the impact of
alternate metabolic fuels and a suite of ETC inhibitors. One specific experimental example would be
stimulating mitochondrial metabolism with leucine and a-ketoisocaproic acid (KIC), or glutamine

plus BCH (a non-metabolizable activator of glutamate dehydrogenase), either of which bypass PDH,
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feeding the TCA cycle. Effects of anaplerotic fuels could then be cross-examined with a suite of
ETC inhibitors and parallel measurements of oxygen consumption.

Additionally, while we have observed that the g-axis variable on the phasor plot correlated
with TCA cycle/ETC activity and drives changes in mean lifetime, the significance of s-axis
movement in phasor space remains a mystery. Changes in s could, in theory, reflect changes in the
number of components contributing to the histogram mixture. What seems a more likely
explanation, however, is that s is a complex variable affected by numerous parameters we are yet to
identify. As such, perhaps the more valuable variable would be an s:g ratio, the meaning of which
remains to be tested but that could potentially indicate a relationship between lifetime change and
the profile of NAD(P)H binding partners. Regardless of these remaining black boxes, it is clear that
NAD(P)H FLIM is a powerful technique, ideally suited to analysis of islet function and type 2

diabetes.

Final Considerations

Current mainstream pharmacological treatment for type 2 diabetes primarily consists of two
different drug classes: Metformin and sulfonylureas. The mechanism of action of sulfonylureas is
not ideal and these drugs are generally viewed as the second line of pharmacologic defense against
glucose dysregulation (31). This is because sulfonylureas decouple insulin secretion from blood
glucose concentration. These drugs are direct inhibitors of the K, channel subunit SUR1. Binding
of sulfonylureas closes K, channels, depolarizing the cell and inducing granule fusion, decoupling
B-cell nutrient sensing from insulin secretion (32).

Metformin on the other hand is effective in more settings and more widely prescribed,
although its mode of action is still not fully understood. Metformin is primarily recognized as an

inhibitor of hepatic gluconeogenesis (33). One of the mechanisms of inhibition is proposed to be
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direct inhibition of Complex I of the ETC (34). The corresponding decrease in ATP/ADP ratio
inhibits PEP formation, thus decreasing gluconeogenesis (35). Metformin has also been shown to
enhance insulin secretion, but the exact mechanism remains to be discovered. Interestingly, the
effects of Metformin on Complex I are remarkably similar to the effects of Cdkl inhibition. Like
Cdk1 inhibitor treatment, Metformin reduces Complex I flux by only 40%, compared to the 80%
inhibition seen with rotenone treatment (35). The difference in the magnitude of effect on Complex
I between Metformin and rotenone is most likely due to the two inhibitors acting on different
subunits in the complex (34). It seems likely that Cdk1 also acts on a different subunit. This suggests
that the improvement in GSIS after Metformin treatment may be similar to the effect of Cdkl
inhibition, namely, an increase in the metabolic amplifying pathways in the B cell. Experiments
examining amplifying-pathway activity and K, independent insulin secretion could provide some
insight into Metformin’s mode of action. Metformin also inhibits cellular proliferation (36). While an
unlikely target, it may also be informative to examine the effects of Metformin treatment of Cdkl
activity.

A significant amount of work also focuses on enhanced B-cell proliferation as a treatment
for T2D. Based on the data presented in this dissertation, as well as findings from several other
papers (3,37), new research should consider coupling pro-proliferative treatments with metabolic-
based insulin secretion enhancers.

B cells are, in essence, organismal metabolic sensors. Understanding the mechanistic details

that regulate B-cell metabolism is of patamount importance if we are to appropriately treat metabolic

disorders like type 2 diabetes.
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Figure 5.1
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Figure 5.1. Cdkl activity may be affected by age. In human islets, the change in NAD(P)H
fluorescence lifetime (Al-g,...) between 10mM glucose and 10mM glucose after overnight treatment

with 5uM Cdk1 inhibitor (RO-3300) as a function of donor age. (n = 9 human donors with 20 islets
each). R* = 0.25. Donor information in Table 3.1.
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Figure 5.2
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Figure 5.2. Mitochondrial shuttles contributing to metabolic amplification of insulin
secretion. Pyruvate derived from glycolysis enters the mitochondria through the mitochondrial
pyruvate carrier where it is used to generate energy in the form of ATP. Cataplerotic shuttling also
uses pyruvate-derived intermediates to generate metabolic amplifying factors such as NADPH and
MalonylCoA. In the Phosphoenolpyruvate cycle (blue), cytosolic ATP is generated through the
dephosphorylation of PEP by Pyruvate kinase to form pyruvate which can reenter the mitochondria.
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Once inside the mitochondria, two molecules of pyruvate—one in the form of AcCoA—can be
converted into oxaloacetate via pyruvate carboxylase. Oxaloacetate (OAA) can then be converted
back into PEP by mitochondrial PEPCK, a reaction which requires GTP generated by Succinyl-CoA
sythetase. This completes the cycle. The pyruvate citrate cycle (purple) generates cytosolic NADPH
and acetyl/malonylCoA by exporting citrate or isocitrate through the Citrate Isocitrate Catrier (CIC)
into the cytosol. Once in the cytosol, isocitrate can be converted into citrate via Aconotase 1 (Acol).
Citrate in turn converts to OAA via ATP citrate lyase (ACL). Conversion of citrate to OAA
produces AcCoA, which can then carboxylated by AcCoA carboxylate to form MalCoA. OAA is
converted to pyruvate by malate dehydrogenase (MDH) and malic Enzyme (ME), which produces
cytosolic NADPH. The a-Ketoglutarate (0-KG) cycle (salmon) produces cytosolic NADPH
through cytosolic export of isocitrate through the CIC) followed by conversion to a-KG by
isocitrate dehydrogenase 1 (IDH1). a-KG is then returned to the mitochondria through the

oxoglutarate carrier (OGC). Mitochondria a.-KG can be converted into isocitrate through
NAD(P)H-dependent IDH2/3. The pyruvate malate cycle (green) uses ME to produce cytosolic
NADPH in the conversion of exported malate into pyruvate. Finally, the TCA cycle (black)
produces mitochondrial NADH, which is then consumed by the ETC to produce ATP. The TCA
cycle also produces mitochondrial GTP in the conversion of Succinyl-CoA to succinate which is
then used by the PEP cycle. The transhydrogenase NNT likely plays a role in regulating the balance
between mitochondrial NADH and NADPH by exploiting mitochondrial membrane potential to
drive the hydride transfer between the two coenzymes. Cartoon adapted from (Prentki, Matschinsky,
and Madiraju 2013).
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Figure 5.3
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Figure 5.3. Changes in cytosolic citrate levels in response to glucose and ETC inhibitor.
Representative NAD(P)H and FRET measurements taken from a B6J lean islet expressing cytosolic
citrate biosensor Cit96p. A) Islets were exposed to 2mM, then 20mM glucose, followed by 20mM
glucose plus 5mM KCN to inhibit ETC activity and induce mitochondrial membrane depolarization.
B) Representative oscillations of NAD(P)H and cytosolic citrate in islets exposed to 10mM glucose.
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Figure 5.4
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Figure 5.4 Schematic of Islet Metabolic Oscillations. Schematic representing the shape and
phase relationship of several oscillating molecules, both known (solid lines) and unknown (dashed
lines) in pancreatic islets. The phase relationship between Ca** (purple) and ATP (dark blue) is
largely determined by the action of ER calcium pump activity and is predictably out of phase.
Additionally, mitochondrial NADH (green) and mitochondrial membrane potential (red) are out of
phase as Complex I flux increased mitochondrial proton gradient at the expense of NADH.
Cytosolic citrate levels (pink) rise with the generation of ATP and are anti-correlated with NADH
and predicted mitochondrial citrate oscillations (orange). Finally, the oscillatory behavior of cytosolic
NADPH is predicted to be 90 degrees out of phase with mitochondrial NADH and related to
cytosolic citrate oscillator behavior.
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