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Astrocyte Clocks and
Glucose Homeostasis
Olga Barca-Mayo1* and Miguel López2

1 Circadian and Glial Biology Lab, Physiology Department, Molecular Medicine and Chronic Diseases Research Centre
(CiMUS), University of Santiago de Compostela, Santiago de Compostela, Spain, 2 NeurObesity Lab, Physiology
Department, Molecular Medicine and Chronic Diseases Research Centre (CiMUS), University of Santiago de Compostela,
Santiago de Compostela, Spain

The endogenous timekeeping system evolved to anticipate the time of the day through the
24 hours cycle of the Earth’s rotation. In mammals, the circadian clock governs rhythmic
physiological and behavioral processes, including the daily oscillation in glucose
metabolism, food intake, energy expenditure, and whole-body insulin sensitivity. The
results from a series of studies have demonstrated that environmental or genetic
alterations of the circadian cycle in humans and rodents are strongly associated with
metabolic diseases such as obesity and type 2 diabetes. Emerging evidence suggests
that astrocyte clocks have a crucial role in regulating molecular, physiological, and
behavioral circadian rhythms such as glucose metabolism and insulin sensitivity. Given
the concurrent high prevalence of type 2 diabetes and circadian disruption, understanding
the mechanisms underlying glucose homeostasis regulation by the circadian clock and its
dysregulation may improve glycemic control. In this review, we summarize the current
knowledge on the tight interconnection between the timekeeping system, glucose
homeostasis, and insulin sensitivity. We focus specifically on the involvement of
astrocyte clocks, at the organism, cellular, and molecular levels, in the regulation of
glucose metabolism.

Keywords: astrocytes, circadian clock, metabolism, diabetes, glucose homeostasis
FUNCTIONAL HIERARCHY OF THE TIMEKEEPING SYSTEM

The circadian (in Latin “circa”, around; “diem”, day) clock is an endogenous and self‐sustaining
oscillator that operates with a periodicity of 24 hours (h) to maintain proper rhythms of the vast
majority of physiological and behavioral processes, including food intake, energy balance, sleep-
wake cycles and many others (1). In mammals, the timekeeping system comprises a pacemaker
located in the hypothalamic suprachiasmatic nucleus (SCN) (2, 3), as well as non-SCN brain and
peripheral clocks and cell-autonomous oscillators within virtually every cell type of the body (4, 5).
In the absence of any time cue from the environment, these clocks free run with a period close to
24 h. To compensate discrepancies between this intrinsic period and the environmental cycle,
circadian clocks entrain to external Zeitgebers (ZT, in German “time giver”). The light entrains
the SCN to local time which in turn, conveys the temporal information to other clocks in the
brain and peripheral tissues via neuronal, hormonal, or behavioral activity rhythms, such as the
n.org March 2021 | Volume 12 | Article 66201714
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feeding-fasting and sleep-wake cycles, which serve as entrainment
signals for extra-SCN clocks (6, 7) (Figure 1).

While a substantial amount of information is known about
the neuroanatomy of the SCN, the mechanisms of light-affected
entrainment and the transmission of time cues to other brain
areas or peripheral clocks are not yet fully understood. Briefly,
the SCN is a heterogeneous and complex bilateral nucleus (8, 9)
comprising approximately 10,000 self-oscillating neurons on
each side, in mice (10–12). Each part is divided into two
functional subgroups, one in the ventrolateral region and the
other in the dorsal SCN. The ventrolateral region or core receives
direct photic inputs from the intrinsically photosensitive retinal
ganglion cells (ipRGCs) (13–15). Activation of the retino
hypothalamic tract by light increases the firing of vasoactive
intestinal polypeptide (VIP)-expressing SCN cells and VIP
release. VIP neurons set and phase-shift the circadian time by
VIPergic and g-aminobutyric acid (GABA)ergic signaling to
arginine vasopressin (AVP)-expressing neurons within the
Frontiers in Endocrinology | www.frontiersin.org 25
second subgroup of cells located in the dorsal SCN or shell
(Figure 1). Ultimately, this results in the induction of the so-
called clock genes Period1 (Per1) and Period2 (Per2) (16) and
subsequent time-of-day dependent phase responses of the SCN,
thereby enabling entrainment to the light-dark (LD) cycle.

If food availability is restricted to a particular time of day or
night (often referred to as time-restricted feeding, TRF), animals
exhibit increased activity in anticipation of feeding (termed food
anticipatory activity, FAA). Moreover, in this paradigm, the
peripheral clocks shift their phase to preserve alignment with
mealtime. The effects of TRF on peripheral clocks and/or
behavior persist even when the feeding is out of phase with the
LD cycle, and, indeed, can be uncoupled from the SCN, which
remains synchronized to the light (17–19). Remarkably, in the
absence of a functional SCN, FAA is preserved and food intake
becomes an effective ZT capable of coordinating circadian
rhythms of behavior, peripheral clock gene expression, and
clock outputs, such as hormone secretion (20, 21). Thereby,
FIGURE 1 | The circadian timing system. The timekeeping system is composed of two pacemakers (the SCN and the FEO), and peripheral clocks in other brain
areas and peripheral tissues. Light inputs reaching the SCN via the retina and the retinohypothalamic tract, are the most important Zeitgeber for the SCN, which in
turn synchronizes peripheral clocks through neural, endocrine, temperature, and behavioral signals. Feeding-related signals (INS and ketones bodies) generated by
peripheral tissues and IGLNPY neurons entrain the FEO, which regulate the outputs such as FAA.
March 2021 | Volume 12 | Article 662017
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the entrainment to TRF has been proposed to be independent of
the SCN and driven by a food-entrainable oscillator (FEO) of still
unknown location. A recent study reported that innervation of
ipRGC to neuropeptide Y (NPY)-expressing intergeniculate
leaflet (IGL) neurons in early postnatal stages, allow the
entrainment to TRF in adults. In this model, TRF inhibitory
signals from IGLNPY neurons modulate the SCN activity,
allowing the FEO signals to influence FAA (22).

As hypothalamic lesions and gene knockouts (KOs) targeting
specific cell types in the hypothalamus, brainstem, or forebrain
areas also impair FAA (23–29), it is reasonable to hypothesize
that the FEO might be functionally distributed among brain
areas that are competent to drive changes in behavior instead to
be restricted to a particular brain region. In line with this idea, it
was recently reported that the action of insulin (INS) and
insulin-like growth factor-1 (IGF-1) triggered after feeding, on
different brain regions, are necessary and sufficient for both the
FAA and the phase-shift of body clocks (7). Remarkably, an
elegant study showed that the signal that generates FAAmight be
synthesized in the liver. Specifically, it was shown that liver PER2
is required for hepatic-derived ketone bodies production which
in turn signals the brain to induce FAA (30). In sum, the FEO
may not be in a single tissue but it might be of systemic nature. In
this context, the feeding-related signals, such as INS and ketones
generated in peripheral tissues, entrain different brain regions
competent to drive changes in behavior. Among these regions is
included the SCN, which is tuned by innervation of ipRGCs to
IGL during development to allow non-photic entrainment to
food (22) (Figure 1).
ASTROCYTE CIRCADIAN CLOCKS

How the activity of a small number of SCN neurons is translated
into rhythmic behaviors or physiology at the organism level? The
human brain contains more than 100 billion cells, the majority
being glial cells, coordinated by this endogenous clock to
determine alertness waxes and wanes in a highly predictable
manner over the course of a 24 h day (31). However, how this
clock signaling is orchestrated within so many brain cells that
lead to the cycle-to-cycle precision of circadian rhythmicity is
unknown. Consequently, we face a lack of knowledge on the
mechanisms by which circadian dysfunction affects a wide range
of physiological processes such as metabolic imbalance,
premature aging, and reduced longevity (32–38).

Astrocytes have long lived in the shadow of the neurons as
they were thought to have mainly a structural role in the central
nervous system. The recent findings showing the critical role of
the astrocyte clock in the control of SCN function and circadian
behavior (39–43) is a game-changing discovery that offers
radically new research directions for therapy of brain diseases
originated by environmental miss functioning of circadian
rhythms or genetic factors affecting clock genes or outputs.
This glial cell type is highly diverse in its morphological
appearance, functional properties, and distribution among and
within different brain regions (44, 45). However, they share three
Frontiers in Endocrinology | www.frontiersin.org 36
anatomical features that are crucial to understand its functional
contributions to the timekeeping system.

Firstly, the longstanding concept that astrocytic processes
interdigitate to create a scaffold for the neuronal organization,
has been challenged by several studies showing that, in vivo,
astrocytes are organized in nonoverlapping domains, i.e, with
little interaction between adjacent cells (46–48). Thus, one
astrocyte can coordinate the activity of multiple sets of
contiguous synapses, via regulation of neurotransmitters levels
in the synaptic cleft, via control of the extracellular space, or by
releasing chemical signals that actively modulate synaptic
transmission, often referred to as gliotransmitters. Specifically,
astrocytes play an essential role in the coupling of SCN neurons
by controlling both glutamate and GABA levels (40, 42, 43, 49–
51). Moreover, SCN astrocytes undergo rhythmic structural
rearrangements (52), along with rhythms in GFAP expression
(53), which allows differential day/night coverage of VIP neurons
to facilitate entrainment to light (52, 54). Similarly, in response to
metabolic cues, astrocytes undergo structural and morphological
changes to influence the synaptic inputs within the hypothalamic
melanocortin system, which might ultimately affect the feeding
behavior (55–58). Astrocytes also regulate the extracellular space
(59–62), enabling the exchange of solutes between the
cerebrospinal fluid and the interstitial space, a system referred
to as glymphatic clearance. As the diffusion of SCN output
signals is sufficient for rhythmic behavior (63, 64), daily
changes in the glymphatic system may underly the
synchronization among different brain regions across the
circadian cycle. On the other hand, in Drosophila, a glial-
released factor was shown to be critical for normal rhythmicity
by regulating a neurotransmitter, pigment dispersing factor,
acting on a receptor similar to that for VIP in mammals (65–
67). Similarly, in rodents, astrocytes release gliotransmitters,
such as ATP, in a circadian manner (68), and arrhythmic
astrocytes alter VIP expression in vivo (40). However, whether
ATP release and/or astrocytic rhythmic metabolism impact the
activity patterns of VIP neurons is still unknown.

Secondly, astrocytes form a syncytium, via gap junctions, that
allow the propagation of small signaling molecules through the
glial network (69). Pharmacological inhibition of gap junctions
in SCN slides (70, 71) and mouse models with deletion of the
neuronal connexin-36, impairs the circadian pattern of neuronal
activity without affecting the long-term synchronization of clock
gene expression (72) and with mild effect on behavioral rhythms
(73). Similarly, studies in mouse models with deletion of
astrocytic specific connexins indicate that the astrocytic
coupling in the SCN is dispensable for circadian rhythm
generation and light-entrainment (74). However, recently, a
long-range function of astrocytes for the transmission of
timing cues to distant neural populations was investigated in
vitro with microfluidic devices that allowed compartmentalizing
distinct neuronal populations connected through a network of
astrocytes. In this paradigm, astrocytes were able to synchronize
the clock of segregated cortical neuronal populations if
intercellular communication between the glial network and/or
calcium signaling were intact (75). Whether astrocytes are
March 2021 | Volume 12 | Article 662017
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Barca-Mayo and López Chronobiology, Astrocytes, and Diabetes
involved in the spatial transmission of timing cues in other extra-
SCN brain regions in vivo is still unknown.

Thirdly, the exchange of metabolites and hormones through
the blood-brain barrier (BBB) relies on astrocytes and is
dependent both on the sleep/wake state and in the circadian
clock (59, 76–80). As hypothalamic astrocytes have a crucial role
in sensing nutrients such as glucose and fatty acids (56, 81–83)
and express receptors for leptin (84, 85), IGF-1 (86), thyroid
hormone (87), INS (57), and glucocorticoids (GCs) (88, 89)
among others, they could link or coordinate peripheral and
central oscillators. For example, astrocytes, as well‐known
targets of GCs, might be sensitive to the negative feedback loop
of the hypothalamus‐pituitary‐adrenal axis. It is widely accepted
that GC signaling can reset peripheral clocks but not the central
pacemaker because SCN neurons do not express the GC receptor
(90). However, astrocytic feedback loops, via GC signaling, could
explain the so far puzzling results showing that the Per1‐Luc
phases of SCN were affected significantly when adrenalectomized
animals were treated with hydrocortisone (6).
MOLECULAR DYNAMICS OF THE CLOCK

The Nobel Prize in Physiology or Medicine in 2017 was awarded
to three Chronobiologists who first cloned the Droshopila Period
gene in 1984 (91, 92). This finding allowed us to understand how
the timekeeping system anticipates the environmental changes
related to the Earth’s rotation in most, if not all, living organisms.

The molecular clock involves rhythmic and self‐sustained
transcriptional–translational feedback loops (TTFLs) of clock
genes/proteins (Figure 2). The E‐box specific transcription
factors BMAL1 (Brain and muscle Arnt‐like protein‐1) and
Frontiers in Endocrinology | www.frontiersin.org 47
CLOCK (Circadian locomotor output cycles kaput) are the
positive limb of the TTFL, which heterodimerize to activate
transcription of the repressors Per1/2/3 and Cryptochrome genes
(Cry1/2) (93, 94). The negative loop comprises PER/CRY
heterocomplex that, upon accumulation, lead to the
degradation of BMAL1/CLOCK dimers, thus inhibiting their
own transcription (95). Hence, a new cycle of PER and CRY
protein accumulation begins, generating rhythmic changes in the
levels of the core clock transcripts and proteins that persist for
approximately 24 h (96) (Figure 2). In a secondary feedback
loop, the CLOCK- BMAL1 complex controls the rhythmic
expression of the genes encoding the REV-ERB nuclear
hormone receptors and ROR (97). In turn, REV-ERB and ROR
compete for the same RORE elements within the Clock and
Bmal1 promoter, repressing or activating, respectively, Clock and
Bmal1 transcription (Figure 2).

Direct targets of CLOCK/BMAL1, referred to as clock-
controlled genes (CCGs), include genes that are critically
involved in rhythmic processes such as feeding behavior, sleep-
wake cycle, and glucose homeostasis (34, 98) (Figure 2). In turn,
metabolic state sensing pathways also alter the molecular clock in
anticipation of the LD cycle. Specifically, during feeding, anabolic
processes are triggered by the activation of the INS-AKT-mTOR
pathway, whereas during fasting, AMP-activated protein kinase
(AMPK) activation triggers catabolic processes and inhibits
mTOR activity (99). BMAL1 phosphorylation and PER2
translation are regulated by the INS-AKT-mTOR pathway that
is activated in the postprandial state (7, 100–102). Similarly, in
peripheral tissues, AMPK1, which senses cellular ATP levels,
modulate CRY1 phosphorylation and thus its rhythmic
degradation (103). Additionally, high levels of glucose control
the period length viaO- GlcNAcylation of CLOCK, BMAL1, and
FIGURE 2 | Core molecular clock network. The mammalian molecular clock consists of a transcriptional-translational feedback loop involving the clock proteins
CLOCK, ARNTL, PER, and CRY and the nuclear receptors REV-ERB and ROR. The positive limb (CLOCK and BMAL1) heterodimerizes and activates the
transcription of downstream genes, including Per, Cry, Rora and Rev-erb. The negative limb proteins (PERs and CRYs) multimerize and inhibit CLOCK/BMAL1. In a
secondary loop, Bmal1 and Clock are regulated by the repressor REV-ERB and its opposing nuclear receptor RORa, which bind competitively to the shared element
RORE, thus repressing or activating the transcription of the Bmal1 or Clock gene, respectively. Post-translational modifications of core-clock factors can also regulate
transcription (e.g., deacetylation of BMAL1 or PER2 by SIRT1, BMAL1 phosphorylation or PER2 translation by INS signaling; O- GlcNAcylation of CLOCK, BMAL1
and PER2; and CRY1 phosphorylation by AMPK).
March 2021 | Volume 12 | Article 662017
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PER2 (104–106). The molecular clocks are also sensitive to the
ratio of reduced to oxidized nicotinamide adenine dinucleotide
(NAD) and flavin adenine dinucleotide (FAD), which are
indirect sensors of cellular energy status. Oxidation of NAD
is under control of the clock and, in turn, prevents the
deacetylation and this the transcriptional activity of CLOCK-
BMAL1 complex by Sirtuin 1 (SIRT1) and poly-ADP-
ribosylation mediated by poly(ADP-ribose) polymerase 1
(107–110) (Figure 2).

In summary, the circadian system ensures a temporal
partitioning of catabolic and anabolic reactions synchronizing
organism metabolism to the feeding-fasting cycle. However, as
the connection of metabolism and the circadian clock works in
both directions (111) is not surprising that animal models of
genetic clock defects display metabolic alterations and that clock
alterations can be found in metabolically challenged
conditions (112).
COORDINATION OF GLUCOSE
HOMEOSTASIS BY CENTRAL AND
PERIPHERAL CLOCKS

Glucose homeostasis is optimal when fasting-feeding and rest-
activity cycles, hormonal rhythms, and central and peripheral
clocks oscillate in synchrony with each other to ensure that the
timing cues and tissue responsiveness are achieved at the right
time. During the active phase, metabolic tissues such as the liver,
muscle, and fat are very sensitive to INS to guarantee that glucose
uptake is properly achieved after food intake. Conversely, these
tissues are more resistant to the hormone during the fasting
phase, to facilitate the endogenous glucose production and free
fatty acid (FFA) secretion (113–115). In this section, we discuss
the clocks in the tissues and organs involved in the control of
glucose homeostasis and describe their role in the regulation of
INS sensitivity and secretion.

The hypothalamus integrates glucose-sensing mechanisms
with multiple effector pathways to precisely coordinate hepatic
glucose production, muscle and fat glucose uptake, and
endocrine pancreas function (Figure 3). Briefly, in the arcuate
nucleus of the hypothalamus (ARC), orexigenic agouti-related
peptide (AgRP)-producing neurons, and anorexigenic neurons
releasing the pro-opiomelanocortin (POMC)-derived peptide,
a-melanocyte-stimulating hormone, together with the neurons
expressing the melanocortin 4 receptor (MC4R), are essential
for glucose sensing (117). AgRP neurons are glucose-inhibited
cells whereas POMC neurons are glucose-excited (118). In
general terms, competitive binding of a-MSH and AgRP to
MC4Rs defines the activation magnitude of downstream
pathways and effectors. Furthermore, POMC and AgRP
neurons project to numerous extrahypothalamic and
hypothalamic regions, including the ventromedial nucleus
(VMH) (119), which is crucial to initiate the glucose counter-
regulatory response to hypoglycemia (120) (Figure 3). On the
other hand, hypothalamic astrocytes respond to hyperglycemia
Frontiers in Endocrinology | www.frontiersin.org 58
by retraction of the coverage around POMC neurons to modify
meal patterns (56). Consistently, astrocytes sense INS and
leptin to co‐regulate behavioral responses and metabolic
processes via the control of brain glucose uptake and the glial
ensheathment of POMC neurons, respectively (57, 58).
Moreover, deletion of leptin receptors in astrocytes reduces
the physiological anorexigenic response to this hormone and
enhances fasting or ghrelin-induced hyperphagia (58).
Additionally, stimulation of astrocytes with ghrelin modify
glutamate and glucose metabolism as well as glycogen storage
by decreasing GLUT2, glutamine synthetase, and lactate
dehydrogenase, and increasing glutamate uptake, glycogen
phosphorylase, and lactate transporters, which might
modulate the signals/nutrients reaching neighboring neurons
(121). Finally, activated astrocytes release adenosine to inhibit
AgRP neurons, thus suppressing the ghrelin-mediated increase
of food intake (122, 123) (Figure 3).

As the SCN imposes the sleep-wake cycle and food intake
occurs in the active period, the involvement of the pacemaker in
controlling glucose homeostasis and systemic INS sensitivity is
indirect (124). Indeed, BMAL1 deletion in SCN does not affect
the body weight despite complete loss of rhythmic behavior (20).
Moreover, the circadian locomotor activity but not the metabolic
disturbances of Bmal1−/− mice were rescued by restoring
BMAL1 expression in the SCN (125). Similarly, mice with
astrocyte‐specific deletion of BMAL1 show altered energy
balance and glucose homeostasis despite their circadian
locomotor activity is not lost (39–43). Thus, peripheral and/or
extra-SCN hypothalamic clocks, but not the SCN, might have a
crucial role in developing glucose intolerance and INS resistance.
In line with this idea, BMAL1 ablation within SF1 neurons in the
VMH is sufficient to alter energy expenditure (126).
Additionally, AgRP-specific ablation of BMAL1 increases
hepatic gluconeogenesis (127). However, currently, little is
known about the specific physiological functions of extra SCN
brain clocks. This knowledge could be highly valuable for
biomedical understanding and future therapeutic advancement
in the metabolic imbalance associated with circadian disruption.

Metabolic tissues involved in glucose homeostasis also have
autonomous clocks that govern and adjust their daily metabolic
function or outputs. For example, in the liver, with an essential
role as a buffer for glucose variations arising from rhythmic food
consumption, ablation of the local clock leads to hypoglycemia
restricted to the fasting phase and exaggerated glucose clearance
(128). Moreover, it was reported that while hepatic glycogenesis
is controlled by CLOCK (129), gluconeogenesis in the fasted
state, is under the regulation of the repressor CRY1 (130–133).
On the other hand, efficient glucose uptake by the hepatocytes at
the beginning of the active phase depends on the rhythmic
expression of glucose transporters and glucagon receptor (134,
135). Another tissue with a key role in the control of glucose
homeostasis is the skeletal muscle. This tissue is responsible for
70-80% of INS-stimulated glucose uptake in the postprandial
state (136). Interestingly, INS sensibility in muscle is controlled
both by light and the local clock (137–140). Specifically, it was
shown that photic inputs entrain diurnal changes in clock gene
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expression and INS sensitivity in muscle via SIRT1 in SF1
neurons (140). On the other hand, deletion of the autonomous
clock in muscle is sufficient to cause local INS resistance (137).
Glucose uptake is also dependent on rhythmic INS action in the
white adipose tissue (WAT) (141). However, contrary to liver or
skeletal muscle, ablation of the local clock in WAT do not impact
glucose homeostasis and INS sensitivity (142), suggesting that
lipid mobilization is mainly regulated by the hypothalamic
actions of INS and leptin. Finally, brown adipose tissue (BAT),
which relays in FFA and glucose supply to regulate
thermogenesis, is highly flexible in terms of glucose uptake
potential and can significantly contribute to whole-body
glucose metabolism under some conditions. In this tissue, INS-
stimulated glucose uptake is regulated by the VMH and AgRP
neurons (143–145), as well as by the local clock (146, 147).
Interestingly, mouse and human BAT express a red-light-
sensitive protein, OPN3 (148), which increases glucose uptake
upon red light stimulation. Recently, an elegant study
demonstrated that animals reared without violet light show
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increased responses to b-agonists, which in humans activate
BAT, lower blood glucose levels, and increase and INS sensitivity.
This effect was mediated by a violet light-sensing photoreceptor
Opsin 5 (OPN5) in glutamatergic warm-sensing hypothalamic
preoptic area neurons (149). Altogether, these studies open the
possibility of modulating glucose homeostasis by manipulating
environmental light.

Altogether this suggests that perturbed rhythms of the central
and/or tissue clocks might lead to a mismatch between hepatic
glucose production, muscle glucose uptake, and carbohydrate
intake which could contribute to elevated levels of glucose and an
imbalance between lipid storage in WAT and lipid oxidation in
the brown adipose tissue. Furthermore, hyperglycemia in diabetes
is traditionally attributed to reduced INS sensitivity in skeletal
muscle and liver but also coupled to decreased INS secretion by
the pancreas. Not only glucose homeostasis and INS sensitivity is
under control of the local clocks in most of the above-mentioned
metabolic tissues, but the pancreatic clock also controls rhythmic
INS secretion (150, 151). Indeed, ablation of the pancreatic clock,
FIGURE 3 | Astrocytes and clocks modulate hypothalamic glucose-sensing mechanisms. The ability of POMC and NPY/AgRP neuronal populations in ARC to alter
energy metabolism is due to their sensitivity to several circulating signals, including hormones, such as leptin and insulin (INS), and nutrients. Hypothalamic astrocytes
provide neurons with structural support and nutrients. Moreover, hyperglycemia, INS, and leptin signaling in this glial cell type lead to changes in the astrocytic
coverage of POMC and/or AgRP neurons to regulate glucose sensing. Glucose transported into astrocytes can be metabolized to lactate, which is released and
taken up by neurons and metabolized into pyruvate to serve as a glycolytic substrate. Astrocytes can also modulate synaptic transmission by uptake of
neurotransmitters from the synaptic cleft (glutamate and GABA) and by releasing gliotransmitters such as adenosine, which inhibits AgRP neurons. In the ARC, the
astrocyte circadian clock might control food intake and glucose homeostasis by regulating the uptake of GABA. On the other hand, the clock in AgRP neurons is
required for coordinating leptin response and glucose metabolism. VMH neurons include glucose-sensing cells, referred to as glucose-excited and glucose-inhibited
neurons. The activation of glucose-excited neurons leads to decreased hepatic glucose production and increased peripheral glucose uptake. VMH glucose-inhibited
neurons are activated in response to hypoglycemia. In recurrent hypoglycemia, high accumulation of lactate enhances the glucose-excited neuronal activity and
consequent GABA release, inhibiting the counterregulatory response. A high-fat diet increases astrocyte ketone bodies production, which are exported to VMH
neurons to ultimately control food intake. Subsets of VMH neurons also express SF1. These SF1 neurons contain a clock that modulates energy expenditure by
regulating cyclic thermogenesis in brown adipose tissue (BAT). As hypothalamic AMPK modulates BAT thermogenesis (116), and has a crucial role in the molecular
clock, it would be interesting to investigate its involvement in the control of rhythmic BAT thermogenesis by the SF1 neuronal clock. TCA, tricarboxylic acid cycle.
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in mice, is sufficient to cause hypoinsulinemia and hyperglycemia
(150, 152–154).

Interestingly, feeding-related hormones involved in the
control of glucose homeostasis are timing cues for circadian
behaviors. For example, leptin is involved in the regulation of
sleep-wake cycles (155, 156); ghrelin, stimulate FAA in mice
(157) and INS action, triggered after feeding, is a critical
entrainment signal for the FEO (7). Thus, an intriguing
unsolved question concerns how the neurocircuits involved in
glucose homeostasis and the central or peripheral clocks
crosstalk and coordinate appropriate metabolic and/or
circadian responses.
INTEGRATION OF GLUCOSE
HOMEOSTASIS BY ASTROCYTE CLOCKS
AND CELLULAR METABOLISM

As brain metabolic pathways are compartmentalized between
astrocytes and neurons, the coordination of both cell types is
needed to meet the high energy requirements of synaptic
transmission and correct brain function (158). Thereby, it is
not surprising that hypothalamic glucose sensing requires an
intact metabolic coupling between astrocytes and neurons (159).
Interestingly, a big percentage of components of cellular
metabolic pathways are direct targets of the molecular clock
(96, 111, 160). Together, this suggests that the close association
between altered glucose homeostasis and circadian disruption
may arise from a shared defect in the astrocyte-neuron metabolic
coupling. In turn, this might impact the neurocircuitry governing
energy and glucose homeostasis or alter metabolic adaptations to
hypoglycemia in the diabetic brain. In this section, we discuss the
current evidence that supports this hypothesis.

The major energy source for the brain is glucose, which is
taken up by astrocytes and neurons via glucose transporters
(GLUTs) (161–163). In the hypothalamus, the neuron-astrocyte
glucose coupling expands beyond the accomplishment of energy
requirements. For instance, astrocytes actively cooperate with
hypothalamic neurons in detecting circulating glucose levels and
in the generation of proper systemic metabolic responses (164).
Not only astrocytic GLUT2 activity is involved in the regulation
of systemic glucose homeostasis in rodents (165–167), but
restoring astrocytic GLUT2 reestablish the counterregulatory
response to low-glucose in GLUT2 deficient mice (165).
Remarkably, rhythmic GLUTs expression (137, 168, 169) is
impaired in the brain of experimental streptozotocin-induced
diabetes rats (169). Moreover, 24 h oscillation in glucose levels
may modulate the expression of clock genes and transcriptional
outputs within hypothalamic neurons involved in glucose
homeostasis (170). Whether astrocyte-neuron metabolism in
hypothalamic glucose sensing and associated-systemic response
in the normal or diabetic brain relies on the astrocyte molecular
clock remains to be investigated. However, this idea is reinforced
by the recent finding that deletion of Bmal1 in astrocytes impairs
INS sensitivity and glucose homeostasis (39).
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Further, glucose can be stored as glycogen or metabolized in
the glycolytic pathway to produce pyruvate, which is either
transferred into mitochondria or converted to lactate.
According to the “Astrocyte-to-Neuron Lactate Shuttle”
(ANLS) hypothesis (171), lactate is primarily produced by
astrocytes and transferred to neurons, where it is converted to
pyruvate for aerobic energy production in mitochondria
(Figure 3). Thereby, the production and the release of lactate
by astrocytes is directly linked to neuronal activity, as showed in
orexin neurons (172, 173). Consistent with the ANLS hypothesis,
brain lactate levels increase during the awake state when
neuronal firing rates are higher and vice versa, leading to a
24 h rhythm of lactate concentration (174, 175). In turn,
astrocytic lactate release regulates the sleep-wake cycle (74)
and entrain forebrain oscillators between states of alertness and
tiredness by controlling the DNA binding of CLOCK/BMAL1
(176). Remarkably, during hypoglycemia in diabetes patients,
brain lactate levels drop while its infusion increased brain lactate
levels compared to healthy subjects (177–179). These findings
suggest increased lactate use as a metabolic substrate, impaired
astrocyte lactate release, or perturbed compensatory metabolic
mechanisms in the diabetic brain. Whether these effects underlie
a potential astrocytic dysrhythmia is currently unknown.

More than half of the energy used by neurons during fasting
derives from ketones bodies (180) synthesized by astrocytes. The
astrocytic switch from glucose to FFA utilization (181, 182) to
produce ketones is particularly enhanced in the hypothalamus
(181), where stimulate neuropeptides critically involved in
glucose sensing and energy homeostasis (83, 182, 183)
(Figure 3). On the other hand, recurrent exposure to low
glucose, mimicking variations often seen in patients with
diabetes, results in increased astrocytic ketogenesis (184–186),
likely to preserve brain ATP production (187). In turn,
increased astrocytic ketogenesis alters INS signaling and
consequently glucose homeostasis (183). Despite it was shown
that Per2 controls the hepatic production of ketone bodies (30),
whether hypothalamic ketogenesis is under the control of the
astrocyte clock remains to be investigated. Similarly, whether
arrhythmic astrocytes impair glucose homeostasis by
contributing to the increased ketogenesis is unknown and
could be crucial for therapeutic interventions involving the
potentiation of the astrocyte clock.

On the other hand, glucose, as well as glutamine, can be
metabolized to uridine diphosphate N-acetylglucosamine (UDP-
GlcNAc) through the hexosamine biosynthetic pathway. The
reversible enzymatic post-translational modification of proteins
(on serine and threonine residues) with UDP-GlcNAc as glucose
donor is termed O-GlcNAcylation. This process is conserved
across species as occurs both in mouse brains and Drosophila
neurons. While in conditions of glucose hypometabolism, brain
levels of O-GlcNAc-modified proteins are reduced (188),
hyperglycemia increases GlcNAcylation of proteins related to
the INS pathway, thus contributing to INS resistance (189).
Hyperinsulinemia is also associated with increased
GlcNAcylation (189) of proteins involved in the pathology of
diabetes, such as glycogen synthase, a major gatekeeper of
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glucose metabolism (190, 191). On the other hand, O-GlcN
Acylation serves as a metabolic sensor to control the circadian
period length via modification, and thus changes in the
transcriptional activity of CLOCK and PER2 (104). As neurons
depend on astroglial glucose and glutamine, this suggests that
O-GlcNAcylation of the neuronal clocks might be coupled to
astrocyte metabolism. However, further studies are needed to
verify this hypothesis.

The metabolic endpoint of glycolysis and the mitochondrial
metabolism is ATP generation, which apart from being used to fuel
biological reactions is released to the extracellular space (eATP)
(eATP) (192). Remarkably, INS stimulates ATP release from
astrocytes (193). In turn, eATP leads to rapid upregulation of
glycolysis (194) and promotes glucose uptake into both neurons
and astrocytes (195). eATP is also a signaling molecule that acts on
purinergic, ionotropic P2X, and G-protein coupled P2Y receptors to
regulate neuronal activity (196). In the hypothalamus, NPY and
AgRP neurons express P2X2R (197), whereas SF-1 neurons are
excited by ATP via the P2X4 receptor (198). eATP released by
astrocytes can also be metabolized to adenosine. While activation of
the A1 receptor by adenosine inhibits appetite-stimulating AgRP
neurons (122) (Figure 3), in astrocytes modulate sleep homeostasis
(46). Thus, the circadian release of astrocytic ATP (199) and the
circadian activity of enzymes involved in adenosine synthesis (200)
suggest a central role of the astrocyte clock in modulating both
processes. On the other hand, decreased ATP production activates
the AMPK pathway to impact the circadian clock via degradation of
CRY1 (103). Further investigation will clarify whether astrocytic
rhythmic ATP release entrains the neuronal clocks via circadian
activation of AMPK to control energy homeostasis and circadian
sleep-wake changes in the brain.

Glutamate, the major excitatory neurotransmitter in the adult
CNS, is released from neurons and recycled by astrocytes to form
glutamine (Figure 3), which is returned to neurons and used as a
precursor for synthesizing glutamate and GABA (201). The uptake
of glutamate by astrocytes, critical for neuronal activity (202), is
metabolically expensive and requires an increase in glycolysis and
lactate production (171). Remarkably, control of glutamate and
GABA levels, coupled to astrocyte rhythms (40–43, 203), is
necessary for the generation of molecular and behavioral rhythms
and, is also critically involved in the modulation of hypothalamic
neural circuits controlling glucose homeostasis (39, 204, 205).
However, excessive demands on astrocytes, in response to a
decrease in glucose levels, impair glutamate uptake (206), altering
the glutamatergic signaling to delay the onset of the normal
counterregulatory response to hypoglycemia (206). Conversely,
intake of an obesogenic diet rapidly increases hypothalamic
glutamatergic signaling (207) and the expression of astrocytic
glutamate transporters (208). It is reasonable to hypothesize that
chronic elevated glutamatergic signaling, associated with diet-
induced obesity, increases the metabolic demands on astrocytes to
prevent glutamate-induced excitotoxicity. This in turn negatively
impacts their ability to support neuronal activity thus, contributing
to hypothalamic synaptic dysfunction and the death of POMC
neurons (55, 209, 210). Altogether, this suggests that the regulation
of glutamate and GABA levels might be a key astrocyte circadian
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function in normal physiology and likely involved in the alterations
of the diabetic brain.

The enteric nervous system is gaining more attention in the last
few years. While most of the research focused on the enteric
neurons, less attention was directed towards the enteric glial cells
(EGCs). Glucose enters the body via the gastrointestinal (GI) tract,
and conversely, diabetes-induced GI dysfunction is related to
increased apoptosis of EGC in the myenteric plexus (211). On the
other hand, the gut clock synchronized by food intake (27, 212)
regulates the expression of brush border disaccharidases and glucose
absorption to the habitual feeding period (168). Moreover,
Glucagon-like peptide-1secretion by enteroendocrine L-cells, with
an important role in regulating glucose homeostasis (213, 214), is
under control of the clock (215). In the gut, also anatomical and
metabolome patterns of the microbiota undergo rhythmic
fluctuations, resulting in system-wide effects on host circadian
transcriptional, epigenetic, and metabolite cycles (216).
Interestingly, repeated jet lag in mice disturbs the intestinal
microbiome leading to reduced glucose tolerance (216). Similarly,
fecal transfer from jet-lagged humans into germ-free mice impaired
glucose tolerance (216). These findings suggest that the microbiome
clock has an important role in the development of INS resistance
due to repeated phase shifts. Altogether, this indicates that the
contribution of the gut clock, specifically in the enteric glia, to the
control of glucose homeostasis warrants further work.

Altogether, this data indicates that further investigations
about the role of the astrocyte clock in maintaining the cycle-
to-cycle precision of cellular metabolism and neural rhythmic
behavior could be crucial to counteract the systemic metabolic
abnormalities associated with circadian disruption.
CIRCADIAN DISRUPTION AND DIABETES

In this section, we review the current evidence about the
contribution of genetic or environmental factors (such as
exposure to artificial light-dark cycles, disturbed sleep, shift
work, and jet lag) that impact the timekeeping system to the
development of insulin resistance and type 2 diabetes.

In humans, mutations in several clock genes are strongly
associated with obesity, INS resistance, and type 2 diabetes.
Specifically, it was reported associations between single nucleotide
polymorphisms in ARNT and T2DM (217), specific haplotypes of
CLOCK and obesity (218, 219), and between polymorphisms in
CRY2 and elevated fasting glucose (220, 221). In line with the
human clock gene mutation studies, rodent models with genetic
deletions of core-clock genes (in either a whole-body or a tissue-
specific manner) showed INS resistance, obesity, and type 2 diabetes
(32, 125, 142, 222, 223). Remarkably, deletion of Bmal1 in astrocytes
in mice is sufficient to phenocopy the obesity, INS resistance, and
glucose intolerance of Bmal1-/- constitutive KO mice (39),
suggesting that robust astrocyte circadian rhythms could preserve
whole-body homeostasis and metabolic health.

The central pacemaker anticipates and synchronizes the daily
function of peripheral tissues according to the entrainment by
natural changes in light. With the advent of affordable artificial
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lighting and the 24/7 lifestyle of our society, humans began to
experience increased exposure to artificial lights and irregular
light schedules. These environmental changes lead to a
desynchronization between the internal clock and the external
ZT, a phenomenon referred to as circadian misalignment.
Remarkably, human and animal studies have linked obesity
and type 2 diabetes with increased light exposure during
naturally dark hours (224–230). In turn, exposure to bright
morning light increases fasting and postprandial glucose levels
in patients with type 2 diabetes (230). Despite its relevance for
health, the molecular and cellular mechanisms of normal and
pathological phototransduction in the SCN are unclear. For
instance, VIP rhythm, with a key role in synchronizing SCN
neurons to each other and with the LD cycle (231, 232), is driven
by the LD cycle and not by the circadian clock (233). Thereby,
the mechanism by which deletion of Bmal1 in astrocytes
constantly elevates VIP levels (40) remains unknown. Indeed,
constant illumination increases VIP levels lengthening the
circadian period and resulting in two or more peaks in daily
activity (234), a circadian locomotor pattern that resembles that
of mice with arrhythmic astrocytes (40). Consistently, studies in
Drosophila showed that glial-specific genetic manipulations lead
to circadian arrhythmicity due to alterations on a clock neuron
peptide transmitter (pigment dispersing factor) that acts on a
receptor similar to that for VIP in mammals (65, 66). These
studies suggest that the astrocyte clock might facilitate the
entrainment to light and therefore, to the light-induced phase
shifts in physiology and behavior. Further investigations on the
mechanism underlying circadian entrainment to light are critical
for understanding why aberrant light exposure, disrupts
circadian physiology leading to diabetes and INS resistance.

Evidence from epidemiological and experimental studies
indicate that sleep restriction or disturbance, increases the risk of
obesity and type 2 diabetes (235–239) likely due to increased food
intake (237, 238), altered sympathovagal balance (240, 241), and
increased circulating levels of catecholamines (242) or cortisol (241,
242). Interestingly, astrocytes modulate mammalian sleep
homeostasis by controlling adenosine A1 receptors (243). The
circadian release of the astrocytic transmitter ATP (199) as well as
the circadian activity of enzymes involved in the synthesis of
adenosine in areas of the brain related to sleep (200) suggests a
central role of astrocytes in modulating circadian sleep-wake
changes in the brain. Further studies will be needed to
understand the importance of astrocyte clocks in the relationship
between circadian sleep disorders and diabetes.

Whereas light is the dominant timing cue for the SCN, the time
of meals represents the main ZT for peripheral clocks. Therefore is
not surprising that extended/erratic eating patterns, such as in shift
workers or subjects under experimental circadian misalignment,
showed decreased glucose tolerance and insulin sensitivity (244–
250). Indeed, a short-term circadian misalignment protocol of 8
days in humans is sufficient to cause higher blood glucose and
insulin levels (249). It is reasonable to hypothesize that disturbance
of nutrient fluxes or the misalignment of central and peripheral
clock rhythms might contribute to the pathophysiology of insulin
resistance at the tissue level. For instance, a mismatch between
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hepatic glucose production, muscle glucose uptake, and
carbohydrate intake could contribute to elevated glucose levels,
while an imbalance between lipid storage inWAT, lipid oxidation in
BAT, and hepatic lipid production might contribute to ectopic lipid
accumulation. However, to improve or prevent the metabolic
alterations caused by circadian misalignment we need to further
understand the mechanisms involved in the entrainment of both
central and peripheral circadian clocks. Remarkably, as astrocytes
are at the interface between vessels and neurons, they are in a
privileged position to act as metabolic sensors of systemic cues that
entrain the peripheral clocks, such as GCs, INS, or IGF1 (7, 40, 203).
Further studies will clarify whether those metabolic cues might play
a crucial role in communicating time-of-feeding to the astrocyte
molecular clock linking the periphery and the CNS clocks.
CONCLUSION

A large body of evidence from human or animal studies
demonstrated the circadian regulation of glucose homeostasis and
INS sensitivity. However, the exact mechanisms involved in the
metabolic derangements resulting from circadian disruption are not
fully understood. Emerging groundbreaking findings, showing that
astrocytes are pivotal for the circadian regulation of behavior and
whole-body energy and glucose homeostasis, could provide a new
cellular target to tune physiological responses operating on different
timescales according to metabolic status. A key question that
remains to be investigated is how the astrocyte clock is entrained
to lead to the cycle-to-cycle precision of circadian rhythmicity in the
SCN and/or in extra SCN clocks. Therefore, we face a lack of
knowledge on the mechanisms by which astrocyte circadian
dysfunction affects such a wide range of physiological
processes. Understanding these mechanisms will be a challenge
for years to come but a crucial aspect in designing better therapies,
such as clock agonists, for diabetes. With this knowledge, the use of
chronotherapies or temporally directed therapeutics to improve
human metabolic health will be a matter of time.
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Postprandial Hyperglycemia Stimulates Neuroglial Plasticity in
Hypothalamic POMC Neurons after a Balanced Meal. Cell Rep (2020)
30:3067–3078.e5. doi: 10.1016/j.celrep.2020.02.029
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Barca-Mayo and López Chronobiology, Astrocytes, and Diabetes
125. McDearmon EL, Patel KN, Ko CH, Walisser JA, Schook AC, Chong JL, et al.
Dissecting the functions of the mammalian clock protein BMAL1 by tissue-
specific rescue in mice. Sci (80- ) (2006) 314:1304–8. doi: 10.1126/
science.1132430

126. Orozco-Solis R, Aguilar-Arnal L, Murakami M, Peruquetti R, Ramadori G,
Coppari R, et al. The circadian clock in the ventromedial hypothalamus
controls cyclic energy expenditure. Cell Metab (2016) 23:467–78.
doi: 10.1016/j.cmet.2016.02.003

127. Cedernaes J, HuangW, Ramsey KM,Waldeck N, Cheng L, Marcheva B, et al.
Transcriptional Basis for Rhythmic Control of Hunger and Metabolism
within the AgRP Neuron. Cell Metab (2019) 29:1078–1091.e5. doi: 10.1016/
j.cmet.2019.01.023

128. Lamia KA, Storch KF, Weitz CJ. Physiological significance of a peripheral
tissue circadian clock. Proc Natl Acad Sci USA (2008) 105:15172–7.
doi: 10.1073/pnas.0806717105

129. Doi R, Oishi K, Ishida N. CLOCK regulates circadian rhythms of hepatic
glycogen synthesis through transcriptional activation of Gys2. J Biol Chem
(2010) 285:22114–21. doi: 10.1074/jbc.M110.110361

130. Zhang EE, Liu Y, Dentin R, Pongsawakul PY, Liu AC, Hirota T, et al.
Cryptochrome mediates circadian regulation of cAMP signaling and
hepatic gluconeogenesis. Nat Med (2010) 16:1152–6. doi: 10.1038/
nm.2214

131. Lamia KA, Papp SJ, Yu RT, Barish GD, Uhlenhaut NH, Jonker JW, et al.
Cryptochromes mediate rhythmic repression of the glucocorticoid receptor.
Nature (2011) 480:552–6. doi: 10.1038/nature10700

132. Toledo M, Batista-Gonzalez A, Merheb E, Aoun ML, Tarabra E, Feng D,
et al. Autophagy Regulates the Liver Clock and Glucose Metabolism by
Degrading CRY1. Cell Metab (2018) 28:268–81.e4. doi: 10.1016/
j.cmet.2018.05.023

133. Vollmers C, Gill S, DiTacchio L, Pulivarthy SR, Le HD, Panda S. Time of
feeding and the intrinsic circadian clock drive rhythms in hepatic gene
expression. Proc Natl Acad Sci USA (2009) 106:21453–8. doi: 10.1073/
pnas.0909591106

134. Storch KF, Lipan O, Leykin I, Viswanathan N, Davis FC, Wong WH, et al.
Extensive and divergent circadian gene expression in liver and heart. Nature
(2002) 417:78–83. doi: 10.1038/nature744

135. Panda S, Antoch MP, Miller BH, Su AI, Schook AB, Straume M, et al.
Coordinated transcription of key pathways in the mouse by the circadian
clock. Cell (2002) 109:307–20. doi: 10.1016/S0092-8674(02)00722-5

136. DeFronzo RA, Tripathy D. Skeletal muscle insulin resistance is the primary
defect in type 2 diabetes.Diabetes Care (2009) Suppl 2:S157–63. doi: 10.2337/
dc09-s302

137. Dyar KA, Ciciliot S, Wright LE, Biensø RS, Tagliazucchi GM, Patel VR, et al.
Muscle insulin sensitivity and glucose metabolism are controlled by the
intrinsic muscle clock. Mol Metab (2014) 3:29–41. doi: 10.1016/
j.molmet.2013.10.005

138. Perrin L, Loizides-Mangold U, Chanon S, Gobet C, Hulo N, Isenegger L,
et al. Transcriptomic analyses reveal rhythmic and CLOCK-driven pathways
in human skeletal muscle. Elife (2018) 7:e34114. doi: 10.7554/eLife.34114

139. Hong S, Zhou W, Fang B, Lu W, Loro E, Damle M, et al. Dissociation of
muscle insulin sensitivity from exercise endurance in mice by HDAC3
depletion. Nat Med (2017) 23:223–34. doi: 10.1038/nm.4245

140. Aras E, Ramadori G, Kinouchi K, Liu Y, Ioris RM, Brenachot X, et al. Light Entrains
Diurnal Changes in Insulin Sensitivity of Skeletal Muscle via Ventromedial
Hypothalamic Neurons. Cell Rep (2019) 27:2385–98.e3. doi: 10.1016/
j.celrep.2019.04.093

141. Carrasco-Benso MP, Rivero-Gutierrez B, Lopez-Minguez J, Anzola A, Diez-
Noguera A, Madrid JA, et al. Human adipose tissue expresses intrinsic circadian
rhythm in insulin sensitivity. FASEB J (2016) 30:3117–23. doi: 10.1096/
fj.201600269RR

142. Paschos GK, Ibrahim S, Song WL, Kunieda T, Grant G, Reyes TM, et al.
Obesity in mice with adipocyte-specific deletion of clock component Arntl.
Nat Med (2012) 18:1768–77. doi: 10.1038/nm.2979

143. Minokoshi Y, Haque MS, Shimazu T. Microinjection of leptin into the
ventromedial hypothalamus increases glucose uptake in peripheral tissues in
rats. Diabetes (1999) 18:1768–77. doi: 10.2337/diabetes.48.2.287

144. Morgan DA, McDaniel LN, Yin T, Khan M, Jiang J, Acevedo MR, et al.
Regulation of glucose tolerance and sympathetic activity by MC4R signaling
Frontiers in Endocrinology | www.frontiersin.org 1316
in the lateral hypothalamus. Diabetes (2015) 64:1976–87. doi: 10.2337/db14-
1257

145. Coutinho EA, Okamoto S, Ishikawa AW, Yokota S, Wada N, Hirabayashi T,
et al. Activation of SF1 neurons in the ventromedial hypothalamus by
DREADD technology increases insulin sensitivity in peripheral tissues.
Diabetes (2017) 66:2372–86. doi: 10.2337/db16-1344

146. Van Der Veen DR, Shao J, Chapman S, Leevy WM, Duffield GE. A diurnal
rhythm in glucose uptake in brown adipose tissue revealed by in vivo PET-
FDG imaging. Obesity (2012) 20:1527–9. doi: 10.1038/oby.2012.78

147. van den Berg R, Kooijman S, Noordam R, Ramkisoensing A, Abreu-Vieira G,
Tambyrajah LL, et al. A Diurnal Rhythm in Brown Adipose Tissue Causes
Rapid Clearance and Combustion of Plasma Lipids at Wakening. Cell Rep
(2018) 22:3521–33. doi: 10.1016/j.celrep.2018.03.004

148. Nayak G, Zhang KX, Vemaraju S, Odaka Y, Buhr ED, Holt-Jones A, et al.
Adaptive Thermogenesis in Mice Is Enhanced by Opsin 3-Dependent
Adipocyte Light Sensing. Cell Rep (2020) 30:672–86.e8. doi: 10.1016/
j.celrep.2019.12.043

149. Zhang KX, D’Souza S, Upton BA, Kernodle S, Vemaraju S, Nayak G, et al.
Violet-light suppression of thermogenesis by opsin 5 hypothalamic neurons.
Nature (2020) 585:420–5. doi: 10.1038/s41586-020-2683-0

150. Perelis M, Marcheva B, Ramsey KM, Schipma MJ, Hutchison AL, Taguchi A,
et al. Pancreatic b cell enhancers regulate rhythmic transcription of genes
controlling insulin secretion. Sci (80- ) (2015) 350:aac4250. doi: 10.1126/
science.aac4250

151. Peschke E, Peschke D. Evidence for a circadian rhythm of insulin release
from perifused rat pancreatic islets. Diabetologia (1998) 41:1085–92.
doi: 10.1007/s001250051034

152. Sadacca LA, Lamia KA, DeLemos AS, Blum B, Weitz CJ. An intrinsic
circadian clock of the pancreas is required for normal insulin release and
glucose homeostasis in mice. Diabetologia (2011) 54:120–4. doi: 10.1007/
s00125-010-1920-8

153. Saini C, Petrenko V, Pulimeno P, Giovannoni L, Berney T, Hebrok M, et al.
A functional circadian clock is required for proper insulin secretion by
human pancreatic islet cells. Diabetes Obes Metab (2016) 18:355–65. doi:
10.1111/dom.12616

154. Lee J, Kim MS, Li R, Liu VY, Fu L, Moore DD, et al. Loss of Bmal1 leads to
uncoupling and impaired glucose-stimulated insulin secretion in b-cells.
Islets (2011) 3:381–8. doi: 10.4161/isl.3.6.18157

155. Laposky AD, Shelton J, Bass J, Dugovic C, Perrino N, Turek FW. Altered
sleep regulation in leptin-deficient mice. Am J Physiol - Regul Integr Comp
Physiol (2006) 290:R894–903. doi: 10.1152/ajpregu.00304.2005

156. Laposky AD, Bradley MA, Williams DL, Bass J, Turek FW. Sleep-wake
regulation is altered in leptin-resistant (db/db) genetically obese and diabetic
mice. Am J Physiol - Regul Integr Comp Physiol (2008) 295:R2059–66.
doi: 10.1152/ajpregu.00026.2008

157. Lesauter J, Hoque N, Weintraub M, Pfaff DW, Silver R. Stomach ghrelin-
secreting cells as food-entrainable circadian clocks. Proc Natl Acad Sci USA
(2009) 106:13582–7. doi: 10.1073/pnas.0906426106

158. Bélanger M, Allaman I, Magistretti PJ. Brain energy metabolism: Focus on
Astrocyte-neuron metabolic cooperation. Cell Metab (2011) 14:724–38.
doi: 10.1016/j.cmet.2011.08.016

159. Leloup C, Allard C, Carneiro L, Fioramonti X, Collins S, Pénicaud L. Glucose
and hypothalamic astrocytes: More than a fueling role? Neuroscience (2016)
323:110–20. doi: 10.1016/j.neuroscience.2015.06.007

160. Rey G, Cesbron F, Rougemont J, Reinke H, Brunner M, Naef F. Genome-
wide and phase-specific DNA-binding rhythms of BMAL1 control circadian
output functions in mouse liver. PloS Biol (2011) 9:e1000595. doi: 10.1371/
journal.pbio.1000595

161. Morgello S, Uson RR, Schwartz EJ, Haber RS. The human blood-brain
barrier glucose transporter (GLUT1) is a glucose transporter of gray matter
astrocytes. Glia (1995) 14:43–54. doi: 10.1002/glia.440140107
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208. Fuente-Martiń E, Garcıá-Cáceres C, Granado M, De Ceballos ML, Sánchez-
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Tight regulation of blood glucose is essential for long term health. Blood glucose levels are
defended by the correct function of, and communication between, internal organs
including the gastrointestinal tract, pancreas, liver, and brain. Critically, the brain is
sensitive to acute changes in blood glucose level and can modulate peripheral
processes to defend against these deviations. In this mini-review we highlight select
key findings showcasing the utility, strengths, and limitations of model organisms to study
brain-body interactions that sense and control blood glucose levels. First, we discuss the
large platform of genetic tools available to investigators studying mice and how this field
may yet reveal new modes of communication between peripheral organs and the brain.
Second, we discuss how rats, by virtue of their size, have unique advantages for the study
of CNS control of glucose homeostasis and note that they may more closely model some
aspects of human (patho)physiology. Third, we discuss the nascent field of studying the
CNS control of blood glucose in the zebrafish which permits ease of genetic modification,
large-scale measurements of neural activity and live imaging in addition to high-
throughput screening. Finally, we briefly discuss glucose homeostasis in drosophila,
which have a distinct physiology and glucoregulatory systems to vertebrates.

Keywords: brain, glucose homeostasis, model organism, mouse, rat, zebrafish
INTRODUCTION

The central nervous system has emerged as an important node in the coordinated control of blood
glucose homeostasis. Maintenance of euglycemia is critical for health and the regulation of energy
homeostasis. Extended periods of poor glycemic control drive disease pathology; for example,
prolonged hyperglycemia in type-1 and type-2 diabetes can cause eye, kidney, and nerve damage
over the longer term. Conversely, low blood glucose or hypoglycemia is also dangerous acutely, with
recurrent bouts leading to deficits in hypoglycemia awareness, which can result in death in extreme
but rare circumstances. Given this importance, in healthy individuals, highly sensitive feedback
systems exist to regulate blood glucose within a tight window. Appropriate regulation of blood
glucose is ultimately dependent on the correct balance between glucose ingestion, production,
utilization, and storage. This control is achieved by communication between multiple organ
systems, chiefly the gastrointestinal tract, pancreas, muscle, liver, adipose, adrenal glands, and brain.
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When combined with classical physiological approaches,
modern genetic manipulation technologies have refined our
understanding of the critical role of the brain in overseeing
glucose homeostasis and orchestrating appropriate physiological
and behavioral responses (1, 2). In addition to well described
endocrine inter-organ communication, cell populations in discrete
brain nuclei are sensitive to acute deviations in tissue glucose levels
and some are also capable of direct glucose sensing (3–6).
Furthermore, sensory innervation of organs relays relevant
information on peripheral glucose state to the brain (7, 8). By
altering autonomic outflow, the brain drives responses to these
deviations in blood glucose, helping to restore homeostasis (9, 10).

Much of what is known about crosstalk between the body and
brain is the result of experimentation in model species. A simplified
overview of the main brain regions and cell populations identified in
bloodglucose control in commonmodel species is shown inFigure1.
Comprehensive reviews on both the different species used to model
human metabolic disease and descriptions of glucoregulatory
neurocircuitry are available elsewhere (11–13). Instead, in this
mini-review, using select examples from the literature, we will focus
on the utility of different model organisms to specifically elucidate
neural circuits regulating glucose homeostasis.

Mice
Mice have emerged as the most commonly used rodent species for
neuroscience research (14). This is due, at least in part, to the suite of
transgenic tools available. Furthermore, mice are amenable to
measures of systemic glucose homeostasis, commonly glucose and
insulin tolerance tests, but glucose clamps are also possible (15–17).

The combination of genetic tools and means for real-time
measurement of changes in systemic glucose levels in mice
permits the investigation of the role of the brain in control of
blood glucose homeostasis. The ventromedial nucleus of the
Frontiers in Endocrinology | www.frontiersin.org 221
hypothalamus (VMN) has long been implicated in the neural
control of energy balance and blood glucose levels (3, 4, 18). Cre-
lox recombination has been used to elegantly dissect the role of a
defined neuronal population within this nucleus in glucose
homeostasis: using a driver line expressing Cre recombinase in
the VMN (Steroidogenic factor 1-Cre) to knock out vesicular
glutamate transporter 2 selectively in VMN neurons (19). These
mice lack VMN glutamatergic transmission and have impaired
sensitivity to fasting, insulin and 2-deoxyglucose (2-DG). Taken
together, this shows that glutamatergic transmission in VMN
neurons is an essential component for the counter-regulatory
response to hypoglycemia (CRR) (19). Thus, this approach can
be used to generate causal evidence of a specific process
(glutamatergic neurotransmission), in a defined brain area
(VMN) required for a physiological process (CRR). Similarly,
Cre-lox recombination can be used to selectively re-express a
gene in genetically defined cells in knockout animals (20, 21).
This permits testing of both necessity (knock-out) and
sufficiency (selective re-expression) of a gene of interest in a
specific cell population.

This recombinationmethod can be refined with drug-inducible
forms of Cre (e.g. tamoxifen inducible cre; CreERT2). The
importance of temporal control of recombination is illustrated
in the case of leptin receptor (LepR) expression on pro-
opiomelanocortin cells (POMC cells). Embryonic deletion of
LepR from POMC cells results in mice that have a greater body
and fat mass than control animals with intact leptin signaling in
POMC cells (22). However in adult mice where LepR is knocked
out of adult POMC cells by providing tamoxifen to POMCCreERT2

mice, this phenotype is absent (23). Instead, these mice show a
hyperglycemic phenotype driven by increased hepatic glucose
production and insulin resistance, while body weight and energy
expenditure are normal (23). This reveals a glucoregulatory role of
FIGURE 1 | A simplified overview of primary brain sites regulating blood glucose identified in model organisms. This figure shows the cell populations discussed in
this review and is not an exhaustive list. Numerous brain regions have been demonstrated to contribute to glucose regulation in mice and/or rats. In zebrafish
disruption of leptin receptor signaling induces hyperglycemia. In drosophila, ablation of insulin-producing cells causes increases in hemolymph carbohydrate levels.
Abbreviations: ARC, arcuate nucleus of the hypothalamus; CA, catecholamine; CCK, cholecystokinin; DVC, dorsal vagal complex; LPBN, lateral parabrachial nucleus;
NTS, nucleus of the solitary tract; POMC, pro-opiomelanocortin; RVLM, rostral ventrolateral medulla; SF1, steroidogenic factor 1; VMN, ventromedial nucleus of the
hypothalamus. Animal images adapted from Scidraw.io. Drawings not to scale.
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LepR signaling in POMC cells in adult mice which may have been
masked by the embryonic knockout and thus highlights potential
developmental compensation as a caveat to Cre recombination
without temporal control. Furthermore, it has been shown that
a number of ventral hypothalamic cells transiently express
POMC during development but not in adulthood, including
functionally opposed agouti-related peptide (AgRP) expressing
neurons (24). Thus, by using temporally restricted Cre-
recombination, manipulations can be limited to cells of interest
in adulthood rather than all cells derived from a POMC-
expressing lineage.

In addition to the selective embryonic genetic (or inducible
adult) knockout models described above, mice are also amenable for
the selective stimulation or inhibition of defined neuronal
populations in adult animals by optogenetic or chemogenetic
methods (25, 26). For example, using chemogenetics, stimulation
of neurons in the lateral parabrachial nucleus (LPBN) identified by
their expression of cholecystokinin (CCK; LBPNCCK neurons)
causes a CCK-dependent increase in blood glucose driven by
increased plasma glucagon, corticosterone and epinephrine levels
(27). Chemogenetic inhibition of this neuronal population leads to
an attenuated blood glucose increase in response to 2-DG-induced
glucoprivation. Using this methodology to selectively inhibit the
VMN neurons, identified by their expression of steroidogenic factor
1 (SF1; VMNSF1 neurons), while stimulating upstream LPBNCCK

neurons occludes the rise in blood glucose induced by this
stimulation. This suggests that LPBNCCK neurons are involved in
hypoglycemia detection and relay this information to VMNSF1

neurons to exert compensatory changes in blood glucose. This
illustrates the power of experimental tools which enable bi-
directional modulation of neuronal populations of interest
(specific activation or inhibition) while measuring physiological
parameters. In addition, it highlights how concomitant
manipulation of pre- and post-synaptic neurons, respectively, can
demonstrate the necessity of a given projection site for the observed
effects. The same viral approach can be used to drive expression of
fluorescent proteins in genetically defined cell populations. This
expands the scope of this method to tracing anatomical circuits in
addition to probing their function. These tools also have the
advantage of being specific and targetable in adult animals,
avoiding the potential developmental adaptations and
complications associated with embryonic deletion of genes.

In recent years, studies in mice have characterized sensory
neurons of the vagus nerves and their role in relaying information
on internal state from the periphery to the brain (28–33) including
cardiovascular, pulmonary, and gastrointestinal parameters. These
signals appear to exist to drive appropriate autonomic responses
(i.e., vago-vagal reflexes) in addition to modulating associated
behavior. For example, stimulation of gut-innervating vagal
sensory neurons elicits changes in gastric motility and pressure
while also suppressing food intake (28, 31, 33). Given this
evidence, the existence of a vagal sensory circuit monitoring
blood glucose, communicating this to the brain and driving both
appropriate autonomic and behavioral responses seems possible.
Vagal sensory innervation of the liver and pancreas have been
described in classical studies performed in rats (34, 35). With the
Frontiers in Endocrinology | www.frontiersin.org 322
platform already developed for functional and genetic
investigation of vagal sensory subtypes (28–32), this represents
an area ripe for investigation using contemporary neuroscience
techniques. However, a recent report suggests that the detection of
ingested glucose by hypothalamic neurons is independent of the
vagus nerve, instead this signal is relayed by spinal afferents
monitoring the hepatic portal vein (36).

In complementary studies, vagal efferent pathways regulating
blood glucose have been examined in mice. Vagal sensory neurons
from peripheral organs terminate in the nucleus of the solitary tract
(NTS), while vagal efferent neurons originate in the neighboring
dorsal motor nucleus of the vagus (DMV). Vagal efferent neurons of
the DMV are identified by expression of choline acetyltransferase
(ChAT; DMVChAT neurons). These DMV neurons are innervated
by NTS neurons, providing an anatomical substrate for vago-vagal
processes. Acute chemogenetic activation of inhibitory NTS
neurons (NTSGABA neurons (10)), which receive direct vagal
input (37), increases blood glucose by reducing the tonic activity
of DMVChAT neurons. This disinhibits hepatic glucose production
(10). Thus, the cellular architecture of vago-vagal signaling loops are
beginning to be elucidated in mice.

As described above, contemporary neuroscience technologies
allow for the selective manipulation of activity and/or gene
expression of spatially and genetically defined cell types, both
in the brain and peripheral ganglia. Combined with standard
tests of glucose homeostasis and the similarities between mouse
and human physiology (11), this presents a powerful platform on
which to examine neural circuits governing blood glucose
homeostasis. However, this species and these approaches are
not without their caveats. Strains and sub-strains of inbred mice
have demonstrably different responses to modulation of blood
glucose both in terms of glucose-stimulated insulin secretion and
glucoprivic feeding (38–40). Some of these differences arise from
known genetic mutations, for example the nicotinamide
nucleotide transhydrogenase mutation in the C57Bl6/J sub-
strain (41). As such, outbred strains may be more suitable for
some experiments to reduce the impact of single mutations on
observed measurements (38, 41).

Care should also be taken with respect to studies utilizing Cre-
lox recombination. Mice expressing Cre recombinase can have
phenotypes arising from off target recombination or integration of
Cre into a functional gene (42). As such, it is important to consider
the appropriate control groups, including littermates, to account
for this [discussed in detail in (33)]. In addition, embryonic Cre
recombination or transient expression in off target tissues may
account for a phenotype in adult animals that does not represent
the function of the gene in adult physiology. Finally, opto- or
chemogenetic manipulations may induce artificial activity patterns
that demonstrate the consequence of cellular activation, but
should be interpreted with caution as may not reflect the
“normal” function of those cells. Moreover, with chemogenetic
experiments, it is important to control for both off target effects of
chemogenetic ligands and expression of the receptor which may
have constitutive activity in the cell type of interest (43, 44). These
limitations and key experimental controls also apply to related
studies in transgenic rats (see below).
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Rats
Rats offer somemajor advantages over mice, such as their larger size
and the fact that many common strains (i.e., Sprague Dawley,
Wistar) are outbred, increasing the generalizability of the data for
human populations. This outbred nature can increase variability in
a study and combined with the size can make studies more
expensive. However, the greater size allows for collection of larger
blood sample volumes, which can be advantageous for endocrine
studies. For the advanced assessment of glucose homeostasis, it can
be beneficial to surgically implant indwelling vascular catheters in a
vein and/or an artery (i.e., jugular vein and carotid artery). This
enables repeated sampling with a continuous infusion in conscious,
freely moving rats, which is useful during hyperinsulinemic glucose
clamping (45). However, protocols for clamping in mice are highly
refined (46). From a rat, the larger blood samples volumes can be
taken without the need for concomitant replacement of blood from
donor animals (although blood cells can be re-suspended and re-
infused during a clamp). Moreover, recent advances in indwelling
vascular access buttons (VAB) have allowed for streamlined blood
sampling, maintenance of catheter patency, and attachment of
animals to the glucose clamping apparatus. This is advantageous
over harnesses, which can cause chaffing as the rat moves and/or
grows. These buttons also permit social housing immediately post-
surgery if aluminum VAB caps are used. This may improve welfare
by reducing post-surgical weight loss and improve overall recovery.
This technology has also been adapted for use in mice, with some
minor modifications.

Another recent technological advancement is the development
of fully implantable glucose telemetry devices for continuous
glucose monitoring in freely moving unrestrained rats (47). This
permits glucose monitoring for up to 75 days and requires
implantation of a ~2g device with a sensor tip placed in an artery.
It shouldbenoted that glucosemeasurements candiffer between tail
vein and arterial glucose, depending on the model of choice (48).
These devices can also be adapted for use inmice; however, the cost
of the telemetry devices and the advanced surgical procedures
required have prevented widespread adoption of this technology,
which is only likely to be beneficial for chronic studies.

The rat is a particularly useful model to study the neuroendocrine
regulation of the CRR to acute and recurrent hypoglycemia,
particularly the Sprague-Dawley and Wistar rats, which have been
the workhorse of the hypoglycemia field for the last 30 years. The
hyperinsulinemic-hypoglycemic clamp, together with insulin-
induced hypoglycemia and 2-DG induced glucoprivation, have
been extensively used in Sprague-Dawley rats to investigate CRR,
glucoprivic feeding and impaired awareness of hypoglycemia (49–
56). This latter aspect of hypoglycemia “awareness” can be studied
using a conditioned place preference test, which has so far been
validated in rats but not in mice (57), largely because of the more
rapid induction of defective counter-regulation in rats and their
tractability for behavioral tests. The species differences between rats
and mice in the adaptation to recurrent hypoglycemia are important
considerations when designing a study and have been previously
discussed in detail elsewhere (58). Seminal studies in rats revealed the
presence of glucosensors in the hindbrain that can mount responses
to restore blood glucose in the face of a glucoprivic challenge
Frontiers in Endocrinology | www.frontiersin.org 423
independent of forebrain structures or when the cerebral aqueduct
is blocked (59, 60). Secondly, chemical lesion studies of
hypothalamus-projecting catecholaminergic neurons implicates
these cells as a class of neurons underlying glucoprivic feeding (61).
However, evidence suggests that hindbrain-limited recurrent
glucoprivation does not alter CRR (62), suggesting that adaptations
to hypoglycemia that cause defective CRR are likely forebrain-
mediated. Studies by the Levin lab mapped expression of the key
glucosensor, glucokinase (GK), to neurons that exhibited both
glucose sensing and non-glucose sensing properties (63). In
support of the physiological data described above, they also noted a
relative lack of GK expression in the NTS, despite neurons in this
region playing a key role in neuroendocrine and behavioral responses
to hypoglycemia (64). Other key components of glucosensing
originally described in the beta-cell have also been shown to play a
role in hypoglycemia detection in rats. For example, pharmacological
and genetic manipulation of VMN ATP-sensitive potassium
channels (KATP) (65) or AMP-activated protein kinase activity (66,
67) can alter CRR in healthy, recurrently hypoglycemic and
diabetic rats.

With the advent of genetic technologies and the ease of applying
these approaches to mice, rats have been somewhat side-lined in
neuroscientific research (14). However, the first Cre-driver rat lines
were described a decade ago and many more are now available (68,
69), including some which have been used to demonstrate control of
blood glucose by defined neuronal populations (70). In a pair of
recent studies, chemogenetic receptors were expressed selectively in
anatomically distinct subgroups of catecholaminergic neurons
(identified by expression of tyrosine hydroxylase [TH]) in the rat
ventrolateral medulla (VLMTH neurons). This was achieved by
injection of Cre-dependent viral vectors into TH-Cre rats (68, 70,
71). Selective activation of these VLM-neuronal subgroups
(distributed along the rostro-caudal axis) differentially increased
food intake and corticosterone levels, but only in combination was
activation sufficient to increase blood glucose (70). This anatomically
precise modular viral transduction was facilitated by the larger size of
the rat brain relative to the mouse; in a comparable study using
similar methodology in dopamine-beta-hydroxylase-Cre mice the
whole VLM was transduced and chemogenetic activation increased
blood glucose (72). In a follow up study, again in TH-Cre rats, the
same group showed that repeated glucoprivation by daily injection
with 2-DG reduced the effects of chemogenetic stimulation of
VLMTH neurons on food intake and corticosterone release.
Importantly, repeated chemogenetic activation of these neurons
blunted food intake and the corticosterone response to a single
bout of glucoprivation, suggesting that prior activation of this neural
circuit by any means, is sufficient to blunt subsequent activation (71).

Zebrafish
Vertebrate genetics, embryonic development, and metabolic
diseases can be modelled in zebrafish (73, 74), given the well
conserved organ systems, lipid metabolism, hormone secretion,
and glucose homeostasis (75–78). Indeed, zebrafish are emerging as
a complementary model to understand analysis of glucoregulatory
organs, like the liver (79–81), muscle (82, 83), adipose (84, 85), and
pancreas (86, 87). Their small size and high fecundity also make
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them suitable for compound screening (88) for regulators of beta
cell mass and metabolism (89–97). Additionally, the major brain
regions, while morphologically different, are well conserved in
zebrafish (98, 99). Notably, the small size and optical
transparency of larval zebrafish allows for in vivo activity
recording of all neurons (100–102), and subsequent mapping of
their anatomical brain regions (103, 104).Analogous neural circuits
governing animal behavior can be found in zebrafish; including, the
feeding and sleep/wake cycle associated neurotensin and
hypocretin/orexin secreting neurons in the hypothalamus (105),
the stress-associated hypothalamic-pituitary-adrenal axis (106),
and learning and memory centers (107, 108).

While zebrafish behavioral research has been prolific, there have
been few studies on the neural regulation of glucose homeostasis.
Nonetheless, as in mammals, both leptin receptor and the central
melanocortin systems are present in the zebrafish hypothalamus
(109–111). The role of leptin in the maintenance of energy
homeostasis is well studied in mammalian models (112, 113).
Leptin receptor knockout (lepr-/-) zebrafish display altered glucose
homeostasis, increased beta cell mass, but normal adiposity, feeding
and fertility, highlighting potentially important differences in the
function of this hormone in zebrafish compared to mammals (109).
Two leptingenes (lepaand lepb) exist in zebrafish. Incontrast to lepr-/-

zebrafish, lepa-/- zebrafish display hyperglycemia, mild obesity,
increased appetite, and decreased aggression (114). Therefore, it
remains to be determined whether loss of leptin signaling in
zebrafish can fully recapitulate mammalian phenotypes.

In the peripheral nervous system, recent studies have
demonstrated the innervation of zebrafish pancreas early in
development (115, 116). Our understanding of the neural
regulation of glucoregulatory organs and the respective sensory
feedback loops will be advanced by future studies in zebrafish
combining optogenetic (117) and chemogenetic (43) approaches
to control neural signaling and detailed in vivo analysis of the target
organ of interest on the single cell level. Targeting the desired neural
populations in zebrafish will be guided by topographic mapping,
which has been elegantly studied for the vagusmotor nucleus in the
hindbrain (118–120), and retrograde neural tracing (121).
Additionally, the GAL4-Upstream Activating Sequence (UAS)
system provides a flexible toolbox for driving the expression of a
range of transgenes in zebrafish in a tissue specific manner (122).
Changes in glucose homeostasis could also be investigated in larval
and adult zebrafish. Tracking changes in circulating glucose levels
within the same animal remains difficult; however, due to the
relatively low housing costs and high fecundity, glucose tolerance
tests could be conducted in zebrafish by sampling different animals
at various time points following exposure to a glucose bolus (75).
Zebrafish could provide new insights in brain-body
communication, especially on a single cell level, with live animal
studies that are difficult to achieve in other vertebrate models.

Drosophila
Despite stark differences in physiology, namely the absence of an
organequivalent to thepancreas and thepredominantcirculationof a
non-reducing sugar trehalose instead of glucose, the invertebrate
Drosophila has been used as a model organism to study diabetes
(123). Crucially, these flies can distinguish nutritive sugars (e.g. D-
Frontiers in Endocrinology | www.frontiersin.org 524
glucose) from non-nutritive sugars (e.g. L-glucose) independent of
taste, indicating the existence of glucosensing mechanisms (124). Of
interest to readers of this review, the drosophila brain contains a
population of insulin-producing cells proposed to be functional
equivalents of pancreatic beta cells in other species (125). When
these cells are ablated in drosophila larvae the predominant
phenotype is reduced growth. However, these larvae also show
elevated carbohydrate (combined trehalose and glucose) levels
(125). Ablation of these insulin-producing cells (IPCs) in adult flies
increases hemolymph glucose levels in addition to other phenotypes
including longer lifespan and stress resistance (126). These cells also
share signal transduction mechanisms with mammalian beta cells
including excitability increased by glucose and/or closure of theKATP

channel (127, 128). This suggests that the brain may be the principal
glucoregulatory site in drosophila although the functional
importance of this to insect physiology is debated (123). The brain
is not the sole site of glucose regulation in the drosophila however,
since the drosophila equivalent of glucagon is produced by a group of
neuroendocrine cells in the corpora cardiaca ([CC] analogous to the
mammalian pituitary) (129). It was recently shown that both IPCs
and CC cells are regulated by a pair of glucose excited neurons in the
dorsolateral portion of the drosophila brain (130). These neurons,
identified by co-incident expression of corazonin and short
neuropeptide F, project to both IPCs and CC cells to stimulate
insulin secretion and suppress glucagon secretion respectively (130).

Drosophila offer a low-cost high-throughput screening
platform for disease-related genes. A recent relevant example is
the description of a suite of behavioral assays in drosophila where
neural expression of genes associated with appetite regulation,
identified from genome wide association studies [GWAS], were
disrupted (131). With available GWAS data, large-scale reverse
genetic studies could potentially be adapted in drosophila to
study genes regulating blood glucose (132).

To summarize, drosophila have distinct physiology from
mammalian species and, while there is evidence for glucoregulatory
neurocircuitry, it appears that these circuits are distinct from those in
mammals, instead, resembling something closer to pancreatic cell
types. Thismaypreclude the use of drosophila to providemeaningful
insight specifically into the control of glucose homeostasis by the
brainbutcouldbeauseful reversegenetic screening tool forgenes that
impact systemic glucose homeostasis.

Experimental Models of Diabetes
While it is beyond the scope of this review to discuss in great detail
the strengths and weaknesses of these model organisms to
recapitulate features of human diabetes (11) we can briefly outline
these here (summarized in Figure 2). A range of mouse and rat
strains with known, spontaneous, mutations are available each with
distinct phenotypes that model type 1 or 2 diabetes, with and without
obesity. Complementary to these lines, disease states can be induced
by feeding with a high-fat, high-sugar diet, injection with
streptozotocin or repeated bouts of hypoglycemia. The effectiveness
of these protocols varies between mice and rats (and within strains of
these species) with C57BLJ/6 mice being especially prone to diet-
induced obesity (DIO) while inbred rat strains show both resistance
or susceptibility to DIO (133, 134). Similarly, rats more readily
develop impaired awareness of hypoglycemia with fewer
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hypoglycemic bouts required for induction than mice (58). Non-
mammalian species including zebrafish and drosophila also have
transgenic strains that can model some facets of human disease,
however, their distinct physiology from humans means that these
models do not recapitulate human disease as faithfully as rodent
models (135, 136).
CONCLUSION

A wide variety of approaches in diverse model species has begun to
identify pathways by which the brain communicates with peripheral
systems to control glucose homeostasis. The strengths and
weaknesses of these models are summarized in Figure 2. The
toolbox for manipulation and monitoring of genetically defined
cell types in rodents affords the ability to characterize neural circuits
in a high degree of detail. However, these techniques are not without
their caveats and careful experimentation and selection of control
groups is required (42, 137). The hyperinsulinemic-euglycemic
clamp remains the gold standard technique for assessing whole-
body insulin sensitivity in vivo (138). Not only is vascular
catheterization less technically challenging in the rat compared to
the mouse, but mice require infusion of donor blood to replace
erythrocytes and sustain hematocrit during clamping procedures,
which results in larger colony number and more complex
experimental design (137). Independently of rodent model choice,
however, blood glucose assessments must take into consideration;
strain (40, 139), age (140, 141), sex (142–144), fasting length (137,
145) and husbandry (146–148) as all of these parameters
differentially impact glucose homeostasis and the translatability of
Frontiers in Endocrinology | www.frontiersin.org 625
each model to human physiology (discussed in detail in 7,9). Non-
mammalian species, while having critical distinctions in their
mechanisms of glucose homeostasis, particularly with respect to
the brain, offer unique opportunities afforded by their genetic
tractability, lower cost, and fecundity. In particular, zebrafish offer
a powerful platform for genetic manipulation, live imaging, neural
recording, and high throughput screening with some comparable
neuroendocrine processes to mammals. Ultimately, the use of
model organisms permits investigation into brain-body
interactions underlying glucose homeostasis with a level of detail
not achievable using studies in humans.
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1 Division of Endocrinology, Department of Medicine, Keck School of Medicine, University of Southern California,
Los Angeles, CA, United States, 2 Keck School of Medicine, Diabetes and Obesity Research Institute, University of Southern
California, Los Angeles, CA, United States, 3 Department of Psychology, University of Southern California, Los Angeles,
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It has been hypothesized that the incretin hormone, glucagon-like peptide-1 (GLP-1),
decreases overeating by influencing mesolimbic brain regions that process food-cues,
including the dorsal striatum. We previously showed that habitual added sugar intake was
associated with lower glucose-induced circulating GLP-1 and a greater striatal response
to high calorie food cues in lean individuals. Less is known about how dietary added sugar
and obesity may interact to affect postprandial GLP-1 and its relationship to striatal
responses to food cues and feeding behavior. The current study aimed to expand upon
previous research by assessing how circulating GLP-1 and striatal food cue reactivity are
affected by acute glucose consumption in participants with varied BMIs and amounts of
habitual consumption of added sugar. This analysis included 72 participants from the
Brain Response to Sugar Study who completed two study visits where they consumed
either plain water or 75g glucose dissolved in water (order randomized; both drinks were
flavored with non-caloric cherry flavoring) and underwent repeated blood sampling, a
functional magnetic resonance imaging (fMRI) based food-cue task, and an ad-libitum
buffet meal. Correlations between circulating GLP-1 levels, striatal food-cue reactivity, and
food intake were assessed, and interactions between obesity and added sugar on GLP-1
and striatal responses were examined. An interaction between BMI and dietary added
sugar was associated with reduced post-glucose GLP-1 secretion. Participants who were
obese and consumed high levels of added sugar had the smallest increase in plasma
GLP-1 levels. Glucose-induced GLP-1 secretion was correlated with lower dorsal striatal
reactivity to high-calorie versus low-calorie food-cues, driven by an increase in reactivity to
low calorie food-cues. The increase in dorsal striatal reactivity to low calorie food-cues
was negatively correlated with sugar consumed at the buffet. These findings suggest that
an interaction between obesity and dietary added sugar intake is associated with additive
reductions in postprandial GLP-1 secretion. Additionally, the results suggest that changes
n.org March 2021 | Volume 12 | Article 638504130

https://www.frontiersin.org/articles/10.3389/fendo.2021.638504/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.638504/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.638504/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.638504/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.638504/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:kpage@usc.edu
https://doi.org/10.3389/fendo.2021.638504
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2021.638504
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2021.638504&domain=pdf&date_stamp=2021-03-31


Jones et al. Obesity and Sugar Neuroendocrine Effects

Frontiers in Endocrinology | www.frontiersi
to dorsal striatal food cue reactivity through a combination of dietary added sugar and
obesity may affect food consumption.
Keywords: striatum, glucagon-like peptide-1, obesity, dietary sugar, fMRI, feeding behavior, appetite and
food intake
INTRODUCTION

Obesity among U.S. adults has reached over 40% of the total
population (1). In order to combat this public health crisis, recent
research has been aimed at identifying interactions between
neural and hormonal mechanisms that underly energy
regulation and the factors that can disrupt typical functioning,
inducing a cycle of overeating and excess weight gain. One
hormone that has been identified as a key influence in the
control of consummatory behavior is glucagon-like peptide-1
(GLP-1). GLP-1 is an incretin hormone that is derived from
preproglucagon and is predominantly produced in intestinal L-
cells (2) and a subset of neurons in the nucleus tractus solitarius
(NTS) (3). Endogenous GLP-1 is elevated following glucose
consumption (4) and improves glucose metabolism by
augmenting glucose stimulated insulin secretion (5) and
decreasing glucagon levels (4).

Along with its effects on glucose metabolism, GLP-1 has been
implicated in altering the brain’s processing of both food and
drug rewards (6) through its influence on the mesolimbic system
(7–9). Activation of GLP-1 receptors using GLP-1 analogues
decreases drug reward and striatal c-fos expression in mice (10).
In humans, neuroimaging studies in humans have found that
infusions of GLP-1 (11) and GLP-1 agonists (12), or glucose-
induced GLP-1 increases (13, 14) alter brain responses to food
cues in regions of the brain involved in the regulation of eating. A
previous study from our laboratory (15) found a negative
correlation between GLP-1 response to oral glucose and
activation of the dorsal striatum in response to high-calorie
food images, relative to nonfood images, in lean young adults.

In addition, this study showed that high levels of habitual
added sugar consumption were associated with both a reduction
in GLP-1 secretion in response to acute glucose ingestion and an
increase in dorsal striatal food cue reactivity to palatable food
cues. While this study provided new insights into relationships
between consumption of dietary added sugars, GLP-1 secretion,
and striatal food cue reactivity, these relationships were only
examined in lean participants and the food cue task only
included high-calorie food cues (15). Excess weight gain (e.g.,
obesity/overweight) has been associated with impairments in
glucose-induced GLP-1 secretion (16–19) and alterations to
dorsal striatal response to food cues (20–23), but no study that
we are aware of has examined how an interactions between
obesity and dietary added sugars are related to postprandial
GLP-1 secretion or dorsal striatal food cue reactivity, despite the
established potential comorbidity between these two factors
(24, 25).

The current study aimed to extend findings from Dorton et al.
(15) by examining if dietary added sugar interacts with
overweight and/or obesity to alter glucose-induced GLP-1 and
n.org 231
striatal food cue reactivity. Additionally, the current study
assessed if these relationships were specific to high-calorie,
palatable food cues, like those used in Dorton et al. (15), or if
they applied to low-calorie food cues. Finally, the current study
examined if the observed relationships were associated with
changes to consummatory behavior. Data was collected as part
of a larger randomized cross-over study in which neuroimaging,
blood sampling, and an ad-libitum buffet meal were performed
to examine the neuroendocrine regulation of feeding behavior.
Based on our previous findings, we expected post-glucose GLP-1
levels to be correlated with striatal food cue reactivity, but we
predicted that the direction of this relationship could be food cue
type specific as the striatum has been found to respond
differentially to high calorie and low calorie food cues based on
interoceptive state (26). We hypothesized that BMI, dietary
added sugar, and/or the interaction between the two would be
associated with reductions in postprandial GLP-1 secretion and
increased striatal food cue reactivity. The behavioral relevance of
dorsal striatal and/or GLP-1 alterations was also tested by
correlating the neuroimaging and hormone data with food
consumption at an ad-libitum buffet meal.
SUBJECTS AND METHODS

Participants
All participants from the parent study that completed either the
water or glucose days were included in the present analysis.
Using this inclusion criteria, data on 72 young adults (32 males,
40 females) were included in this analysis. Participants were
right-handed, nonsmokers, weight stable for at least 3 months,
non-dieters, not on any medication (except oral contraceptives),
with normal or corrected-to-normal vision, and no history of
diabetes, eating disorders, or other significant medical diagnoses.
Recruitment occurred between July 2016 and January 2020.
During the course of the study, participants were asked to
adhere to their usual diet and physical activity levels.
Participants provided written informed consent compliant in
accordance with the Declaration of Helsinki. The protocol # HS‐
09‐00395‐CR011 was approved by the University of Southern
California Institutional Review Board.

Three participants were excluded from the final analysis of
dorsal striatal food cue reactivity on the glucose day: one because
of ≥5% weight gain between the water and glucose sessions, one
for scanner sequence error during the food cue task, and one for
motion (larger than 2 mm or 2° in any direction). Four
participants were excluded from analysis of food cue reactivity
on the water day: one because of drop out, one because of
scanner failure during data collection for the food cue task, and
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two because of motion. Sixty-nine participants were included in
the final glucose food cue reactivity analysis and sixty-eight were
included in the final water food cue reactivity analysis. Sixty-six
of these participants completed blood sampling on the glucose
day and sixty-two completed blood draws on the water day.
Problems with intravenous line insertion or blood sampling led
to the lower numbers of participants who completed blood
sampling procedures (for participant flowsheet for this sub-
study see Supplemental Figure 1). There were no significant
differences in demographics of the included vs excluded
participants (see Supplemental Results).

Experiment Overview
This study used data collected as part of a larger study aimed at
examining the neural mechanisms for appetitive responses to
food (Clinical Trial NCT02945475). In the larger parent study,
each participant attended an initial screening visit and up to four
functional magnetic resonance imaging (fMRI) test sessions.
This analysis only included two of these fMRI sessions (i.e.,
water and glucose drinks) to specifically examine how obesity
and dietary sugar affect the GLP-1 response to glucose and dorsal
striatal responses to food cues. At the screening visit,
demographic information was collected along with height
(cm), weight (kg), and a 24h dietary intake recall. Height was
measured to the nearest 0.1cm using a stadiometer and weight
was measured to the nearest 0.1 kg using a calibrated digital scale
(Model no.SC-331S, TANITA Corporation of America, Inc.).
Using the anthropometric measures acquired at the screening
visit, BMI was calculated as weight (kg)/height(m)2. At each
fMRI study session, height and weight were collected to confirm
participants were weight stable (body weight change <5%).
Additionally, a 24h dietary intake recall was collected along
with fMRI scans, plasma GLP-1 levels, and calories consumed
at a buffet. All females underwent study session days during the
follicular phase of the menstrual cycle to control for potential
cofounding effects of cycle on appetitive behaviors (27, 28).

MRI scans were performed at the Dornsife Cognitive
Neuroimaging Center of the University of Southern California.
For each test session day, participants arrived at approximately
8:00 a.m. after a 12h overnight fast. Upon arrival, participants were
asked to complete a 24h dietary recall and a baseline blood draw
was performed. The MRI scan began with a T1 structural scan
(used for anatomical registration). Participants then received one
of two standard drinks to consume within 2 minutes. One drink
was a 75g glucose load dissolved in 300ml of water along with.45g
of non-sweetened, zero calorie, cherry flavoring and the other
Frontiers in Endocrinology | www.frontiersin.org 332
drink was a noncaloric 300ml of water with.45g of non-sweetened,
zero calorie, cherry flavoring [drinks based on (15)]. The order of
the drink days was randomized for each individual using a
computer-generated sequence and the time interval between the
two drinks days ranged from 2 days-2 months. Both participants
and experimenters were blinded to the drink provided during the
study sessions. Following drink consumption, a secondblood draw
was performed (10min post-drink), participants returned to the
scanner for the foodcue task (20minpost-drink).Blooddrawswere
performed again at 35min and 120 min post-drink. The study
ended with a food buffet (125min post-drink) (for study sessions
overview see Figure 1).

24h Dietary Recall
To assess dietary intake, we used the validated multiple-pass 24h
dietary recall (29, 30). A trained staff member interviewed
participants on all food and beverage items consumed during
the prior 24h period. Participants were asked to provide the
amount of each item consumed, time of consumption, how each
item was prepared, and additional details (e.g., brand name).
Recall interviews typically lasted between 30-60min. Dietary
recalls were performed during the screening visit and each
MRI visit. Data from dietary recalls were manually checked for
quality. To determine outliers, we performed a linear regression
analysis, using body weight to predict caloric intake. Residuals
were standardized and examined for any values that were >3 SDs
from the mean (15). Using this method, 359 dietary recalls were
included in this analysis (an average of 5 recalls per participant),
and 5 recalls were excluded. Participant’s dietary data was
averaged across all available recall days.

Dietary data was analyzed using Nutrition Data Systems for
Research (NDSR) software version 2015, developed by the
Nutrition Coordinating Center, University of Minnesota,
Minneapolis, MN, USA. The output from the software
provided intake of overall calories and the breakdown of
macronutrients. For the purpose of this study, we analyzed the
amount of added sugar in the diet as a percent of total calories.
Based on the World Health Organization ’s dietary
recommendations, ≥10% added sugar was considered a high
amount of added sugar and <10% was considered a low amount
of added sugar based.

Food-Cue Task
Participants completed the food-cue task in the MRI scanner by
viewing stimuli through a mirror mounted over the head coil. In
a randomized block design, participants were asked to watch a
FIGURE 1 | Visualization of the study visits. *300ml noncaloric cherry flavored drink. Either water or 75g of glucose dissolved in water. Order of drinks were
counterbalanced.
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total of 12 visual food cue and non-food cue blocks using Matlab
(MathWorks, Inc., Natick, MA, USA) and Psychtoolbox on a 13-
in, 2.5 GHz Intel Core i5 processor MacBook Pro. Four images
per block were presented in random order, each appearing
immediately after the last. Within a block, each image was
presented for 4 s. An 8s questioning period followed each
block where participants were asked to rate their hunger along
with their wanting and liking for the food cues; however, these
data were not included in this analysis. There were different food
cue types presented: 4 high-calorie (e.g., pizza, ice cream) food
image blocks, 4 low-calorie (e.g., carrots, apples) food image
blocks, and 4 non-food (buses, staircase) image blocks (for a full
list of visual cues see Supplemental Table 1). The set of food and
non-food cue images was gathered from the food-pics database
(31) and prior published work (15). The total running time of
this task was ~6 min.

Hormone Analysis
Blood samples were assessed for GLP-1 (7–35) (active) using
Luminex multiplex technology (Millipore, Billerica, MA).
Circulating insulin and glucose were also assessed as both
would be expected to be altered, along with GLP-1, by acute
glucose ingestion. Plasma glucose was measured enzymatically
using glucose oxidase (YSI 2300 STAT PLUS Enzymatic
Electrode-YSI analyzer, Yellow Springs Instruments), and
plasma insulin was measured via Luminex multiplex
technology (Millipore, Billerica, MA) Insulin and blood glucose
levels were controlled for in the data analysis to examine if any
observed relationships were GLP-1-dependent or due to
confounding hormones. Plasma glucose and hormones were
assessed at each time point (baseline/0 min and 10, 35,
120 min post-drink) and area under the curve (AUC) was
calculated using the trapezoid method (32).

MRI Imaging Parameters and Analysis
Imaging data were collected using a 3T Siemens MAGNETOM
Prismafit MRI System, with a 32-channel head coil. A high-
resolution 3D magnetization prepared rapid gradient echo
sequence (TR=1950ms; TE=2.26ms; bandwidth=200Hz/pixel;
flip angle=9°; slice thickness=1mm; FOV=224mm×256mm;
matrix=224×256) was used to acquire structural images for
multi-subject registration. Food cue reactivity was measured by
functional BOLD signals, acquired with a multi-band interleaved
gradient echo planar imaging sequence. Eighty-eight 1.5-mm
thick slices covering the whole brain were acquired using the
following parameters: repetition time (TR)=1,000ms, echo time
(TE)=43.20ms, bandwidth=2,055Hz/pixel, flip angle=52°, field of
view (FOV)=128mm×112mm, matrix=128×112.

To analyze the fMRI data, we used tools from the Oxford
University Centre for Functional MRI of the Brain Software
Library (FMRIB). MRI data were processed using the fMRI
Expert Analysis Tool (FEAT) version 6.00. Eight functional
volumes (8 TRs) acquired at the beginning of each MRI
session were discarded to account for magnetic saturation
effects. fMRI data were preprocessed using motion correction,
high-pass filtering (100s), and spatial smoothing with a Gaussian
kernel of full width at half-maximum = 5 mm. Functional data
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were first mapped to each participant’s anatomical image and
then registered into standard space [Montreal Neurological
Institute (MNI)] using affine transformation with FMRIB’s
Linear Image Registration Tool to the avg152 T1 MNI
template. Explanatory variables were added to the general
linear model after convolution with a canonical hemodynamic
response function. Temporal derivatives and temporal filtering
were added to increase statistical sensitivity. Motion confounds
were generated using the tool “fsl_motion_outliers” to be used as
regressors of no-interest in the general linear model. For each
participant, contrast maps were created on the first-level analysis
for: high-calorie food vs nonfood, low-calorie food vs nonfood,
and high-calorie food vs low-calorie food images.

To specifically test the relationship between postprandial
GLP-1, BMI, dietary added sugar, food consumption and the
dorsal striatum food cue reactivity, we used an a priori ROI-
based approach. An anatomical, bilateral ROI of the striatum
(including caudate and putamen) was created using the Harvard-
Oxford subcortical atlas with a probability threshold over 50%
(Supplemental Figure 2). Percent signal change was extracted
from the striatal ROI for contrasts for each participant using
FSL’s FEATquery.

Additional arterial spin labeling scans were conducted pre-
drink and 5 and 26min post-drink, but this data was not analyzed
in the current sub-study.

Buffet Meal
Study sessions ended with the presentation of an ad libitum
buffet meal given 125min post-drink. The buffet meal consisted
of 32 pre-measured food and drink items, including high-calorie
foods, such as potato chips and cookies, and lower calorie foods,
such as apple slices and carrots. Total energy available from the
buffet meal was 4650kcal (for a full list of foods at the buffet and
the calorie content of each food cue see Supplemental Table 2).
Caloric value per gram or fluid ounce of each item was calculated
using the NDSR. Participants were given 20 minutes to eat any
quantity they desired and instructed not to leave the room with
any items. After the participant exited, each buffet item was re-
weighed. Calorie and nutrient intake during the buffet meal were
calculated using the difference between the pre-meal and post-
meal weight for each buffet item.

Statistical Analysis
All statistical tests were corrected for age and gender. Alpha
levels were set at.05 for all tests, except were alpha was adjusted
using Bonferroni corrections, and all confidence intervals (CI)
were set at 95%. Partial h2 were used to calculate effect size.
Statistical analyses were run using Statistica Academic
13.3.0 (Tibco).

Relationship Between BMI, Dietary Added Sugar and
GLP-1 or Striatal Food Cue Reactivity
Simple regressions were run using BMI or percent calories from
added sugar as the regressor and GLP-1 AUC (pg/ml) or striatal
food cue reactivity (% signal change) as the dependent variables.
Factorial regressions were then run to examine interactions
between BMI and dietary added sugar on striatal food cue
March 2021 | Volume 12 | Article 638504
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reactivity. The striatal food cue reactivity (measured as percent
signal change) contrasts assessed were: high-calorie food vs
nonfood, low-calorie food vs nonfood, and high-calorie food vs
low-calorie food images. These tests were run on striatal food cue
reactivity separately for water and glucose days. Findings were
controlled for age and gender.

Correlations Between GLP-1 and Striatal Food Cue
Reactivity
Multiple regression analyses were run using GLP-1 AUC on water
or glucose days as the primary regressor, and BMI, percent calories
from added sugar, age, and gender as co-variate regressors and
striatal food cue reactivity (following water or glucose) as the
dependent variable. Findingswere further corrected for potentially
confounding hormones that are also altered by glucose
consumption (plasma insulin and circulating glucose AUC) and
differences in insulin sensitivity [calculated as the Matsuda Index
(33)]. All striatal contrasts listed above were tested.

Striatal Food Cue Reactivity and Consumption
at a Buffet
Paired t-tests were run to assess if differences in buffet
consumption on water and glucose days. Simple regressions
were run using BMI or percent calories from added sugar as the
regressor and consumption at a food buffet at the dependent
variables. Buffet consumption measures that were tested included
total calories consumed and calories consumed of macronutrients
(sugar, fat, protein, total carbohydrates). Factorial regressions were
also run to test for an interaction between BMI and dietary added
sugar on food consumption. To assess the role of circulating GLP-
1 and striatal food cue reactivity multiple regressions were used.
Striatal food cue reactivity contrasts found to significantly
correlate with plasma GLP-1 following glucose consumption,
GLP-1 AUC, BMI, percent calories from added sugar, age, and
gender were co-variate regressors and consumption measures as
the dependent variable.
RESULTS

Participants
MeanAge (23.22 ± 3.73years), Bodymass index (BMI) (27.33 ± 5.13
kg/m2), and Consumption of Dietary Added Sugar (9.31 ± 4.47%)
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for the overall cohort of 72 (32 males, 40 females) participants are
described in Table 1. Independent samples t-tests found no
significant differences in age, BMI, or percent calories from added
sugar in the participants that completed all measurements (food cue
task on the glucose and water days and hormone on glucose and
water days) and the participants that either did not completed all
assays or were removed from data analysis for confound, like
motion. For detailed t-test findings and descriptive statistics
stratified by BMI and Added Sugar see Supplemental Results.

GLP-1 Following Drink
Across all participants, paired t-tests showed that circulating
GLP-1 levels significantly increased 10 min (t(65)=6.26, 95%CI
[8.01, 15.5], p<.001), 35 (t(65)=6.55, 95%CI:[5.71, 10.72],
p<.001), and 120 min (t(65)=4.72, CI[2.57, 6.34], p<.001) post-
glucose drink relative to pre-drink. Conversely, GLP-1 levels
significantly decreased 10 min (t(61)=-2.69, 95%CI[-1.8, -.26],
p<.01), 35 (t(61)=-3.98, 95%CI[-2.8, -.93], p<.001), and 120 min
(t(61)=-2.69, 95%CI[-2.51, -.37], p<.01) post-water drink relative
to pre-drink. T-tests also revealed that GLP-1 AUC was
significantly greater following a glucose versus water drink (t
(58)=9.65, 95%CI[1179.9, 774.414], p<.001).

Relationship Between BMI and Dietary
Added Sugar on Circulating GLP-1
Simple regressions showed a trend towards a negative correlation
between BMI and circulating GLP-1 (AUC) (b=-.21, p=.08), but no
significant correlation between percent calories from added sugar
and circulating GLP-1 (AUC) (b=.09, p=.49) following a glucose
drink. Interestingly, a factorial ANOVA examining the interaction
between BMI and dietary added sugar showed a significant BMI ×
percent calories from added sugar interaction (b=-1.87 ± .85, 95%
CI[-3.56, -.18], p<.05, partial h2=.07) on circulating GLP-1 (AUC)
following the oral glucose load. The increase in GLP-1 secretion
following glucose was markedly lower among participants with
both high BMI and high percent calories from added sugar in their
diet (see Figure 2). There were no significant correlations between
BMI (p=.41) or percent calories from added sugar (p=.8) as well as
no significant interaction between BMI and percent calories from
added sugar on circulating GLP-1 following water ingestion
(p=.76) (Figure 2). These findings are the first to illustrate that
the interaction between BMI and percent calories from added
sugar is associated with decreased GLP-1 secretion following
glucose ingestion. The interaction of BMI and dietary added
sugar on GLP-1 secretion demonstrated that individuals with
obesity who consumed higher levels of dietary added sugar had
the lowest postprandial GLP-1 response.

Associations Between BMI and Dietary
Added Sugar on Striatal Food Cue
Reactivity Following Glucose or Water
Simple regressions showed no correlations between BMI (all
p>.15) or percent calories from added sugar (all p>.1) and striatal
food cue reactivity following glucose or water consumption.
Additionally, a factorial regression examining the interaction
TABLE 1 | Characteristics for all participants (N=72).

CHARACTERISTIC Mean ± SD

SEX Male: n=32
Female: n=40

AGE (YEARS) 23.22 ± 3.73
BMI (KGIM2) 27.33 ± 5.13
LEAN (>18.5 AND <24.9) n=25; 22.13 ± 1.67
OVERWEIGHT (>25.0AND <29.9) n=25; 26.93 ± 1.28
OBESE (>30.0) n=22; 33.68 ± 3.05

PERCENT CALORIES FROM ADDED SUGAR 9.31 ± 4.47
LOW (<10%) n=42; 6.59 ± 2.38
HIGH (>=10%) n=30; 13.16 ± 3.88
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between BMI and percent calories from added sugar yielded no
significantly correlations between the interaction term and
striatal food cue reactivity to any food cue type following
glucose or water (all p>.2).

GLP-1 and Striatal Food Cue Reactivity
To examine if circulating GLP-1 is related to food cue processing,
we ran amultiple regressionwithGLP-1, BMI, and percent calories
from added sugar as regressors and striatal food cue reactivity
following either water or glucose as the dependent variable. We
found that GLP-1 secretion following glucose, but not BMI or
Percent Calories from Added Sugar, was positively correlated with
striatal food cue reactivity to low-calorie food cues vsnon-food cues
(b=.4 ± .12, 95%CI[.15,.64], p<.01, partialh2=.15) (Figure 3A) and
negatively correlatedwith striatal food cue reactivity tohigh-calorie
relative to low-calorie food cues (b=-.37 ± .13, 95%CI[-.62, -.11],
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p<.01, partial h2=.13) (Figure 3B). These results were adjusted for
age and gender, which also did not have significant correlations
with striatal foodcue reactivity. Therewerenocorrelations between
GLP-1, BMI and/or percent calories from added sugar and striatal
food cue reactivity after water consumption. The positive
correlation between GLP-1 and dorsal striatal responding to low
calorie food cues relative to nonfood cues (b=.49 ± .14, 95%CI
[.15,.68], p<.01, partial h2=.15) and the negative correlation
between GLP-1 and dorsal striatal responding to high calorie
food cues relative to low calorie food cues (b=-.40 ± .14, 95%CI
[-.67, -.11], p<.01, partialh2=.13) remained significant after further
adjusting for changes in circulating insulin and glucose levels in
response to glucose ingestion and further adjusting for insulin
sensitivity. Additionally, these findings remained significant after
adjusting the alpha level using Bonferroni corrections to account
for repeated measures (alpha=.016). Taken together, the data
suggest that following glucose consumption, increases in
circulating GLP-1 are associated with an increased preferential
response to low-vshigh-calorie foods drivenby increased reactivity
to low-calorie food cues.
Consummatory Behaviors
Overall caloric consumption at the buffet was greater on water
relative to glucose days (t(68)=3.94, 95%CI[63.61, 194.01],
p<.001), and consumption of all macronutrients was greater on
water vs. glucose days (all p<.05).

BMI and percent calories from added sugar were not
independently correlated with any food consumption measures
on water or glucose days (all ps>.2), and there was no interaction
between BMI and percent calories from added sugar on
food consumption at the buffet onwater or glucose days (all ps>.3).

Using multiple regression analyses, striatal food cue reactivity
to low-calorie food cues (vs. non-food cues) was negatively
correlated with sugar (kcal) consumed at the food buffet
following a glucose drink, even when adjusting for age, gender,
BMI, percent calories from added sugar, and postprandial GLP-1
(b=-.32 ± .14, 95%CI[-.59, -.05], p<.05, partial h2=.09) (Figure 4).
There were no significant relationships between BMI, percent
calories from added sugar, post-prandial GLP-1 levels, or
interactions between these variables with consumption of sugar
at the buffet, indicating that changes in striatal food cue reactivity,
rather than body weight, dietary added sugars, or circulating GLP-
1, may be driving the changes in consummatory behaviors. There
were no correlations between striatal food cue reactivity to low-
calorie food cues and total carbohydrates, fat, protein, or total
calories consumed. There were also no correlations between
striatal reactivity to high vs low calorie food cues, GLP-1, BMI,
or percent calories from added sugar and total caloric intake at the
buffet after glucose consumption. There were also no correlations
between striatal food cue reactivity, GLP-1, BMI, percent calories
from added sugar, and food consumption at the buffet after
consumption of water (control). These findings suggest a
potential shift of striatal food cue reactivity from high-calories
food cues to low-calorie food cues after glucose consumption and
this shift is related to a reduction in ad-libitum sugar intake.
FIGURE 2 | Plasma 5(pg/mL) trajectories in response to glucose (75 g)
(closed circles) or water (open circles) drink stratified by both BMI status and
Dietary Added Sugar intake. The additive effect of BMI and dietary added
sugar are particularly apparent among individuals with obesity who consumed
high levels of dietary added sugar (≥10%)*. *The World Health Organization
and the US Department of Health and Human Services recommended that
daily intake of added sugars should account for less than 10% of the total
calories consumed (36).
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DISCUSSION

The current paper supports a potential indirect pathway by which
GLP-1 regulates appetitive behaviors through its impacts on dorsal
striatal food cue reactivity. Furthermore, the present findings help
to describe how the interaction between BMI and dietary added
sugars may be associated with disruptions in this mechanism. To
our knowledge this is the first study to illustrate that an interaction
between BMI and dietary added sugar intake is associated with
altered postprandial GLP-1 secretion. Post-glucose circulating
GLP-1 levels were positively correlated with dorsal striatal food
cue reactivity to low-calorie food vs nonfood cues and negatively
correlated with dorsal striatal food cue reactivity to high-calorie vs
low-calorie food cues, independent of BMI and dietary added
sugar. The relationship between glucose-induced GLP-1 secretion
and dorsal striatum food cue reactivity suggests that increases in
plasma GLP-1 following glucose consumption may shift dorsal
striatum food cue reactivity from high-calorie food cues toward
low-calorie food cues. This potential shift, represented by the
increase in dorsal striatal response to low-calorie food cues, was
associated with a decrease in sugar intake at the buffet meal. These
results suggest that postprandial increases in GLP-1 may play an
A

B

FIGURE 3 | GLP-1 secretion following glucose ingestion was (A) positively correlated with striatal food cue reactivity to low-calorie food vs nonfood cues (p<.01)
and (B) negatively correlated with striatal food cue reactivity to high-calorie relative to low calorie food cues (p<.05). These findings were controlled for BMI, percent
calories from added sugar, age, and gender.
FIGURE 4 | Striatal food cue reactivity to low calorie food vs nonfood cues
was negatively correlated with sugar (kcal) consumed at the food buffet on
the glucose day (p<.05). These findings were controlled for age, gender, BMI,
percent calories from added sugar, and glucose-induced increases in GLP-1.
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indirect role in regulating eating behaviors through preferential
striatal responsivity to low-calorie (healthier) foods. How these
findings relate to signaling between other brain regions and
networks involved in appetite regulation remains to be
elucidated. Future studies should assess how the current findings
may be related to other food cue reactivity alterations in other
appetite processing regions of the brain.

Taken together, the current study suggests a potential GLP-1 and
dorsal striatal mechanism for how dietary added sugar may affect
eating behavior in individuals with overweight and obesity, but the
correlational nature of these findings prevents the conclusion of
directionality. While the present experiment cannot rule out other
confounding factors that may be associated with glucose ingestion,
the observed association between increases in circulating GLP-1 and
dorsal striatal activation to low-calorie food cues was independent of
postprandial increases in plasma glucose or insulin levels or insulin
sensitivity. However, to address the directionality question and rule
out third variable effects, an experimental design assessing the effect
of GLP-1 administration or a GLP-1 antagonist on food cue
reactivity and eating behavior is necessary.

GLP-1 analogues have been found to be associated with weight
loss in clinical populations with obesity and overweight with or
without diabetes (34, 35, 37), but individual effectiveness of these
weight loss therapies is highly variable. These findings could suggest
that GLP-1 analogues, such as liraglutide and exendin-4, may be
especially successful weight loss therapies in individuals more likely
to exhibit decreases in GLP-1 secretion (e.g., people with obesity and
those who habitually consume high levels of dietary added sugar),
but this prediction requires further investigation with randomized
controlled studies. Identifying at risk populations may help inform
individualized treatment strategies and improve the success rate of
weight loss and weight loss maintenance interventions.
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Background and aims: Animal studies suggested that vildagliptin might exert a
beneficial effect on cognitive function. The present study evaluated whether the use of
vildagliptin in patients with type 2 diabetes mellitus might affect dementia risk.

Methods: The database of Taiwan’s National Health Insurance was used to enroll an
unmatched cohort and a propensity score-matched-pair cohort of ever and never users of
vildagliptin from patients with newly diagnosed diabetes mellitus during 2002-2014. The
patients should be alive on January 1, 2015 and were followed up for dementia diagnosis
until December 31, 2016. Unadjusted and multivariate-adjusted hazard ratios (HR) and
their 95% confidence intervals (CI) were estimated for vildagliptin ever versus never users,
for cumulative duration and cumulative dose of vildagliptin therapy categorized into tertiles
versus never users, and for cumulative duration and cumulative dose treated as
continuous variables.

Results: There were 355610 never users and 43196 ever users in the unmatched cohort
and 40489 never users and 40489 ever users in the matched cohort. In the unmatched
cohort, unadjusted HR (95% CI) was 0.929 (0.683-1.264) and the multivariate-adjusted
HR (95% CI) was 0.922 (0.620-1.372). In the matched cohort, the unadjusted HR (95%
CI) was 0.930 (0.616-1.402) and the multivariate-adjusted HR (95%CI) was 0.825 (0.498-
1.367). None of the analyses conducted for cumulative duration and cumulative dose was
significant, either being treated as tertile cutoffs or as continuous variables, in either the
unmatched cohort or the matched cohort.

Conclusions: This study showed a neutral effect of vildagliptin on dementia risk.

Keywords: vildagliptin, dementia, diabetes mellitus, pharmacoepidemiology, Taiwan
INTRODUCTION

Both diabetes and dementia affect hundreds of millions of the world population. The International
Diabetes Federation estimates that 463 million people or 1 in every 11 adults aged 20 to 79 years
have diabetes mellitus over the world (1). On the other hand, the World Health Organization
estimates that around 50 million people are suffering from dementia over the world and every year
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there are nearly 10 million new cases of dementia (2). Diabetes
mellitus and dementia are closely linked and diabetes patients
may have a significantly higher risk of dementia. According to a
meta-analysis that included 20 studies, diabetes mellitus is
associated with an approximately 70% higher risk of all types
of dementia (3). Studies conducted in Taiwan using the
reimbursement database of the National Health Insurance
(NHI) showed a similarly increased risk of dementia of 50%
(4) to 60% (5) in the diabetes patients. Dementia can be resulted
from either a vascular etiology or a neurodegenerative disease
known as Alzheimer’s disease (which contributes to 60-70% of
the cases of dementia) (2). The two disease entities may share
common pathophysiological changes of impaired insulin
expression and insulin resistance, leading to the coining of
“type 3 diabetes” for Alzheimer’s disease (6). The higher risk of
dementia in diabetes patients may also be explained by vascular
and metabolic changes associated with hyperglycemia and
diabetes-related comorbidities, including atherosclerosis,
increased deposition of advanced glycation end-products,
dysregulation of lipid metabolism, and augmented status of
inflammation and oxidative stress (6, 7).

Dipeptidyl peptidase-4 (DPP4) inhibitors are commonly used
oral antidiabetic drugs that stimulate insulin secretion by
prolonging the half-life of glucagon like peptide-1 and glucose
dependent insulinotropic polypeptide (8). Vildagliptin is one of the
drugs in the class of DPP4 inhibitors. Previous in vitro and animal
studies suggested that vildagliptin might improve cognitive
dysfunction, exert neuroprotective effect and prevent the
development of Alzheimer’s disease or dementia (9–17). A recent
animal study fromChina suggested that vildagliptinmight alleviate
cognitive deficits of spatial learning and memory by using the
Morris water maze in streptozotocin-induced diabetes in male
Wistar rats (18). Such a beneficial effect might be exerted through
reducing the levels of apoptosis-related proteins in the
hippocampus, probably via reversing diabetes-induced decrease
in the phosphorylated (p)-protein kinase B (Akt) and p-glycogen
synthase kinase 3b (18). However, whether this neuroprotective
effect observed in in vitro and animal studies could be applied to
millions of patients with type 2 diabetes mellitus who had been
treated with vildagliptin has not been answered. The purpose of the
present studywas tocompare thedementia risk inpatientswith type
2 diabetes mellitus who had been treated with vildagliptin to those
who had never been treated with vildagliptin by using the
reimbursement database of the Taiwan’s NHI.
MATERIALS AND METHODS

This is a retrospective cohort study that used the longitudinal
reimbursement database of Taiwan’s NHI, which has been
implemented since March 1995. The NHI is a unique and
compulsive healthcare system covering >99.9% of Taiwan’s
population. The Bureau of NHI signed contracts with all in-
hospitals and 93% of all medical settings throughout Taiwan.

The database is managed by the Ministry of Health and
Welfare and keeps all records of disease diagnoses, medication
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prescriptions and performed procedures. It can be used for
academic research after ethics review and the study was
approved by the Research Ethics Committee C of the National
Taiwan University Hospital (NTUH-REC No. 201805002WC).
On-site analyses were conducted at the Health and Welfare Data
Center of the Ministry. Informed consent was not required
according to local regulations because the database had been
de-identified before release for analyses for the protection
of privacy.

Throughout the study period, diabetes mellitus was coded
250.XX according to the International Classification of Diseases,
Ninth Revision, Clinical Modification (ICD-9-CM) and
dementia was coded as abridged codes of A210 or A222, or as
ICD-9-CM codes of 290.0, 290.1, 290.2, 290.4, 294.1, 331.0–
331.2, or 331.7–331.9.

The procedures used to create an unmatched cohort and a
cohort of 1:1 matched pairs of ever and never users of vildagliptin
are shown in Figure 1. At first, 1,031,243 patients who had newly
diagnosed diabetes mellitus during 2002-2014 and had been
prescribed antidiabetic drugs for 3 or more times within one
year were identified from the outpatient clinics. Patients who had
a diagnosis of diabetes mellitus in 2001 or before were excluded
to ensure a new diagnosis after 2002. The following patients were
then excluded: 1) 449,985 patients who had ever used other
incretin-based therapies [including sitagliptin (n = 321,767),
saxagliptin (n = 116,563), linagliptin (n = 124,151), alogliptin
(n=467) and glucagon like peptide-1 receptor agonists (n = 8,458)]
and/or sodium-glucose cotransporter-2 inhibitors (n = 32,862); 2)
22,567 patients with a diagnosis of dementia before start of follow-
up; 3) 3,212 patients who died (n = 9) or censored ( n= 3,212) before
start of follow-up; 4) 5,154 patients with type 1 diabetes mellitus; 5)
1,557 patients with missing data; 6) 53,166 patients who had been
diagnosed of any cancer before start of follow-up (cancer patients
were excluded because they might have shortened lifespan and
might have distorted follow-up time, and dementia could be
misdiagnosed from the clinical presentations of malignancy); 7)
1,509 patients aged <25 years at start of follow-up; 8) 78,322 patients
aged >75 years at start of follow-up [the life expectancy of the
Taiwan population at the beginning of the study in the year 2000
was approximately 75 years (19), therefore inclusion of older
patients might tend to suffer from “healthy survivor” bias (20)];
and 9) 16,965 patients with a follow-up duration <6 months. As a
result, 43,196 ever users and 355,610 never users of vildagliptin were
identified (unmatched original cohort). A cohort of 1:1 matched
pairs of 40,489 ever users and 40,489 never users (the matched
cohort) was created by matching on propensity score based on the
Greedy 8!1 digit match algorithm (21). Logistic regression was
used to create the propensity score from all characteristics listed in
Table 1.

Cumulative duration (in months) and cumulative dose (in
mg) of vildagliptin therapy were calculated from the database.
Potential confounders included the following categories: basic
data, major comorbidities associated with diabetes mellitus,
diabetes-related complications, major risk factors of dementia,
potential risk factors of cancer, antidiabetic drugs and
medications commonly used in diabetes patients. Basic data
April 2021 | Volume 12 | Article 637392
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included age, diabetes duration, sex, occupation and living
region (classified as Taipei, Northern, Central, Southern, and
Kao-Ping/Eastern). Occupation was classified as class I (civil
servants, teachers, employees of governmental or private
businesses, professionals and technicians), class II (people
without a specific employer, self-employed people or seamen),
class III (farmers or fishermen) and class IV (low-income
families supported by social welfare, or veterans). Major
comorbidities associated with diabetes mellitus included
hypertension (ICD-9-CM 401-405), dyslipidemia (272.0-
272 .4 ) and obes i ty (278) . Major d iabe te s - r e l a t ed
complications included nephropathy (580-589), eye diseases
(250.5: diabetes with ophthalmic manifestations, 362.0: diabetic
retinopathy, 369: blindness and low vision, 366.41: diabetic
cataract, and 365.44: glaucoma associated with systemic
syndromes), stroke (430-438), ischemic heart disease (410-
414) and peripheral arterial disease (250.7, 785.4, 443.81 and
440-448). Potential risk factors of dementia included head
injury (959.01), Parkinson’s disease (332), hypoglycemia
( 2 5 1 . 0 , 2 5 1 . 1 a n d 2 5 1 . 2 ) , e n c e p h a l i t i s a n d / o r
meningoencephalitis (323, 062, 063, 064 and 054.3),
Frontiers in Endocrinology | www.frontiersin.org 341
osteoporosis (733.00), muscular wasting (728.2) and
accidental falls (E880-E888). Potential risk factors of cancer
included chronic obstructive pulmonary disease (a surrogate for
smoking, 490-496), tobacco abuse (305.1, 649.0 and 989.84),
alcohol-related diagnoses (291, 303, 535.3, 571.0-571.3 and
980.0), gallstone (574.00, 574.01, 574.10, 574.11, 574.20,
574.21 and A348), diseases of the digestive system (520-579),
hepatitis B virus infection (070.22, 070.23, 070.32, 070.33 and
V02.61), hepatitis C virus infection (070.41, 070.44, 070.51,
070.54 and V02.62), and liver cirrhosis (571.5). Antidiabetic
drugs included sulfonylurea, metformin, meglitinide, acarbose
and thiazolidinediones. Commonly used medications in
diabetes patients included angiotensin converting enzyme
inhibitor/angiotensin receptor blocker, calcium channel
blocker, statin, fibrate and aspirin.

Student’s t test compared the difference of age and diabetes
duration between never and ever users and Chi-square test was
used for other variables.

Incidence density of dementia was calculated for never users,
ever users and tertiles of cumulative duration and cumulative dose
of vildagliptin therapy. The numerator was the case number of
FIGURE 1 | Flowchart showing the procedures followed in creating the unmatched original cohort and a cohort of 1:1 matched pairs of ever users and never users
of vildagliptin from the reimbursement database of the National Health Insurance.
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newly diagnosed dementia identified during follow-up and
the denominator was the follow-up duration in person-years.
Follow-up started on January 1, 2015 and ended on December 31,
Frontiers in Endocrinology | www.frontiersin.org 442
2016, at the time of a new diagnosis of dementia, or on the date
of death or the last reimbursement record, whichever
occurred first.
TABLE 1 | Characteristics of never users and ever users of vildagliptin in the unmatched original cohort and in the matched cohort.

Variable Unmatched cohort Matched cohort

Never users Ever users P value Never users Ever users P value

(n = 355610) (n = 43196) (n = 40489) (n = 40489)

n % n % n % n %

Basic data
Age (years) 59.10 9.19 58.19 9.37 <0.0001 58.43 9.63 58.16 9.36 <0.0001
Diabetes duration (years) 5.26 3.47 6.02 3.61 <0.0001 5.59 3.49 6.00 3.62 <0.0001
Sex (men) 160756 45.21 18769 43.45 <0.0001 17854 44.10 17616 43.51 0.0918
Occupation
I 149742 42.11 18650 43.18 <0.0001 16854 41.63 17515 43.26 <0.0001
II 73458 20.66 9027 20.90 8419 20.79 8499 20.99
III 62847 17.67 7333 16.98 6962 17.19 6831 16.87
IV 69563 19.56 8186 18.95 8254 20.39 7644 18.88

Living region
Taipei 114624 32.23 13080 30.28 <0.0001 13146 32.47 12453 30.76 <0.0001
Northern 47693 13.41 5200 12.04 5480 13.53 4876 12.04
Central 63151 17.76 11437 26.48 7286 18.00 10611 26.21
Southern 57087 16.05 5798 13.42 6364 15.72 5369 13.26
Kao-Ping and Eastern 73055 20.54 7681 17.78 8213 20.28 7180 17.73

Major comorbidities
Hypertension 186307 52.39 23212 53.74 <0.0001 21474 53.04 21383 52.81 0.5217
Dyslipidemia 177612 49.95 22271 51.56 <0.0001 20558 50.77 20537 50.72 0.8827
Obesity 10325 2.90 1407 3.26 <0.0001 1215 3.00 1363 3.37 0.0031

Diabetes-related complications
Nephropathy 62464 17.57 8271 19.15 <0.0001 7562 18.68 7735 19.10 0.1204
Eye disease 53665 15.09 7119 16.48 <0.0001 6458 15.95 6684 16.51 0.0312
Stroke 65665 18.47 8569 19.84 <0.0001 7895 19.50 8018 19.80 0.2767
Ischemic heart disease 87513 24.61 11286 26.13 <0.0001 10394 25.67 10466 25.85 0.5629
Peripheral arterial disease 45352 12.75 6038 13.98 <0.0001 5486 13.55 5690 14.05 0.0377

Major risk factors of dementia
Head injury 13719 3.86 1898 4.39 <0.0001 1663 4.11 1800 4.45 0.0173
Parkinson’s disease 11482 3.23 1574 3.64 <0.0001 1354 3.34 1511 3.73 0.0028
Hypoglycemia 40255 11.32 5389 12.48 <0.0001 4729 11.68 5090 12.57 0.0001
Encephalitis and/or meningoencephalitis 657 0.18 122 0.28 <0.0001 76 0.19 122 0.30 0.0011
Osteoporosis 32089 9.02 4358 10.09 <0.0001 3837 9.48 4115 10.16 0.0010
Muscular wasting 3240 0.91 465 1.08 0.0007 402 0.99 465 1.15 0.0315
Accidental falls 1088 0.31 176 0.41 0.0004 126 0.31 176 0.43 0.0039

Potential risk factors of cancer
Chronic obstructive pulmonary disease 91784 25.81 11881 27.50 <0.0001 10928 26.99 10982 27.12 0.6693
Tobacco abuse 10173 2.86 1423 3.29 <0.0001 1223 3.02 1369 3.38 0.0036
Alcohol-related diagnoses 12699 3.57 1703 3.94 <0.0001 1496 3.69 1634 4.04 0.0119
Gallstone 23425 6.59 3213 7.44 <0.0001 2802 6.92 3001 7.41 0.0067
Diseases of the digestive system 226288 63.63 28000 64.82 <0.0001 26058 64.36 25675 63.41 0.0051
Hepatitis B virus infection 15351 4.32 2129 4.93 <0.0001 1808 4.47 1808 4.47 0.0005
Hepatitis C virus infection 14779 4.16 1983 4.59 <0.0001 1730 4.27 1885 4.66 0.0084
Liver cirrhosis 14651 4.12 1984 4.59 <0.0001 1733 4.28 1885 4.66 0.0097

Antidiabetic drugs
Sulfonylurea 85333 24.00 10738 24.86 <0.0001 10258 25.34 10519 25.98 0.0357
Metformin 10738 3.02 14829 34.33 <0.0001 16013 39.55 14829 36.62 <0.0001
Meglitinide 8068 2.27 1182 2.74 <0.0001 2490 6.15 1031 2.55 <0.0001
Acarbose 12797 3.60 1754 4.06 <0.0001 4018 9.92 1527 3.77 <0.0001
Thiazolidinediones 16605 4.67 1461 3.38 <0.0001 4705 11.62 1275 3.15 <0.0001

Medications commonly used in diabetes patients
Angiotensin converting enzyme inhibitor/angiotensin receptor blocker 207170 58.26 28050 64.94 <0.0001 23458 57.94 26051 64.34 <0.0001
Calcium channel blocker 186126 52.34 22377 51.80 0.0350 21172 52.29 20885 51.58 0.0435
Statin 230140 64.72 30442 70.47 <0.0001 26078 64.41 28487 70.36 <0.0001
Fibrate 99162 27.89 13790 31.92 <0.0001 11624 28.71 11624 28.71 <0.0001
Aspirin 117604 33.07 16909 39.14 <0.0001 13520 33.39 15715 38.81 <0.0001
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Cox proportional hazards model was used to estimate the
unadjusted and multivariate-adjusted hazard ratios and their
95% confidence intervals for ever users versus never users, for
users categorized according to tertiles of cumulative duration
and cumulative dose versus never users, and for cumulative
duration (every 1-month increment) and cumulative dose
(every 1-mg increment) of vildagliptin therapy being treated as
continuous variables. Analyses were conducted in the
unmatched cohort and the matched cohort, respectively. In the
multivariate-adjusted models, all characteristics listed in Table 1
were considered as potential confounders.

To examine whether the findings might be consistent for
patients enrolled during three different periods of time, i.e., 2002-
2005, 2006-2009 and 2010-2014, multivariate-adjusted models were
created for the unmatched cohort enrolled during the three periods.
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Analyses were conducted using SAS statistical software,
version 9.4 (SAS Institute, Cary, NC). P < 0.05 was considered
statistically significant.
RESULTS

Table 1 shows the characteristics of never users and ever users of
vildagliptin in the unmatched cohort and the matched
cohort, respectively.

The incidence of dementia and the unadjusted and
multivariate-adjusted hazard ratios by vildagliptin exposure are
shown in Table 2. The overall hazard ratio comparing ever versus
never users suggested a null association. Neither the cumulative
duration nor the cumulative dose of vildagliptin therapy was
TABLE 2 | Incidence rates and hazard ratios of dementia by vildagliptin exposure.

Vildagliptin use n N Person-
year

Incidence rate Unadjusted model Multivariate-adjusted model

(per 100,000 person-
years)

Hazard
ratio

95% Confidence
interval

P
value

Hazard
ratio

95% Confidence
interval

P
value

Unmatched cohort
Vildagliptin never

users
572 355610 620302.42 92.21 1.000 1.000

Vildagliptin ever
users

44 43196 64874.08 67.82 0.929 (0.683-1.264) 0.6379 0.922 (0.620-1.372) 0.6905

Tertiles of cumulative duration of vildagliptin therapy (months)
Never users 572 355610 620302.42 92.21 1.000 1.000
<1.87 6 15914 19428.75 30.88 0.723 (0.321-1.631) 0.4351 0.684 (0.287-1.630) 0.3918
1.87-7.47 15 12882 19812.75 75.71 0.990 (0.593-1.654) 0.9695 0.983 (0.552-1.750) 0.9545
>7.47 23 14400 25632.58 89.73 0.959 (0.632-1.455) 0.8429 0.956 (0.593-1.540) 0.8522

Cumulative duration of vildagliptin therapy treated as a continuous variable
For every 1-month increment of vildagliptin use 0.997 (0.975-1.019) 0.7578 0.997 (0.974-1.021) 0.8299
Tertiles of cumulative dose of vildagliptin (mg)
Never users 572 355610 620302.42 92.21 1.000 1.000
<3,000 6 14105 17112.33 35.06 0.847 (0.375-1.911) 0.6887 0.771 (0.324-1.834) 0.5565
3,000-14,400 17 14378 21589.67 78.74 1.076 (0.663-1.744) 0.7674 1.045 (0.603-1.809) 0.8757
>14,400 21 14713 26172.08 80.24 0.858 (0.555-1.326) 0.4895 0.885 (0.540-1.450) 0.6284

Cumulative dose of vildagliptin treated as a continuous variable
For every 1-mg increment of vildagliptin use 1.000 (1.000-1.000) 0.5452 1.000 (1.000-1.000) 0.6806
Matched cohort

Vildagliptin never
users

47 40489 61777.58 76.08 1.000 1.000

Vildagliptin ever
users

44 40489 62779.58 70.09 0.930 (0.616-1.402) 0.7281 0.825 (0.498-1.367) 0.4560

Tertiles of cumulative duration of vildagliptin therapy (months)
Never users 47 40489 61777.58 76.08 1.000 1.000
<1.87 6 13901 17876.92 33.56 0.714 (0.300-1.697) 0.4457 0.607 (0.238-1.543) 0.2939
1.87-8.37 16 12823 20339.42 78.66 0.996 (0.565-1.756) 0.9883 0.914 (0.482-1.734) 0.7839
>8.37 22 13765 24563.25 89.56 0.962 (0.578-1.599) 0.8806 0.836 (0.466-1.498) 0.5463

Cumulative duration of vildagliptin therapy treated as a continuous variable
For every 1-month increment of vildagliptin use 0.998 (0.973-1.024) 0.8701 0.993 (0.966-1.020) 0.6131

Tertiles of cumulative dose of vildagliptin (mg)
Never users 47 40489 61777.58 76.08 1.000 1.000
<3,150 6 13361 17103.92 35.08 0.763 (0.321-1.816) 0.5414 0.623 (0.245-1.582) 0.3194
3,150-16,500 18 13357 21103.33 85.29 1.088 (0.632-1.872) 0.7621 0.957 (0.516-1.775) 0.8885
>16,500 20 13771 24572.33 81.39 0.872 (0.516-1.475) 0.6103 0.794 (0.436-1.446) 0.4515

Cumulative dose of vildagliptin treated as a continuous variable
For every 1-mg increment of vildagliptin use 1.000 (1.000-1.000) 0.6062 1.000 (1.000-1.000) 0.5243
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significantly associated with the risk of dementia when these
parameters were categorized into tertiles or treated as continuous
variables. The findings consistently supported a null association
in the unmatched cohort and the matched cohort.

Table 3 shows the overall multivariate-adjusted hazard ratios
comparing ever versus never users of vildagliptin analyzed in
patients enrolled during three different periods, i.e., 2002-2005,
2006-2009 and 2010-2014. The results suggested a null
association in all subgroups.
DISCUSSION

The findings suggested that vildagliptin use has a null association
with dementia risk in patients with type 2 diabetes mellitus
(Tables 2 and 3).

Antidiabetic drugs are being used by thousands of millions of
diabetes patients. Therefore, the safety and potential pleiotropic
effects or benefits of antidiabetic drugs are clinically important,
especially for dementia, a disease that affects millions of patients
and has a close link with diabetes mellitus. This study may have
some clinical and research significance. First, neuroprotective
findings of vildagliptin observed in in vitro, in vivo and animal
studies should not be readily interpreted as a potential protection
against dementia in humans without consideration of its
accessibility to human brain. It is interesting that vildagliptin
alleviated cognitive deficits of spatial learning and memory in
rats with streptozotocin-induced diabetes (18), but this benefit
could not be similarly demonstrated in humans in the present
study (Tables 2 and 3). One of the possible explanations is that
most DPP4 inhibitors cannot readily pass through the blood-
brain barrier in humans (22). However, vildagliptin, a small
molecule with a molecular weight of 303.4 Daltons (g/mol) (23),
might cross the blood-brain barrier more efficiently in
streptozotocin-induced diabetes rats because streptozotocin
administration may cause a progressive increase in the blood-
brain barrier permeability (especially significant in the midbrain)
of small molecules [using vascular space markers ranging from
342 to 65,000 Daltons (g/mol) from 28 to 90 days] (24). In the
animal study conducted by Zhang et al., vildagliptin was
administered for 4 consecutive weeks after successful induction
of diabetes by streptozotocin for 10 weeks (18). This time frame
just met the time of streptozotocin-induced progressive increase
of blood-brain barrier permeability observed by Huber et al. (24).
Although diabetes mellitus has been claimed to affect the
permeability of blood-brain barrier, findings derived from
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human studies are still lacking and the conclusions remain
controversial (25). Therefore, the findings derived from
streptozotocin-induced diabetes might not be readily applied to
patients with diabetes mellitus if the blood-brain barrier remains
intact. More in-depth studies are required to explore the possible
effect of vildagliptin on the risk of dementia in humans. Second,
patients with type 2 diabetes mellitus in East Asia are
characterized by more remarkable b‐cell dysfunction and less
insulin resistance than in Caucasians, and DPP4 inhibitors seem
to exert better glycemic control in East Asians (26). In Japan,
DPP4 inhibitors have become the first-line antidiabetic drugs
and more than 70% of the diabetes patients are being treated with
incretin-based therapies (26). Although major clinical trials
suggested a neutral cardiovascular effect of DPP4 inhibitors
(27) and the present study did not favor a beneficial effect of
vildagliptin on dementia, DPP4 inhibitors can at least be safely
used for glycemic control in older patients because of a high
tolerability and a lack of hypoglycemic risk (28). Third, recent
studies suggested that DPP4 inhibitors (especially vildagliptin
and linagliptin) are associated with a higher risk of bullous
pemphigoid (29–31). According to an observational study
conducted in Taiwan, the risk factors of bullous pemphigoid in
patients with type 2 diabetes mellitus seemed to be associated
with using DPP4 inhibitors, having dementia and taking
spironolactone (32). Therefore, DPP4 inhibitors should better
be avoided in diabetes patients with dementia and/or
taking spironolactone.

Some potential biases commonly seen in pharmacoepidemiological
studies such as selection bias, prevalent user bias, immortal time bias
and confounding by indication have been addressed in the present
study. Selection bias would not be a problem because of the use of the
nationwide database that covers more than 99.9% of the population.
Prevalent user bias was avoided by including patients with new-onset
type 2 diabetes mellitus and new users of vildagliptin (Figure 1).

Immortal time refers to the follow-up period when the
outcome cannot happen. When the treatment status or follow-
up time is inappropriately assigned, immortal time bias can be
introduced (33). We tried to exclude patients with ambiguous
diagnosis of diabetes mellitus by enrolling only patients who had
been prescribed antidiabetic drugs for 3 or more times within
one year (Figure 1). In the universal healthcare system in
Taiwan, the information of all prescriptions in the NHI was
complete dur ing the whole fo l low-up per iod and
misclassification of treatment status was not likely. Therefore,
inappropriate assignment of treatment status was unlikely in the
present study.
TABLE 3 | Incidence of dementia comparing ever versus never users of vildagliptin in patients enrolled during three different periods of time in the unmatched cohort.

Year Ever users Never users Multivariate-adjusted model

n N n N Hazard ratio 95% Confidence interval P value

2002-2005 13 8628 125 55931 1.019 (0.529-1.963) 0.9541
2006-2009 17 13059 182 98103 1.070 (0.562-2.036) 0.8369
2010-2014 14 21509 265 201576 0.651 (0.289-1.469) 0.3016
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To avoid the inappropriate assignment of follow-up time, we
first enrolled only patients who had been treated with
antidiabetic drugs and they were followed up only after a
certain period of antidiabetic treatment (Figure 1). This
avoided the immortal time between diabetes diagnosis and the
start of the use of antidiabetic drugs (i.e., a certain period when
the patients could have been put on diet control or exercise and
antidiabetic drugs were not used). We then excluded patients
with a short follow-up duration of <6 months (Figure 1) to avoid
the enrollment of patients with such an immortal time in the
calculation of person-years. It should be pointed out that the
immortal time during the waiting period between drug
prescription and dispense at hospital discharge as described by
Lévesque et al. (33) would not happen in Taiwan because all
discharge drugs can be obtained at the hospital when the patient
is discharged.

To examine whether the results might be affected by
potential confounding by indication, we compared the findings
between the unmatched cohort and the matched cohort based on
propensity score and between the unadjusted and multivariate-
adjusted models (Table 2). The findings seemed to be very
consistent in different analyses. Analyses in subgroups of
patients categorized by the tertiles of exposure parameters and
by treating these parameters as continuous variables (Table 2)
also supported a lack of association between vildagliptin and
dementia. The indications and recommendations for the use of
antidiabetic drugs for the treatment of type 2 diabetes mellitus
have evolved over the past decades following the introduction of
newer classes of antidiabetic drugs and according to the results of
novel clinical trials. The ever-changing recommendations for the
indications and uses of different classes of antidiabetic drugs
would not confound the finding of a neutral effect of
vildagliptin on dementia risk while patients enrolled during
three different periods of time were analyzed separately
(Table 3).

The present study has some other merits. First, the findings
can be readily generalized to the whole population because the
NHI database covers >99.9% of the Taiwan’s population. Second,
self-reporting bias and recall bias could be avoided by using the
medical records. Third, although detection bias because of
different socioeconomic status could be a severe problem in
some countries, this would not be the case in our study because
the drug cost-sharing is low and can always be waived in patients
with low-income, in veterans and when the patients receive
prescription refills for chronic disease in our NHI healthcare system.

There are several limitations in the present study. First, we
could only use the ICD-9-CM codes for disease diagnoses and no
additional support from laboratory examinations was available
in the database. The accuracy of the diagnosis of dementia was
not known. If the misdiagnosis was non-differential between ever
users and never users of vildagliptin, the estimated effect would
be expected to bias towards to null (34) and a true positive or
negative effect could not be shown. Therefore, the findings of the
present study should better be considered as preliminary and
future studies with well-verified cases are required to confirm our
findings of a null effect. Second, we did not have measured data
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of some confounders like blood levels of glucose and insulin,
fluctuation of blood glucose, indicators of insulin resistance and
b-cell function, anthropometric factors, dietary pattern,
nutritional status, lifestyle, smoking, alcohol drinking, family
history and genetic parameters. It is recognized that the
application of propensity score matching in a retrospective
cohort study can never adjust for unmeasured confounders as
a randomized control trial can do (35). It is impossible for the
present study to assess whether the impact of unmeasured
confounders could be substantial and the estimates could be
misleading. Therefore, if possible, the findings of the present
study should better be confirmed by a randomized control trial in
the future. Third, we were not able to discern the two major types
of dementia, i.e., vascular or degenerative type, because of lack of
sufficient laboratory data. If the effects of vildagliptin were not
the same for these two types of dementia, the estimates would be
misleading by including different types of dementia.
Additionally, to our knowledge, although the accuracy of
diabetes diagnosis and most other comorbidities in the NHI
database has been validated in previous studies (36, 37), the
accuracy of dementia diagnosis remains to be validated. It would
be a good future research topic to validate the related diagnostic
codes of dementia in the database. Fourth, the mean age of the
patients was around 58-59 years old at the start of follow-up
(Table 1). The incidence of dementia in these patients might not
be high enough to have sufficient power to detect a significant
difference. It would be better to include a cohort of older age for
additional study in the future. Fifth, the follow-up duration
might be too short and therefore the findings should be
confirmed by studies with longer follow-up duration. Finally,
because the study excluded users of other incretin-based
therapies, whether the findings can be applied to other DPP4
inhibitors or to glucagon like peptide-1 receptor agonists is
not known.

In conclusion, the present study finds a neutral effect of
vildagliptin on the association with dementia risk in Taiwanese
patients with type 2 diabetes mellitus. More studies are
warranted to clarify the neuroprotective effects of vildagliptin
or other DPP4 inhibitors observed in in vitro or animal studies.
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Objective: Type 2 diabetes mellitus (T2DM) is often accompanied by cognitive decline
and depressive symptoms. Numerous diffusion tensor imaging (DTI) studies revealed
microstructural white matter (WM) abnormalities in T2DM but the findings were
inconsistent. The present study aimed to conduct a coordinate‐based meta‐analysis
(CBMA) to identify statistical consensus of DTI studies in T2DM.

Methods: We performed a systematic search on relevant studies that reported fractional
anisotropy (FA) differences between T2DM patients and healthy controls (HC). The
anisotropic effect size seed‐based d mapping (AES-SDM) approach was used to
explore WM alterations in T2DM. A meta‐regression was then used to analyze potential
influences of sample characteristics on regional FA changes.

Results: A total of eight studies that comprised 245 patients and 200 HC, along with 52
coordinates were extracted. The meta‐analysis identified FA reductions in three clusters
including the left inferior network, the corpus callosum (CC), and the left olfactory cortex.
Besides, FA in the CC was negatively correlated with body mass index (BMI) in the
patients group.

Conclusions: T2DM could lead to subtle WMmicrostructural alterations, which might be
associated with cognitive deficits or emotional distress symptoms. This provides a better
understanding of the pathophysiology of neurodegeneration and complications in T2DM.

Systematic Review Registration: Registered at PROSPERO (http://www.crd.york.ac.
uk/PROSPERO), registration number: CRD42020218737.
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INTRODUCTION

The International Diabetes Federation estimates that 415 million
people have diabetes mellitus worldwide, with 90% of these
individuals having T2DM (1). Type 2 diabetes mellitus (T2DM)
is a chronic metabolic disorder characterized by reduced insulin
sensitivity, followed by a compensatory increase in insulin
secretion (2). The disease has become a critical health concern
worldwide owing to its high prevalence and related disability and
mortality (3). T2DM usually leads to various complications in
multiple organs, including impairments in the brain (4). People
with type 2 diabetes are at an increased risk of cognitive decline
and dementia (including Alzheimer’s disease, AD) (5, 6), which is
related with worse diabetes management, more frequent
occurrence of severe hypoglycemic episodes, and an increased
risk of cardiovascular events, and death (7). Earlier meta-analyses
showed that the presence of diabetes in older adults was associated
with 47% increased risk of all dementia, 39% increased risk of AD,
and 138% increased risk of vascular dementia (8, 9). Existing
evidence indicated that microstructural brain atrophy contributed
to poor cognitive function (10–13). Several neuroimaging studies
with different modalities have demonstrated that T2DM is
accompanied with structural and functional abnormalities in
various regions of the brain (2, 14, 15). Moreover, T2DM and
mood disorders share pathophysiological commonalities in the
central nervous system (16, 17). The prevalence of depression
among T2DM is quite high (18–21), which is considered to be
related with cerebral microvascular dysfunction (22). However,
the specific neurobiological mechanisms underlying the cognitive
impairment and emotional distress of T2DM patients remain
unclear for now.

Advances in MRI techniques make it possible to investigate
subtle structural alterations of the brain. Among them, diffusion
tensor imaging (DTI) is able to detect white matter (WM)
microstructure characteristics by estimating random movement
of water molecules in the brain (23). The most widely used
parameter to study DTI is fractional anisotropy (FA), which
reflects diffusion direction and is related to fiber orientation. Any
reduction in white matter anisotropy indicates an alteration in
the degree of tissue order or integrity (24). DTI approach is
widely applied in the evaluation of WM microstructure in
various central nervous system disorders. Specially, DTI
metrics appears to be a more sensitive marker of cognitive
decline due to aging and AD, even when there is no sign of
microstructural gray matter (GM) volume alterations and
atrophy of brain structures (25, 26). The two most widely used
methods of DTI to achieve whole-brain analysis were voxel-
based analysis (VBA) and tract-based spatial statistics (TBSS)
(27). The former involves analyzing all white matter voxels and
correcting for multiple comparisons and noise by reporting only
contiguous clusters of significant voxels, while the latter isolates
the central core of white matter tracts with the highest FA and
reports significant clusters within that white matter skeleton (28,
29). Findings from numerous studies have suggested widespread
white matter abnormalities in T2DM patients. However, the
results are inconsistent and controversial. According to previous
studies, significantly decreased in FA has been observed in
Frontiers in Endocrinology | www.frontiersin.org 249
patients with T2DM in widespread WM regions such as the
frontal lobe (15, 30, 31), temporal region (15, 30–33), corpus
callosum (CC) (34–36), cingulum bundle (15, 35, 37), uncinate
fasciculus (UF) (35, 36, 38), and corticospinal tract (CST) (35,
36). The inconsistencies of different studies were probably owing
to small sample size, heterogeneous demographic characteristics
of the patients, and the diversity of methodological techniques.

The coordinate‐based meta‐analysis (CBMA) is a widely used
method to solve the discrepancies of regional alterations among
various neuroimaging studies (39). The anisotropic effect size
seed‐based d mapping (AES-SDM) is an advanced statistical
technique for CBMA on different neuroimaging techniques such
as structural MRI, functional MRI, DTI, or PET (40). Compared
with earlier methods such as activation likelihood estimation and
multilevel kernel density analysis (41, 42), the AES‐SDM has
strengths as below: (a) In the AES-SDM, both positive and
negative differences in the same map are combined to avoid a
particular voxel from appearing to be significant in opposite
directions (43); (b) The AES-SDM approach allows reported
peak coordinates to be combined with statistical parametric
maps, thus ensuring more exhaustive and accurate meta‐
analyses (44); (c) SDM enables several complementary analyses,
such as jack-knife, subgroup, and meta-regression analyses, which
can be used to evaluate the robustness and heterogeneity of the
results (40). The AES-SDM method has been fully validated in
several neuropsychiatric disorders including Parkinson’s disease
(45, 46), major depressive disorder (MDD) (29), bipolar disorder
(47), obsessive‐compulsive disorder (43, 48, 49), autism spectrum
disorder (50), type 1 diabetes mellitus (T1DM) (51), and also in
voxel-based morphometry (VBM) studies in T2DM patients
(52, 53).

A recently published systematic review of DTI studies (54)
comprehensively and systematically summarized previous DTI
findings of brain microstructural abnormalities in T2DM.
However, this review study is not able to detect the
discrepancies of regional alterations with reported coordinates
and anisotropic effect size. Thus, a CBMA using AES‐SDM is
required to identify consistent results from DTI studies in
patients with T2DM. The first objective of this present
research was to investigate the most robust FA alterations in
T2DM compared with healthy controls (HC). Secondly, we
intended to explore the potential effects of demographics and
clinical characteristics including mean age, duration of disease,
body mass index (BMI), and HbAlc% on WM changes by using
meta-regression approach. We hypothesized that patients with
T2DM would exhibit microarchitecture alterations in core WM
tracts such as the CC, as well as regions related with cognitive
functions and emotional regulations.
MATERIALS AND METHODS

Literature Search Strategy
This meta-analysis was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (55–57). The protocol of this CBMA was
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registered at PROSPERO (http://www.crd.york.ac.uk/
PROSPERO) (registration number: CRD42020218737).
Systematic and comprehensive searches were used to acquire
relevant literatures from the PubMed and Web of Science
databases published (or “in press”) up to October 31, 2020.
The search keywords were (“type 2 diabetes mellitus” or “T2DM”
or “type 2 diabetes”) and (“diffusion tensor” or “DTI” or
“diffusion magnetic resonance imaging”). Additionally, the
reference lists of identified studies and relevant reviews were
manually checked to avoid omitting.

Study Selection
Studies which met the following criteria were included
(1): studies compared FA value differences between T2DM and
HC in whole-brain analyses (2); reported results in Talairach or
Montreal Neurological Institute (MNI) coordinates; (3) used a
threshold for significance; (4) articles written in the English
language and published in peer-reviewed journals. Exclusion
criteria were: (1) meta-analysis, reviews, case reports, or
tractography-based only study; (2) studies with no direct
between-group comparison; (3) studies from which peak
coordinates or parametric maps were unavailable.

Quality Assessment and Data Extraction
Two authors (ZC and LJ) independently searched the literatures,
assessed the quality of the retrieved articles, extracted and cross-
checked the data from eligible articles. The quality of the final
studies was also independently checked by both authors
following guidelines for neuroimaging meta-analyses promoted
by Müller and colleagues (58). For each study the following data
were recorded: first author, cohort size, demographics (age and
gender), illness duration, BMI, HbAlc%, imaging parameters,
data processing method and statistical threshold, as well as the
three-dimensional peak coordinates of case-control differences
in each study.

AES-SDM Meta-Analysis
Regional FA differences between T2DM patients and HC were
performed using the SDM software v5.15 (http://www.
sdmproject.com) (43, 59) in a voxel-based meta-analysis
approach. We conducted the analysis according to the SDM
tutorial and previous meta-analytic studies. The AES-SDM
technique uses effect sizes combining with reported peak
coordinates which are extracted from databases with statistical
parametric maps, and recreates maps of the original maps of the
effect size of FA between patients and controls, rather than just
assessing the probability or likelihood of a peak (40).

The AES-SDM procedures have been described in detail
elsewhere (29, 46, 60),and were briefly summarized as follows:
(1) The peak coordinates of all white-matter from each data set
were extracted at the level of t-statistics (Z- or P- values for
significant clusters which were then converted to t-statistics using
the SDM online converter); (2) The peak coordinates for each
study were recreated using a standard MNI map of the effect size
of the group differences in FA by means of an anisotropic
Gaussian kernel (44). A relatively wide full width at half
maximum (20 mm) and DTI templates were used to control
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false-positive results; (3) The standard meta-analysis was
conducted to create a mean map via voxel-wise calculation of
the random-effects mean of the study maps. According to Radua
et al. (40), an uncorrected P = 0.005 using the AES-SDM software
is approximately equivalent to a corrected P = 0.025. Here, we used
more stringent thresholds as follows: uncorrected P value < 0.001,
peak height threshold Z = 1.00, and cluster size threshold =
10 voxels.

Sensitivity Analyses
To assess the replicability of the results, we performed a
systematic whole-brain voxel-based jackknife sensitivity
analysis. This procedure involved repeating the main statistical
analysis for each result eight times, discarding a different study
each time. If a brain region remains significant after running
jackknife sensitivity in all or most of the combinations of studies,
the finding is considered highly replicable (43).

Meta-Regression Analysis
Considering the potential influences of mean age, duration of
disease, BMI, and HbAlc% on WM abnormalities, a more
conservative threshold (P < 0.0005) was adopted in consistent
with previous meta-analyses and the recommendations of the
AES-SDM authors (43), and only brain regions identified in the
main effect were considered.
RESULTS

Included Studies and Sample
Characteristics
The flow diagram of the identification and the attributes of the
studies is presented in Figure 1. The demographics of the
samples are summarized in Table 1. The search strategy
identified 90 studies, eight of which met the inclusion criteria
(15, 30, 32, 34–36, 61, 62). One study contained two different
subgroups of T2DM patients (T2DM patients with mild
cognitive impairment and T2DM patients with normal
cognition), but only the coordinates of significantly different
clusters in T2DM patients with mild cognitive impairment were
reported. We treated this study as one single dataset. Thus, our
final sample comprised 245 T2DM patients and 200 HC, along
with 52 coordinates extracted from eight datasets. The scanning
methods and FA alterations of the eight datasets are shown in
Table 2.

Regional Differences in FA
The meta-analysis revealed that patients with T2DM exhibited
significant FA reductions in three clusters relative to HC,
including the left inferior network, the CC and left olfactory
cortex (BA 25), as illustrated in Figure 2 and Table 3. No region
with higher FA was identified in the current meta‐analysis.

Jackknife Sensitivity Analysis
The whole-brain jackknife sensitivity analysis revealed that
decreased FA in T2DM patients in the left inferior network
May 2021 | Volume 12 | Article 658198
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and the CC was highly replicable, as these findings were
preserved throughout all but one combination of the datasets.
FA reduction in the left olfactory cortex remained significant in
all but two combinations (Table 3).

Meta-Regression Analysis
At a stringent threshold of P < 0.0005, meta-regression analysis
found a negative correlation between FA in the CC and BMI in
the patients group (Table 4). The mean age of patients, illness
duration, and HbAlc% were not linearly associated with
FA changes.
Frontiers in Endocrinology | www.frontiersin.org 451
DISCUSSION

To our knowledge, this study is the first coordinate‐based meta-
analysis (CBMA) of DTI studies in T2DM patients investigating
microstructural WM abnormalities and examining how clinical
features affect WM morphometry. Using the AES-SDM meta-
analytical approach, this study identified decreased FA in three
clusters, and these three regional differences remained replicable in
the Jackknife sensitivity analyses. The largest cluster exhibited a
peak coordinate in the left inferior network mainly consisted of left
inferior fronto-occipital fasciculus (IFOF), left inferior longitudinal
FIGURE 1 | Flow diagram for the identification and exclusion of studies.
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fasciculus (ILF), left uncinate fasciculus (UF), and anterior
commissure. Other clusters exhibited FA reductions in the CC
and the left olfactory cortex (BA25). Besides, according to the meta-
regression, FA in the CC was negatively correlated with BMI in the
patients group. These findings enhanced our understanding of the
underlying neurodegeneration in T2DM.

Our meta‐analysis only identified lower FA rather than higher FA
in T2DM patients. This is in accordance with most published DTI
studies of T2DM (54). As FA presents the anisotropic diffusion of
water molecules and can reflect the underlying characteristics of
microstructure, such as fiber density, axonal diameter, thickness of
the myelin sheaths, and directionality of the fibers (27, 63), decreased
FA in our findings represented disrupted WM microarchitecture in
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the brain. One of the core characteristics of T2DM is insulin
resistance, which interferes with glucose metabolism and even can
lead to increased plasma glucose in regional brain areas in T2DM
patients (52). From the microscopic point of view, hyperglycemia is
considered to be related with various metabolic and molecular
alterations and could result in brain cell dysfunction, degeneration,
or death ultimately (52, 64). And from the macroscopic perspective,
brain atrophy might be the neurobiological basis of cognitive decline
(5, 6, 11). This was also in agreement with previous VBM meta‐
analyses of T2DM (52, 53).

The left inferior network mainly comprised the left IFOF, left
ILF, left UF, and anterior commissure. Several studies support the
extension of WM impairments in T2DM to other association fibers,
TABLE 1 | Demographic and clinical characteristics of the participants in eight studies included in the meta-analysis.

Study Subjects, n (female, n) Age, years Diabetes duration, years HbAlc% BMIkg/m2 Comorbidity (number of patients)

T2DM HC T2DM HC

Yau et al. (30) 24 (11) 17 (9) 57.2 56.4 7.9 7.8 32.1 Hypertension (16)
Yau et al. (15) 18 (N/A) 18 (N/A) 16.5 17.2 2.6 8.3 37.7 Obesity (18)

Hypertension (5)
Kim et al. (34) 20 (11) 20 (11) 54.6 54.3 12.1 10.7 24.7 Diabetic retinopathy (9)

Diabetic nephropathy (4)
Diabetic peripheral nephropathy (7)

van Bloemendaal et al. (61) 16 (8) 15 (7) 61.4 57.3 7.0 6.9 34.0 Obesity (16)
Nouwen et al. (35) 13 (13) 20 (14) 16.0 16.1 2.6 7.8 N/A N/A
Yoon et al. (36) 100 (50) 50 (25) 49.2 49.0 1.8 7.1 25.5 Overweight/obesity (50)
Liang et al. (62) 34 (24) 32 (14) 58.3 56.3 6.9 7.9 24.4 Overweight (20)

Obesity (1)
Hypertension (9)

Xiong et al. (32) 20 (12) 28 (18) 63.6 59.7 9.1 8.2 24.4 Mild cognitive impairment (20)
May
T2DM, type 2 diabetes mellitus; HC, healthy controls; N/A, not available; BMI, body mass index.
TABLE 2 | Scanning methods and FA alterations of the eight studies included in this meta-analysis.

Study Scanner Diffusion
encoding
directions

Type of
analysis

Statistical threshold Number of
coordinates

FA alterations

Yau et al. (30) 1.5 T 6 VBA P < 0.005, uncorrected 6 Decrease observed in L temporal stem, R prefrontal region, L frontal
temporal region, R external capsule, L parietal region, and L middle
temporal region

Yau et al. (15) 1.5 T 6 VBA P < 0.005, uncorrected 3 Decrease observed in R cingulate WM, L cerebral peduncle, and L
temporal stem

Kim et al. (34) 3.0 T 30 TBSS P < 0.05, FWE corrected 10 Decrease observed in bilateral posterior thalamic radiation, R
retrolenticular part of internal capsule, R splenium of CC, R fornix
(cres)/stria terminalis, R sagittal stratum, R external capsule

van Bloemendaal
et al. (61)

3.0 T 30 TBSS P < 0.05, FWE corrected 0 –

Nouwen et al. (35) 3.0 T 61 TBSS P < 0.05, TFCE corrected 9 Decrease observed in L CST, medial corpus callosum, L fornix, L
thalamic radiation, L retrolenticular internal capsule, L IFOF, R anterior
corona radiata, the genu of CC, L uncinate, L callosal body and
cingulum, L anterior external capsule, and uncinate fasciculus

Yoon et al. (36) 1.5 T N/A VBA P < 0.05, corrected 22 Decrease observed in L fornix sagittal stratum, L IFOF, L uncinate
fasciculus, bilateral CST, CC, bilateral anterior thalamic radiation
fornix, R superior corona radiata, bilateral cerebellar WM, bilateral
forceps minor, bilateral optic radiation, bilateral anterior corona
radiata, L external capsule, R parietal WM, and R temporal WM

Liang et al. (62) 3.0 T 25 VBA P < 0.05, AlphaSim
corrected

1 L corona

Xiong et al. (32) 3.0 T 25 TBSS P < 0.05, FWE corrected 1 R temporal lobe
CC, corpus callosum; CST, corticospinal tract; FA, fractional anisotropy; FWE, family-wise error; IFOF, inferior fronto-occipital fasciculus; N/A, not available; L, left; R, right; T, Tesla; TBSS,
tract-based spatial statistics; TFCE, threshold-free cluster enhancement; VBA, voxel-based analysis; WM, white matter.
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which pass through the temporal lobe, such as IFOF and ILF (33, 36,
54). Besides, some fibers of IFOF and UF are located in the external
capsule, which associates the hippocampus and amygdala with
prefrontal and orbitofrontal cortices (54, 65). Previous studies
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already indicated that atrophy in temporal lobe, hippocampus,
and orbitofrontal regions occurred in T2DM (2, 13, 54), and also
evidence has shown that atrophy in these areas is one of the earliest
neuroanatomical changes in Alzheimer’s dementia (2, 36, 53).
FIGURE 2 | Regions showing FA reductions in (A) the left inferior network; (B) the corpus callosum; and (C) the left olfactory cortex. Significant clusters are overlaid
on MRIcron template for Windows for display purposes only.
TABLE 3 | White Matter Regions of FA reductions in T2DM Patients compared to healthy controls in the coordinate-based meta-analysis.

Regions Maximum Cluster Jackknife sensitivity
analysis

MNI
coordinates

SDM
Value

P Number
of

voxels*

Breakdown (number of voxels)

X Y Z

Left inferior network, inferior
fronto-occipital fasciculus

−38 −16 −10 −2.279 0.000032604 97 Left inferior network, inferior fronto-occipital fasciculus (28)
Left inferior network, inferior longitudinal fasciculus (20)
Anterior commissure (8)
Left inferior network, uncinate fasciculus (7)
Left insula, BA 48 (2)
Left amygdala, BA 34 (1)
Left superior temporal gyrus, BA 48 (1)
BA 48 (20)
BA 34 (3)
BA 36 (3)
BA 20 (3)
BA 21 (1)

7/8

Corpus callosum 14 −34 32 −2.107 0.000091314 55 Corpus callosum (46)
Right median network, cingulum (9)

7/8

Left olfactory cortex, BA 25 -4 20 4 −1.999 0.000228226 28 Corpus callosum (12)
Left striatum (9)
Left caudate nucleus, BA 25 (3)
Left olfactory cortex, BA 25 (3)
BA 25 (1)

6/8
May 2021 | Volum
*All voxels with P < 0.001 uncorrected.
BA, Brodmann area; FA, fractional anisotropy; MNI, Montreal Neurological Institute; SDM, seed‐based d mapping; T2DM, type 2 diabetes.
TABLE 4 | Correlation between FA alterations and BMI in T2DM revealed by Meta‐regression analyses.

Factor Anatomic label MNI coordinates SDM Value P Number of voxels

X Y Z

BMI Corpus callosum 14 −32 30 −2.390 0.000045657 58
e

BMI, body mass index; FA, fractional anisotropy; MNI, Montreal Neurological Institute; SDM, seed‐based d mapping; T2DM, type 2 diabetes.
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Among the eight studies included in ourmeta-analysis, four of them
reported microstructural abnormalities in temporal regions. Given
that the vital role that the temporal lobe, the hippocampus, and the
orbitofrontal cortex play in cognitive processes such as learning,
memory, and decision making (66, 67), we conjectured that
disruptions of WM in IFOF, ILF, and UF might be related with
cognitive function deficits in T2DM patients. Besides,
the comorbidity of depression and T2DM is quite common (18–
21), and disrupted WM connectivity in inferior network has also
been constantly found in MDD patients (29, 68, 69). Thus,
microarchitecture alterations in the inferior network might also
underlie potential affective changes in T2DM.

The CC is the largest interhemispheric WM commissure
connecting the cerebral hemispheres, and plays crucial role in
interhemispheric communication and cognitive processes (70).
Microstructural changes in this core WM tract were found not
only in T2DM patients in numerous research (34–36, 38, 54), but
also in patients with cognitive impairment (38, 71, 72) and patients
with MDD (29, 68, 73, 74). Therefore, decreased FA in the CC
observed in our meta-analysis may underlie the deficits in cognitive
processing and emotional modulation in patients with T2DM.
Besides, there was a negative correlation between FA in the CC
and BMI in T2DM patients revealed by meta-regression analysis.
This was consistent with previous findings that higher BMI was
associated with FA reductions in the CC in healthy cohorts (75, 76).
There were DTI studies on BMI-related WM abnormalities
suggesting a primordial effect of BMI on brain circuits involved in
reward processing and emotion regulation (77), or even on the entire
brain (75). Furthermore, there was evidence that alterations in white
matter were associated with several obesity-related conditions such as
cardiovascular risk factors including metabolic syndrome (78).
Therefore, our finding might suggest disrupted CC microstructures
as an BMI-related neurobiological marker of T2DM. The other WM
tracts showed non-significant regression results, probably due to a
relatively strict P-value in the process of statistics. Neurologic changes
in the left inferior network and the left olfactory cortex might also be
associated with metabolic syndrome related symptoms and these
regions should receive full considerations.

It is particularly noteworthy that the left olfactory cortex
exhibited decreased FA in T2DM patients. Current evidence
implied that olfactory function is associated with the emergence of
prodromal AD (79, 80). Scholars assumed that olfactory
impairments might reflect the onset of AD, amnestic mild
cognitive impairment (MCI), and the presence of amyloid-b (Ab)
and tau pathology (79, 81–86). Thus, FA reductions in the left
olfactory cortex might be served as an early prediction of cognitive
impairment in T2DM patients. This was of great significance for
early detection of potential cognitive decline and dementia in T2DM
patients.Moreover, olfactory functionwas also found to be related to
the pathogenesis of MDD (87). Olfactory sulcus structural
abnormality might be a trait-related marker of vulnerability to
MDD (88). In consideration of the high prevalence of
comorbidity of depression and T2DM, olfactory cortex alterations
might be involved in the pathophysiology of the co-morbidity.

Several limitations of this study should be noted. Firstly, as
the number of studies included in our meta-analysis was small,
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we were not able to perform separate subgroup meta-analyses for
clinical variables such as cognition status, depression severity,
and BMI, or methodological differences such as VBA and TBSS,
which would likely diversify the results. Secondly, the data
acquisition parameters, participants characteristics and clinical
variables in the included studies were heterogeneous. It is not
possible to eliminate these differences by statistical means.
Thirdly, our analysis was limited to WM diffusion changes
thereby not including the large amount of research on GM
volume or WM volume. Future meta-analysis could include
VBM studies for a more comprehensive perspective of the
brain microarchitecture. Last but not least, it is meaningful to
work on the reversibility of nerve damage, but the present meta-
analysis and the literatures included in our research are all cross-
sectional design. Longitudinal studies with respect to reversibility
of the neurodegeneration of T2DM is of great importance and
should be addressed in the future.
CONCLUSION

The present meta-analysis indicated that T2DM patients
demonstrated significant FA reductions in the left inferior
network, the CC and the left olfactory cortex. Among them,
FA of the CC had a negative correlation with BMI in the patients
group. These findings supported the opinion that T2DM could
lead to subtle WM structural alterations, which might be
associated with cognitive deficits or emotional distress in
T2DM patients. This helps us better understand the neural
mechanism underlying neurodegeneration in T2DM.
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Nick J. Gutowski2, Emma L. Dempster1*‡ and Craig Beall 1*‡

1 Institute of Biomedical and Clinical Sciences, University of Exeter Medical School, Exeter, United Kingdom, 2 Royal Devon
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Aims/hypothesis: Recurrent hypoglycaemia (RH) is a major side-effect of intensive
insulin therapy for people with diabetes. Changes in hypoglycaemia sensing by the
brain contribute to the development of impaired counterregulatory responses to and
awareness of hypoglycaemia. Little is known about the intrinsic changes in human
astrocytes in response to acute and recurrent low glucose (RLG) exposure.

Methods: Human primary astrocytes (HPA) were exposed to zero, one, three or four
bouts of low glucose (0.1 mmol/l) for three hours per day for four days to mimic RH. On the
fourth day, DNA and RNA were collected. Differential gene expression and ontology
analyses were performed using DESeq2 and GOseq, respectively. DNA methylation was
assessed using the Infinium MethylationEPIC BeadChip platform.

Results: 24 differentially expressed genes (DEGs) were detected (after correction for
multiple comparisons). One bout of low glucose exposure had the largest effect on gene
expression. Pathway analyses revealed that endoplasmic-reticulum (ER) stress-related
genes such as HSPA5, XBP1, and MANF, involved in the unfolded protein response
(UPR), were all significantly increased following low glucose (LG) exposure, which was
diminished following RLG. There was little correlation between differentially methylated
positions and changes in gene expression yet the number of bouts of LG exposure
produced distinct methylation signatures.

Conclusions/interpretation: These data suggest that exposure of human astrocytes to
transient LG triggers activation of genes involved in the UPR linked to endoplasmic
reticulum (ER) stress. Following RLG, the activation of UPR related genes was diminished,
suggesting attenuated ER stress. This may be a consequence of a successful metabolic
adaptation, as previously reported, that better preserves intracellular energy levels and a
reduced necessity for the UPR.

Keywords: recurrent lowglucose, unfoldedprotein response, ER stress, humanprimary astrocytes, transcriptome (RNA-seq)
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INTRODUCTION

Iatrogenic hypoglycaemia is a limiting factor to optimal
glycaemic control in people with type 1 (T1D) and insulin/
sulphonylurea-treated type 2 diabetes [T2D (1)]. Acutely, severe
hypoglycaemia, defined as requiring help from a third party for
recovery, can lead to brain damage or death, in extreme but rare
circumstances. Importantly the detection of hypoglycaemia and
activation of appropriate counterregulatory responses (CRR) to
reverse hypoglycaemia, are mediated to large extent by the
central detection of hypoglycaemia (2). Moreover, frequent
exposure to hypoglycaemia leads to defective CRR. Specifically
the magnitude of the glucose-raising catecholamine response
during hypoglycaemia is suppressed and triggered at a lower
plasma glucose level, combined with an often absent glucagon
response (3). These changes are, at least in part, driven by
changes in brain hypoglycaemia-sensing nuclei, including the
ventromedial hypothalamus [VMH (4)] and hindbrain (5).

Activation of CRR can be induced by administration of
glucoprivic agents such as 2-deoxy-glucose [2DG (6)] and 5-
thio-D-glucose (7) to discrete brain nuclei. Glucose sensing
neurons found in nuclei of the hypothalamus and hindbrain
detect changes in glucose concentration (8, 9). However, recently
astrocytes have been implicated in direct glucose sensing and
altering neuronal output (10, 11). For example, the expression of
the glucose transporter GLUT2 is required in astrocytes but not
neurons for a robust response to glucoprivation (12). Moreover,
astrocytes in ex vivo brain slices containing the nucleus of the
tractus solaris [NTS (6)], were activated by low glucose or 2DG.
Furthermore, blocking astrocytic metabolism with fluorocitrate
prevented increases in gastric motility normally associated with
hypoglycaemia (13). In response to low glucose, astrocytes in the
NTS increase intracellular calcium levels which occur before and
independently of neuronal activity (14). Recently it has also been
Frontiers in Endocrinology | www.frontiersin.org 259
shown that blockade of purinergic signalling from astrocytes also
blocks 2DG-induced CRR (11, 15). In addition, astrocytic
glutamate uptake is impaired following RH, contributing to
counterregulatory failure (16). Together these data suggest an
active role of astrocytes in glucose detection, despite this
evidence little is known about the intrinsic changes within
astrocytes, especially human astrocytes, following recurrent low
glucose (RLG). In this study, we used both RNA sequencing and
an epigenome-wide association study (EWAS) of DNA
methylation (DNAm) to examine for the first time, changes to
the human astrocyte transciptome and methylome following
acute and recurrent low glucose exposure.
RESEARCH DESIGN AND METHODS

Astrocyte Isolation and Cell Culture
HPA cells were isolated from post-mortem sub-ventricular deep
white matter following consent from next-of-kin, and with
ethical approval from the North and East Devon Research
Ethics Committee and confirmed as glial fibrillary and acidic
protein (GFAP) and vimentin positive, as previously described
(17), confirming astrocyte identity. The recurrent low glucose
(RLG) model has been previously described [(18); Figure 1].
Each day cells were cultured in 2.5 mmol/L glucose-containing
media for 2 hours before being changed for media containing 0.1
(low) or 2.5 (normal) mmol/L glucose for 3 hours. Overnight,
cells were recovered in stock media containing 5.5 mmol/L
glucose. This was repeated for four days. Control and low
glucose (LG) treated cells had 2.5 mmol/L glucose for three
days and on the fourth day the LG group received low glucose for
3 hours. The antecedent RLG (aRLG) and RLG groups had 0.1
mmol/L glucose for 3 hours on three consecutive days, on the
fourth day the aRLG group was exposed to 2.5 mmol/L glucose,
FIGURE 1 | Schematic of the recurrent low glucose model. Human primary astrocytes were exposed to 0, 1, 3, or 4, three-hour long bouts of 0.1 mmol/l glucose;
control (C), acute low glucose (LG), antecedent recurrent low glucose (aRLG), and recurrent low glucose (RLG) respectively. Each day cells were first incubated in
2.5 mmol/l glucose for 2 hours as a step down from overnight/stock media of 5.5 mmol/l glucose. Adapted from (18).
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whereas RLG was exposed to 0.1 mmol/L glucose for 3 hours.
Mannitol was added to maintain osmolarity (see ESM for
details). Samples were split for RNA extraction and DNA
extraction, with a total of five and six replicates for RNA
sequencing and DNA methylation studies, respectively. Cells
were confirmed as mycoplasma free using the MycoAlert kit
(Lonza, Slough, UK).

RNA Sequencing
Briefly, RNA was extracted using TRIzol and Direct-zol
miniprep kit (Invitrogen, Carlsbad, CA, USA), according to
manufacturers’ instructions. cDNA libraries were generated
using the TruSeq DNA HT Library Preparation Kit (Illumina
Inc., San Diego, CA, USA). Sequencing reads were generated
using the Illumina HiSeq 2500 and fastq sequence quality was
checked using MultiQC before alignment to the human genome
(Build GRCh38.p12) using STAR. Mapped reads were counted
using the FeatureCounts function of the subread package.
Differential gene expression was calculated using DESeq2 (19)
using the Likelihood ratio test function to analyse all groups
together followed by the Wald-test for pairwise analysis. Genes
with a false discovery rate (FDR) ≤0.05 were considered
differentially expressed. For a principal component analysis
plot see ESM Figure 1. Functional gene ontology analysis was
performed using GOSeq. Gene length was accounted for during
GO analysis. Raw RNAseq files are available through GEO
accession number GSE166848.

DNA Methylation Analysis
DNA was extracted using a modified phenol:chloroform protocol
and DNA methylation (DNAm) examined using the Infinium
MethylationEPIC BeadChip platform (Illumina Inc.; EPIC).
729727 probes remained after QC processes. The one-way
analysis of variance (ANOVA) test was used to test for
differentially methylated sites associated across the three groups:
LG, aRLG, RLG compared to control. To determine which group
was driving the association behind the significant ANOVA results,
the T statistics for control versus each of the three groups were
extracted from the regression model. Unprocessed array data is
available through GEO accession number GSE166848.
RESULTS

Low Glucose-Induced Changes in Gene
Expression in Human Astrocytes
In HPA cells, expression of 1240 genes were significantly (p<0.05)
altered in response to glucose variation; 24 of which were
significantly differentially expressed (DE) after FDR correction
(adjusted p<0.05; Figure 2A). Volcano plots displaying the
pairwise comparisons of each treatment group versus control
shows that LG (Figure 2Ai) produced the largest effect on gene
expression, whereas changes induced by aRLG (Figure 2Aii) and
RLG (Figure 2Aiii) were more modest. LG and RLG shared similar
DE patterns (Figure 2B) and importantly TXNIP, regulated by
glucose (20), was significantly downregulated in both LG (log2 fold-
Frontiers in Endocrinology | www.frontiersin.org 360
change -2.16, p=1.09E-5) and RLG (log2 fold-change -1.46,
p=2.91E-3; Figure 2C). Of the other DE genes there was a
predominance of genes related to endoplasmic reticulum (ER)-
stress. X-box binding protein 1 (XBP1; log2 fold-change 0.28,
p=1.56E-4; Figure 2D), heat shock protein family A member 5
(HSPA5; log2 fold-change 0.34, p=3.55E-6; Figure 2E), and
mesencephalic astrocyte-derived neurotrophic factor (MANF; log2
fold-change 0.41, p=7.55E-6; Figure 2F) showed increased
expression following LG exposure which was blunted following
RLG. Similarly, mitochondrially encoded NADH:ubiquinone
oxidoreductase core, subunit 4 and subunit 4L (ND4 and ND4L)
had increased gene expression in acute LG (ND4; log2 fold-change
0.37, p=3.5E-6; ND4L; log2 fold-change 0.47, p=5.75E-7) and
a diminished, but still significant increase following RLG
(Figures 2G, H). Pathway analysis of the DE genes identified
seven gene ontology (GO) terms that were significantly altered
after correction for multiple comparisons, which were related to the
unfolded protein response (UPR) and ER-stress (Table 1).

LG and RLG Produce Distinct DNA
Methylation Profiles
Our analyses did not identify any differential methylated
positions (DMP) that reached genome-wide significance for
DNA methylation association analyses (Figures 3Ai-iii;
p<9.42x10-8 (21)). However, 65 probes reached nominal
significance of p<0.0001. Hierarchical clustering of these top
probes showed four distinct groups that matched with the four
experimental conditions suggesting a DNA methylation profile
specific to each condition (Figure 3B). Of the differentially
methylated CpG sites, several were related to energy or ion
homeostasis. SLC19A3 (cg07417745, p=5.16E-7, bD= 0.23),
encoding the thiamine transporter was hypermethylated after
LG showing a linear relationship with the number of bouts of LG
exposure (Figure 3C). Similarly, methylation of the GRID1 gene,
encoding the ionotropic glutamate receptor d1 (cg16777181) was
hypermethylated following LG exposure (p=1.90E-3, bD=0.18)
and this remained elevated following RLG (Figure 3D). In
contrast, cg1102254 (NIPA1 , p=2.65E-6, bD= -0.02),
cg11692715 (SLC8B1; p=1.61E-5, bD= -0.16) and cg22467827
(CLHC1, p=4.28E-4, bD= -0.03), which encode a Mg2+

transporter (22), a Na+/Ca2+ antiporter, and clathrin heavy
chain linker domain containing 1 respectively, were
hypomethylated following RLG (Figures 3E–G). The probe
cg22467827 (annotated to the gene CLHC1) was also
differentially expressed (log2 fold-change 0.80, p=1.03E-4) in
relation to RLG (Figure 3H). The two datasets (RNAseq and
EPIC) were integrated resulting in 28 DE genes that overlapped
with 31 differentially methylated positions (Figure 3I).
DISCUSSION

The central adaptations in response to RH that mediates defective
CRR require further investigation, with little known about how
astrocytes respond or adapt to RH. We sought to examine changes
in HPA gene expression and DNAmethylation to determine which,
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if any, pathways were altered by acute and RLG exposure. DE and
GO pathway analyses revealed that the major pathway altered by
acute LG was the UPR. Protein folding within the ER requires
hydrolysis of ATP (for review see (23)) and reductions in ATP
content driven by energy stress increases protein misfolding to
activate the UPR (24). ER stress, viaATF6 promotes the production
Frontiers in Endocrinology | www.frontiersin.org 461
of XBP1 (25), which is spliced by IRE1a, to produce a potent
transcriptional activator, XBP1s that increases HSPA5 (25) and
MANF expression (26)). MANF is upregulated by UPR to inhibit
cell proliferation and prevent ER-stress-related cell death (27, 28).
Interestingly, here expression of XBP1, HSPA5, and MANF were
increased following a single bout of LG. Similar ER stress responses
Ai Aii Aiii

B D

E F

G H

C

FIGURE 2 | Glucose variation alters expression of genes involved in endoplasmic-reticulum stress. Volcano plots on the pairwise differential expression analysis
between control cells (C) versus (Ai) low glucose (LG), (Aii) antecedent RLG, and (Aiii) recurrent low glucose (RLG), the red points on the plots represent genes
padj<0.05. (B) Heatmap of hierarchical clustering of LRT analysis FDR ≤ 0.1 indicates differentially expressed genes (rows) between the four groups (padj<0.1).
Orange indicates up-regulation and blue indicates down-regulation. The LG and RLG groups cluster together. TXNIP (C), XBP1 (D), HSPA5 (E), MANF (F), ND4L
(G), ND4 (H) expression profiles, selected for their functional relevance to hypoglycaemia (p-value is the adjusted result of the likelihood ratio test). n=5; *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. Data presented as Mean ± SD.
TABLE 1 | Glucose variation significantly enriched gene ontologies related to endoplasmic-reticulum stress.

GO term ID GO term full name Number of DEGs
in the category

Total number of
genes in the category

corrected
p value

GO:0006986 response to unfolded protein 8 160 0.0159
GO:1905897 regulation of response to endoplasmic reticulum

stress
6 72 0.0159

GO:0006984 ER-nucleus signalling pathway 5 45 0.0159
GO:0035966 response to topologically incorrect protein 8 179 0.0159
GO:0034620 cellular response to unfolded protein 7 125 0.0159
GO:0035967 cellular response to topologically incorrect protein 7 143 0.0329
GO:0036498 IRE1-mediated unfolded protein response 5 59 0.0440
May 2021 | Volume 12 | Art
Gene ontologies that were significantly enriched by the differentially expressed genes. All seven of the GO terms were related to endoplasmic-reticulum stress and the unfolded protein
response.
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have been reported in pericytes (29), cardiac tissue (30), rat primary
astrocytes (31) and primary hippocampal neurons (24) in response
to LG. Following RLG, the increase in UPR-related gene expression
was substantially diminished. Given that energy deficiency increases
ER stress, it is plausible that acute LG exposure causes poor folding
of proteins leading to a marked increase in ER stress. Following
successive bouts of LG, a concomitant metabolic adaptation, as
previously reported (18), better preserves cellular (or intra-ER) ATP
levels, thus attenuating (or delaying) subsequent LG-induced ER
stress, reducing the necessity of the UPR. This is supported by the
observation that expression levels ofND4L andND4 following RLG
remained elevated above control. Thesemitochondrial genes encode
two subunits of complex I (NADH dehydrogenase) and the
continued elevation of expression following RLG suggests a
persistent adaptation. This correlates with our previous data in
the same cell type demonstrating increased basal mitochondrial
oxygen consumption following RLG, mediated by an increased
reliance on fatty acid oxidation for ATP generation (18). It is worth
noting that in our previous study, we did not observe any reduction
in total intracellular ATP content following acute or recurrent low
Frontiers in Endocrinology | www.frontiersin.org 562
glucose exposure. When combined with our data presented here,
it is possible that normal ER functions are transiently reduced
during acute low glucose exposure in order to maintain intracellular
ATP levels. Whether any metabolic adaptation following RLG
leads to better preservation of intra-ER ATP levels remains to
be determined.

The EWAS identified 65 DMPs associated with LG/RLG that
reached nominal significance, while we did not identify any
DMPs that reached the suggested array-wide significance
(p<9.42x10-8). Hierarchical clustering revealed distinct patterns
of DNA methylation across the four conditions. One of the
most significant DMPs (cg07417745) is located in intron 1 of
the SLC19A3 gene, which encodes a thiamine transporter (32),
and showed a linear relationship between increased DNA
methylation and the number of LG exposures. Interestingly,
expression of this gene has previously been found to be
modulated by hyperglycaemic-like conditions (33). Conversely,
methylation of cg11022541 and cg11692715 located within the
genes NIPA1 and SLC8B1 respectively, decreased following RLG.
As these genes encode a Mg2+ transporter (22) and a Na+/Ca+
Ai Aii Aiii

B

D E

F G

I

H

C

FIGURE 3 | Effect of glucose variation on DNA methylation. (A) The most differentially methylated genes (ANOVA p ≤ 0.001) in pairwise comparison (red points are
p<0.0001) between control treated HPA cells (C) versus (Ai) low glucose (LG), (Aii) antecedent recurrent low glucose (aRLG), and (Aiii) recurrent low glucose (RLG).
(B) Heatmap of hierarchical clustering using probes ANOVA p<0.001 indicates differentially methylated cg sites (rows) between the four groups. Orange indicates
hypermethylation and yellow indicates hypomethylation. Box plots of some of the most differentially methylated CpG sites labelled by their associated gene, selected
for functional importance (C), cg07417745/SLC19A3, (D), cg16777181/GRID1, (E), cg11022541/NIPA1, (F), cg11692715/SLC8B1 (G), cg22467827/CLHC1 (p-
value is the adjusted result of the ANOVA). (H), CLCH1 gene expression increases. Error bars represent standard deviation (I), Venn diagram of differentially
methylated cg sites in yellow and differentially expressed genes (blue) and overlap between the two data sets, 28 genes. Data presented as Mean ± SD. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. n=6 for methylation data and n=5 for gene expression changes.
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exchanger (34), this may indicate the energetic cost of ion
handling within the cell, which requires further investigation.
The main limitation in this study was that we were underpowered
in the DNA methylation analyses as power analysis indicated
we had 50% power to detect a difference of 10% in half of all
the sites on the EPIC array. Moreover, the relationship between
DNA methylation and gene expression is complex, with the
direction of effect dictated by sequence context (35).
Furthermore, the annotation of DNAm sites to genes is purely
based on proximity rather than empirically derived data (36),
both of these factors make inferences between DMPs and gene
expression complicated. Despite these challenges we looked for
overlapping genes between the datasets and identified 28 that
were significantly altered (p<0.05) in both analyses. For example,
CLHC1 gene expression was significantly increased and a DMP
(cg22467827) located in intron 1 was hypomethylated. This
tentatively suggests that DNA methylation within the first
intron may be mediating the upregulation of this gene in the
response to LG glucose.

These data demonstrate the intrinsic response of adult human
primary astrocytes to acute and recurrent low glucose exposure.
Despite the advantages of the high resolution information
obtained from primary astrocyte cultures, whether these
responses are shared by astrocytes across different brain
regions remains unknown, especially given the emerging
evidence of astrocyte heterogeneity. In addition, the influence
of neighbouring cells such as neurons, pericytes and microglia
would be interesting to examine. Therefore, expanding these
findings to a more replete setting will be important for future
studies using for example human inducible pluripotent stem cells
in vitro or ex vivo/in vivo rodent models.

In summary, there are both shared and unique gene expression
and DNA methylation profiles in human astrocytes following LG
and RLG exposure. A single bout of LG exposure induced
expression of genes associated with the UPR linked to ER stress.
This response diminished after four bouts of LG exposure,
suggesting an attenuated stress response. Taken together with
previous observations that astrocytes adapt to RLG by increasing
reliance on fatty acid oxidation to maintain intracellular ATP levels,
activation of the UPR by glucose deprivation may be attenuated
following RLG exposure.
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In mammals, myeloid cells help maintain the homeostasis of peripheral metabolic tissues,
and their immunologic dysregulation contributes to the progression of obesity and
associated metabolic disease. There is accumulating evidence that innate immune cells
also serve as functional regulators within the mediobasal hypothalamus (MBH), a critical
brain region controlling both energy and glucose homeostasis. Specifically, microglia, the
resident parenchymal myeloid cells of the CNS, play important roles in brain physiology
and pathology. Recent studies have revealed an expanding array of microglial functions
beyond their established roles as immune sentinels, including roles in brain development,
circuit refinement, and synaptic organization. We showed that microglia modulate MBH
function by transmitting information resulting from excess nutrient consumption. For
instance, microglia can sense the excessive consumption of saturated fats and instruct
neurons within the MBH accordingly, leading to responsive alterations in energy balance.
Interestingly, the recent emergence of high-resolution single-cell techniques has enabled
specific microglial populations and phenotypes to be profiled in unprecedented detail.
Such techniques have highlighted specific subsets of microglia notable for their capacity
to regulate the expression of lipid metabolic genes, including lipoprotein lipase (LPL),
apolipoprotein E (APOE) and Triggering Receptor Expressed on Myeloid Cells 2 (TREM2).
The discovery of this transcriptional signature highlights microglial lipid metabolism as a
determinant of brain health and disease pathogenesis, with intriguing implications for the
treatment of brain disorders and potentially metabolic disease. Here we review our current
understanding of how changes in microglial lipid metabolism could influence the
hypothalamic control of systemic metabolism.

Keywords: microglia, hypothalamus, lipids, obesity, diabetes
INTRODUCTION

The brain contains the second highest lipid concentration in the body, behind adipose tissue, and
lipids constitute 50% of the brain’s dry weight (1). Beyond serving as energy substrates, brain lipids
play a wide range of roles in cellular physiology, including membrane organization, protein
modification, cell-cell interactions, membrane trafficking, energy storage and signal transduction.
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Lipid metabolism within the brain is therefore highly regulated,
and disruption of central nervous system (CNS) lipid
homeostas is can produce devastat ing neurologica l
consequences. For instance, impaired cholesterol or fatty acid
metabolism leads to severe neurodevelopmental defects,
intellectual disabilities, and motor dysfunction (2, 3). Neurons
themselves engage in relatively low levels of lipid synthesis, in
contrast to recent studies which suggest that glial cells are critical
for both the synthesis and metabolism of lipids in the brain (4).
For example, an “astrocyte-neuron lactate shuttle” has been
postulated, in which astrocytes metabolize lipids in order to
provide energy substrates for neurons (5) and regulate neurite
outgrowth and synaptogenesis (6). Oligodendrocytes are also
highly active in lipid metabolism, and have been shown to
synthesize the cholesterol necessary for myelin sheath
formation (7). Importantly, microglia can both synthesize and
accumulate lipids, and both microglial lipid composition and
lipid metabolic capability are increasingly implicated in
determining their ability to regulate neuronal functions as well
as their contributions to brain pathology (8–10).

Integration of lipidomic and genomic datasets can elucidate
gene-environment (e.g. diet) interactions regulating lipid
metabolism as a means to reveal biomarkers predictive of
metabolic disease (11). Recent studies utilizing lipidomics and
single-cell RNA sequencing (scRNA-seq) have revealed
intriguing heterogeneity among microglia, and the importance
of lipid and lipoprotein metabolism in microglial physiology (12,
13). This work had been done primarily in the context of specific
neurodegenerative diseases, while our lab and others have
investigated the role of dietary lipids in the immunological
activation of microglia in the context of obesity and
metabolism (14–16). This review summarizes our current
knowledge of lipid metabolism in microglia, with a focus on its
potential contribution to hypothalamic physiology and
dysfunction in the context of metabolic disease.
LIPID METABOLISM IN THE BRAIN

The brain has a high energy demand, and historical consensus
has been that its energy requirements are almost entirely satisfied
by glucose metabolism. However, this dogma has been recently
challenged, as it was shown that approximately 20% of the
brain’s total energy requirement is met though the oxidation of
fatty acids (FAs) (17). Additionally, FA oxidation by cultured
mouse brain slices is increased by withdrawing extracellular
glucose (18). Astrocytes and microglia likely contribute
significantly to brain utilization of FAs as energy substrates
(18, 19). Astrocytes express higher levels of key FA oxidation
enzymes, however detailed cell-type specific experiments
comparing the capacity to oxidize fatty acids in vivo have not
been reported (18). Neurons may have also the capacity to utilize
FAs as an energy source, as a recent study using rat brain
demonstrated that isolated neuronal mitochondria utilize FAs
as an energy source even in the presence of other mitochondrial
substrates (20). By contrast, the capacity of neurons to oxidize
Frontiers in Endocrinology | www.frontiersin.org 266
FAs for energy is known to be quite limited (21). One reason for
this limited capacity may be that neurons are highly susceptible
to reactive oxygen stress (ROS) generated by FA oxidation, and it
is widely accepted that mitochondrial oxidative stress and
dysfunction contribute to neurologic disorders (22). Thus, the
selective pressure to avoid oxidative stress may underlie the
neuronal preference to oxidize glucose as their primary fuel
source (21).

Neuron-Glia Interactions in Brain
Lipid Metabolism
Given the importance of lipids to overall brain physiology, the
limited lipid metabolic capacity of neurons themselves has
prompted exploration into the essential roles of glial cells in
lipid metabolism, storage and synthesis. This effort has revealed
the importance of coordinated lipid metabolism and trafficking
between neurons and glia, as exemplified by work done to
establish a genetic link between Parkinson’s disease (PD) and
genes controlling lipid metabolism (23, 24). Indeed, both PD
patients and experimental animal models of PD exhibit
abnormal lipid accumulation in dopaminergic neurons and
their surrounding microglia, but have a reduced lipid load in
adjacent astrocytes. One recent study found that a Western diet
impairs recovery from demyelinating injuries, by inhibiting
microglial phagocytosis and clearance of lipid debris (25).
Another study found that in the setting of demyelination,
microglia synthesize desmosterol, the immediate cholesterol
precursor and liver X receptor (LXR) agonist, and that
microglial sterol synthesis is essential for efficient
remyelination (26). As oligodendrocytes were thought to be the
primary synthesizers of sterols in the brain, and require sterols
for myelination, this indicates a new role for intercellular
trafficking of sterols. Together, these findings indicate that a
disturbance in the multicellular handling and trafficking of lipids
plays may play a key role in PD pathogenesis (27).

However a broader, more systematic understanding of the
regulation of lipid metabolism and flux between brain cell types
in different physiological and pathological states is limited, with
few detailed lipidomic profiles of CNS cell types having been
published to date. However, recent studies have revealed that
certain lipid species are enriched in distinct cell types and brain
regions. For instance, microglia are enriched in sphingolipids
and characterized by high levels of sphingomyelin species, which
are almost absent in neurons and oligodendrocytes (13).
Microglia in particular are essential for the clearance and
recycling of lipid debris, and recent work has shown that
aging-related defects in microglial lipid handling contribute
both to their inflammatory activation and to the impairment of
their response to demyelination (28). Further insights into
microglial lipid metabolism will be essential to understanding
how lipids impact brain function.

Effects of Diet on Brain Lipid Composition
and Metabolism
In addition to having a relatively high absolute lipid content, the
composition of brain lipids is also distinct from that of other
May 2021 | Volume 12 | Article 668396
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tissues in the body. Indeed, 75% of lipids in mammals are present
exclusively in neural tissues, underscoring that brain function
has unique lipid requirements (29). The brain is the most
cholesterol-rich organ in the body, and brain cholesterol is
primarily supplied by local de novo synthesis (30). Cholesterol
is essential for neuronal physiology, and defects in cholesterol
metabolism leads to neurological diseases (31). Despite the
primary de novo synthesis, diet may also affect sterol
metabolism in the brain. The cholesterol metabolite 27-
hydroxycholesterol (27-OHC) can pass through the BBB, and
27-OHC is significantly increased in plasma and adipose tissue of
animals on HFD (32). Excess 27-OHC impairs brain glucose
uptake (33). Additionally, peripheral cholesterol contained in
circulating HDL, undergoes selective uptake mediated by the
scavenger receptor class B type 1 for entry into the brain (34). In
humans, low HDL levels are associated with increased risk for
PD (35). Interestingly, genetic HDL deficiency caused increased
astrogliosis, but not microgliosis, in the hypothalamus (36).

On the other hand, some FAs must be transported into the
brain from the systemic circulation in a dynamic process (37).
For instance, the brain is rich in long-chain polyunsaturated fatty
acids (LC-PUFAs), particularly arachidonic acid (AA),
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)
but the brain has limited capacity to synthesize LC-PUFAs (38,
39). These have to therefore be provided through the diet, either
as precursors, n-6 linoleic acid (LA) and n-3 a−linolenic acid
(ALA), or as preformed AA and DHA (40, 41). Indeed, several
radiolabeled studies have shown incorporation of circulating FAs
into neurons (37). FAs could passively diffuse across the blood
brain barrier (BBB), as shown for palmitate (PA), AA and DHA
(42–44), however FA transporters such as FAT/CD36 may also
play a key role in promoting the dissociation of FAs albumin in
order to facilitate their diffusion across the BBB (45). In
summary, brain lipid composition is highly regulated, and
while distinct from peripheral lipid composition, is importantly
influenced by circulating lipids including those from
dietary sources.

The obesogenic high-fat diets (HFD) commonly used in mice,
including the so-called “Western” diet with increased cholesterol
levels, are characterized by a markedly high saturated fatty acid
(SFA) content and a relatively low n-3 polyunsaturated fatty
acids (PUFA) content, resulting in a high n-6/n-3 ratio (46).
Given this, it is notable that studies suggest that not every type of
fat is equally obesogenic when consumed in an isocaloric
manner. Indeed, the profile of consumed fats, rather than
strictly the energy they contain, may be critical for the
development of obesity (47). Circulating lipid levels are
affected by dietary fat composition; for example, one lipidomic
analysis of postprandial plasma showed significant changes in
the levels of 316 different lipids species after an individual
switched from eating a breakfast based on dairy foods to one
that was soy oil-based (48). Recent studies have also investigated
the effect of dietary fat on the brain lipidome. Mice consuming a
HFD have reduced EPA content in cerebral phospholipids and
sphingolipids, in association with increased inflammation and
consequently impaired brain function (49). By contrast, diets
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enriched in the n-3 fatty acids EPA and DHA induce a different
set of alterations in the FA composition of brain phospholipids,
including increasing the number of double bonds in several
phospholipid species (13). Indeed, supplementing a standard
saturated fat-rich HFD with a daily gavage of fish oil rich in EPA
and DHA is sufficient to increase brain PUFAs and reduce brain
gliosis in obese mice (50). In probing this further, it is notable
that both EPA and DHA are precursors of pro-resolving lipid
mediators with anti-inflammatory properties (51). In contrast,
n-3 deficient neonatal mice exhibit increased microglial
phagocytosis of synaptic elements resulting in altered neuronal
morphology and function (10). Thus, dietary changes in EPA
and DHA, as detected by monitoring dietary n-6/n-3 ratios, may
directly modulate microglial polarization states in a manner
relevant to CNS diseases associated with microglial dysfunction.
INTEGRATION OF LIPID SIGNALS BY THE
MEDIOBASAL HYPOTHALAMUS (MBH)

The MBH, defined here as the hypothalamic region containing
the arcuate nucleus (ARC) and median eminence (ME), is
strategically located to directly sense and coordinate a response
to nutritional signals. The structure and function of the BBB
within the ME and ventromedial ARC, as a circumventricular
organs, is unique, being supplied by fenestrated capillaries (52–
55). Thus, substances that do not cross into the brain
parenchyma in other regions of the brain may pass into the
ME and ARC with relative ease (56, 57). For example, very low
density lipoproteins (VLDL) are not thought to cross the BBB
(34), however we demonstrated rapid accumulation of VLDL
within the MBH after intravenous administration, and this was
predominantly localized to microglia in the ME and ARC (14).
Indeed, a recent study showed that triglyceride (TG)-rich
lipoproteins are sensed in the hypothalamus by an LPL-
dependent mechanism (58), and the uptake of dietary PA, a
common SFA, into the hypothalamus is remarkably higher than
for other brain regions (59). Thus, specialized fuel-sensing
neurons that form critical hypothalamic circuits are uniquely
positioned to sense circulating glucose and lipid species,
including FAs (60).

Whereas lipid sensing in the MBH may create responsiveness
to nutritional lipids, there may be roles for lipid sensing in other
brain regions as well. For instance, recent work has shown that
both nutritional and parenteral TG exposure modulated activity
of neurons in the mesocorticolimbic system (MCL) and affects
behavioral and reward responses (61, 62). These effects were
dependent on neuronal lipoprotein lipase, suggesting a direct
response to TGs (61, 62). Radiolabeled triolein was able to be
detected in whole brain after peripheral injection, suggesting that
some intact TG may pass through the BBB, however the location
of triolein accumulation within the brain was not determined
(63). This sensing capacity may play a role in the context of
autophagy, lipids housed within locally-generated lipoproteins
(e.g. APOE), or perhaps by context-specific selective
permeability of the vasculature in certain brain regions to
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circulating lipids. Further research is needed to tease apart
these possibilities.

Lipid Sensing by Hypothalamic Neurons
Circulating FA levels are increased after consumption of a HFD
(64, 65) and the rate of entry of FAs into the brain is proportional
to their plasma concentration (59). Indeed, hypothalamic levels
of free FAs are increased by HFD feeding, suggesting an
important role for these FAs in hypothalamic lipid-sensing
pathways (66). Supporting this, it has been shown that FAs
modify neuronal firing rates in the ARC (67). Moreover,
intracerebroventricular (ICV) infusion of the monounsaturated
FA, oleic acid (OA), suppresses food intake and hepatic glucose
production (68) indicating that FAs can signal nutrient
availability to the brain. Furthermore, increased LCFA-CoA
levels in hypothalamic neurons suppress endogenous glucose
production suggesting that hypothalamic lipid sensing regulates
glucose homeostasis through a mechanism involving the
esterification of LCFAs to LCFA-CoAs (69). Also, ICV
infusions of OA or DHA, but not PA, reduce food intake and
body weight indicating a selective hypothalamic response to
specific unsaturated fatty acids (UFAs). However, ICV and
direct infusions of FAs into the brain are not physiological.
Short-term (3 days) of HFD can cause rewiring of anorexigenic
proopiomelanocortin (POMC) neurons in the ARC, suggesting a
physiological role for lipid sensing in the hypothalamus (70). In
further support of this concept, a recent elegant study found that
intragastric administration of lipids inhibited the activity of
hunger-promoting Agouti-related protein (AgRP) neurons in
the MBH (71). Furthermore, the ability of lipid infusion to
inhibit the activity of AgRP neurons was blunted in HFD-fed
animals, suggesting a reduction in the lipid sensitivity of AgRP
neurons in this context (72). In summary, there is clear evidence
that a HFD, in particular dietary FAs, is sensed by hypothalamic
neuronal pathways to regulate energy homeostasis. The precise
mechanisms of lipid sensing by hypothalamic neurons have been
well studied, and have been recently reviewed (73–75).

Dysregulated lipid metabolism in the hypothalamus may
affect neuronal FA sensing and therefore contribute to the
development of metabolic diseases. In particular, excessive
lipid accumulation and resultant activation of cellular stress
pathways can lead to disruption of hypothalamic function.
During both acute and chronic HFD feeding, multiple
inflammatory and stress response pathways are activated in the
hypothalamus, leading the dysfunction of hypothalamic circuits
regulating energy and glucose homeostasis, resulting in leptin
and insulin resistance (76). In evaluating the specific changes in
hypothalamic lipid composition induced by overconsumption,
specific attention has been paid to how excess lipid accumulation
drives ER stress in the hypothalamus (77). Rodent studies have
shown that HFD feeding induces ER stress in multiple metabolic
tissues including the hypothalamus (78). This response is not
uniform across all hypothalamic nuclei and seems to be specific
to the ARC but not other regions such as the paraventricular
nucleus (PVN) (78). Induction of hypothalamic ER stress leads
to increased food intake, reduced energy expenditure and
resultant obesity, and this is mediated at least in part by
Frontiers in Endocrinology | www.frontiersin.org 468
defective a-MSH production among POMC neurons (79) and
development of leptin resistance (80). Fat composition is
important in this regard, because saturated fats (e.g., PA) are
more deleterious than unsaturated fats to hypothalamic neurons
(81), and ER stress sensors are specifically activated by increasing
ER membrane lipid saturation (82). Interestingly, PA-induced
ER stress in hypothalamic neurons decreases protein abundance
and function of the melanocortin 4 receptor (MC4R) (83), and
central inhibition of lipid oxidation and ER stress is sufficient to
restore hypothalamic lipid sensing and energy homeostasis in
mice (84).

ER stress and inflammatory pathways are functionally
coupled, and induction of CNS ER stress in lean mice is
sufficient to activate NF-kB signaling (85). Furthermore, there
is convincing evidence that ER stress activates the NLRP3
inflammasome in myeloid cells through different pathways in a
context-dependent manner. We demonstrated that IRE1a, a
critical ER sensor of both unfolded protein and saturated lipid
stress, mediates SFA-induced IL-1b secretion in macrophages
upon sensing increasing saturation of cellular phospholipids
(86). However, most metabolic studies in the hypothalamus
have focused on neuronal ER stress, and the potential
contribution of ER stress in glial cells to hypothalamic
dysfunction has not been explored yet. However, a recent
study did show that disrupting proteasome activity in
microglia triggers the induction of a type I interferon (IFN)
response in an IRE1-dependent manner (87), suggesting that
microglial ER stress is worth studying in the context of
hypothalamic regulation.

Lipid Sensing by Non-Neuronal Cells
Hypothalamic neurons are critical to the regulation of energy
and glucose homeostasis, and our understanding of neuronal
circuits controlling metabolism has advanced greatly over the
past decade. However, recent studies implicate non-neuronal
cells, including microglia, as physiologic regulators of
hypothalamic function as well. For instance, astrocytes are the
most abundant glial cells in the CNS and are involved in multiple
fundamental processes, including metabolic homeostasis,
neurovascular coupling, and BBB maintenance (88). Recent
studies show that disrupting astrocyte lipid homeostasis may
contribute to neurological disorders (89, 90). In addition,
astrocytes participate in immune responses, and HFD
consumption induces morphological changes in hypothalamic
astrocytes (91). Astrocytes can influence hypothalamic circuits
involved in the control of feeding and energy metabolism, at least
in part by regulating extracellular levels of adenosine (92, 93).
Furthermore, a recent study suggested that astrocytic insulin
signaling regulates hypothalamic glucose sensing and systemic
glucose metabolism (94). Also, astrocytes in the MBH can
respond to acute changes in nutritional exposure, with
morphological changes after overnight fasting (91), or as soon
as 1-hr post-prandially (95). Interestingly, post-prandial
retraction of astrocytes surrounding POMC neurons was only
seen with standard chow diet, but not HFD (95). Tanycytes are
radial glia-like cells that line the wall of the third ventricle in the
brain, a privileged position to integrate multiple peripheral
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inputs (96, 97). Tanycytes can sense nutrients such as FAs in the
cerebrospinal fluid (CSF), facilitate the transport of metabolic
hormones across the BBB, and integrate signals to regulate
appetite and energy balance (98, 99).

Microglia are increasingly being recognized as highly
dynamic cells that continuously monitor for alterations to their
environment, and assume different states of activation according
to the unique CNS microenvironment in which they reside.
Within the hypothalamus, microglia are emerging as key
physiological mediators, both in the context of normal
hypothalamic function and regulating the metabolic response
to HFD. As such, key details of microglial lipid sensing and
metabolic regulation have gained considerable interest, and are
therefore reviewed below.
MICROGLIA AS NOVEL REGULATORS OF
HYPOTHALAMIC FUNCTION

Recent findings reveal an expanding array of functions for
microglia, beyond their established roles as immune sentinels
and phagocytic removers of cellular debris. These include roles in
synaptic organization (100), neuronal excitability (101) and
trophic support for brain repair (102) (Figure 1). Given the
vital role of microglia in maintaining CNS homeostasis, it is not
surprising that several brain disorders are associated with
microglial dysfunction (103). Disrupting the interactions
between neurons and microglia has devastating effects on
memory, anxiety and other behavioral domains, demonstrating
Frontiers in Endocrinology | www.frontiersin.org 569
the importance of myeloid cells in brain physiology (104).
Furthermore, interactions between microglia and astrocytes
have been implicated in brain health and disease (105), and
their cross-talk may play an important role in HFD-induced
hypothalamic dysfunction. Activated microglia can induce
reactive astrocytes by secreting proinflammatory molecules,
such as IL-1a, TNF and C1q as previously demonstrated in a
lipopolysaccharide (LPS)-induced murine neuroinflammation
model (106). In addition, recent work suggests that microglial
activity is directly regulated by metabolites of dietary tryptophan
metabolism produced by commensal flora, and that this response
controls a downstream inflammatory response among astrocytes
(107). Recently, we showed that the inflammatory signaling of
microglia dictates susceptibility to diet-induced hypothalamic
dysfunction and obesity (15).

Microglial Inflammatory Signaling
Regulates Hypothalamic Immune
Response to Dietary Excess
Chronic low-grade inflammation is considered one of the
hallmarks of metabolic disease, and activation of inflammatory
pathways have been described in several metabolic tissues. Animal
and human studies have identified white adipose tissue (WAT) as
the primary site where inflammation is initiated and exacerbated
in response to weight gain (108). Obesity promotes drastic changes
in the resident immune cell profile and function inWAT. Adipose
tissue macrophages adopt a metabolically activated (MMe)
phenotype distinct from that associated with classical “M1”
activation, upregulating proteins involved in lipid processing
FIGURE 1 | Microglia as dynamic cellular mediators of hypothalamic function. Microglia can perform diverse functions to maintain brain homeostasis, actively
screening the surroundings, intercellular communication and remodeling the brain circuits through synaptic pruning and neuronal plasticity. Hypothalamic microglia
integrate systemic metabolic signals such as dietary lipids to establish functional states that influence neuronal control of energy homeostasis. TG: refers to
triglyceride-rich lipoproteins, including chylomicrons and VLDL particles. Figure created with BioRender.com.
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including ABCA1, PLIN2 and CD36 to maintain adipose tissue
homeostasis (109). Moreover, a novel and conserved macrophage
population called lipid-associated macrophages (LAMs) is
involved in controlling WAT lipid homeostasis has been
recently described in multiple obesity-related mouse models (110).

Interestingly, recent studies have provided evidence that HFD
consumption also increases the expression of genes governing
inflammatory signaling in the hypothalamus (111–113). This
phenomenon has also been described in human obesity, and
obese individuals without a systemic disease showed markedly
increased levels of inflammatory markers in the hypothalamus
compared to healthy non-obese individuals (114, 115). With this in
mind, it is notable that HFD consumption inmice rapidly increases
the accumulation and activation of microglial populations
secreting inflammatory cytokines specifically in the MBH (14).
Moreover, the activation of hypothalamic inflammatory pathways
in response to HFD consumption is much more rapid than it is in
peripheral tissues such as WAT, even preceding any significant
diet-induced weight gain, suggesting that the inflammatory
response of the MBH to dietary excess is a cause, rather than a
consequence, of obesity (113). Indeed, a single high-fat meal is
sufficient to induce morphological changes and increased Iba1
expression in hypothalamic microglia (16).

We have shown that either pharmacologically depleting
resident microglia, or genetically restraining their inflammatory
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capacity via NF-kB signaling, protects mice from diet-induced
hyperphagia and weight gain, whereas specifically forcing NF-kB-
dependent microglial inflammatory activation reduces energy
expenditure and increases both food intake and weight gain
even in absence of a dietary challenge (15). Microglial
inflammatory signaling may induce obesity by causing
hypothalamic neuronal dysfunction, including the induction of
neuronal insulin and leptin resistance (76). Moreover, prolonged
microglial activation may also induce apoptosis of anorexigenic/
catabolic POMC neurons (116).

Metabolic Plasticity of Microglia
Microglia have the ability to adapt their metabolic pathways to
use the energy substrates available in their local environment,
and to acquire diverse and complex phenotypes during
inflammatory activation in response to an insult or injury (18)
(Figure 2). A comparative transcriptional profiling of genes
related to energy metabolism in different brain cell types
revealed that microglia express specific sets of genes required
for both glycolytic and oxidative energy metabolism (117). For
instance, microglia express the long-chain fatty acyl-CoA
synthetase, which catalyzes the formation of fatty acyl-CoAs
that are, in turn, b-oxidized into acetyl-CoA units and can be
further metabolized in the TCA cycle. Additionally, a recent
study showed that microglia are able to maintain oxidative
FIGURE 2 | Metabolic pathways regulating microglial activity during homeostasis and pathological responses. Microglia can rapidly adapt their energy metabolism to
nutrient availability and transcriptomic analyses revealed that microglia express genes necessary for both glycolysis and oxidative metabolism. Microglia in their
homeostatic status show reliance on oxidative metabolism to maintain their neuroprotective properties. However, microglia in proinflammatory states preferentially
use glycolysis for energy production. This metabolic switch towards glycolysis allows microglia to produce ATP rapidly, despite being comparatively less efficient, for
the secretion of inflammatory cytokines. High-fat diet (HFD) triggers a microglial inflammatory response leading to neuronal dysfunction in the MBH. Figure created
with BioRender.com.
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phosphorylation and homeostatic function during periods of
hypoglycemia by shifting fuel utilization to glutamine (18).
Homeostatic microglia, which are tasked with regulating day-
to-day aspects of tissue homeostasis throughout the CNS, rely
mainly on oxidative phosphorylation for ATP production, while
microglia activated in the context of pro-inflammatory
circumstances favor glycolysis (118, 119). When specifically
activated, microglia are able to release several metabolites into
the extracellular milieu (e.g.: succinate, itaconate, lactate) that
modulate neuronal functionality and survival. For instance, a
recent study showed that succinate produced by CNS myeloid
cells is sensed by neural stem cells during the chronic phase of a
mouse model of experimental autoimmune encephalitis (EAE) to
ameliorate neuroinflammation via succinate-dependent
mechanisms (120). Experiments on cultured microglia
consistently show that they respond to proinflammatory
stimuli by increasing glycolytic flux (121, 122). The metabolic
alterations of isolated cells in vitro may differ from those in vivo.
However, a novel approach to image NADH fluorescence has
been recently employed to detect an enhanced glycolytic
response of microglia to LPS treatment in mouse brain slices
(18). Glycolysis is less efficient than oxidative phosphorylation
(OXPHOS), however this glycolytic shift may redirect
metabolites to provide the cell with precursor molecules for the
production of inflammatory factors. Indeed, it has been shown
that glycolysis is indispensable to stimulate secretion of pro-
inflammatory cytokines by macrophages, the peripheral tissue
analogs of microglia (123). Conversely, fatty acid b-oxidation
and mitochondrial function are necessary for microglia to
manifest relatively anti-inflammatory polarization states (124).

In considering what might control broad shifts in fuel
metabolism among microglia, it is notable that epigenetic
changes, including histone modifications and DNA
methylation, are important modifiers of gene expression and
are known to mediate the metabolic reprogramming of myeloid
cells. For instance, feeding mice a HFD for 4 weeks is sufficient to
induce lasting epigenetic modifications in myeloid progenitor
cells in the bone marrow, leading to increased immune responses
to LPS challenge even after the mice were returned to a regular
low-fat chow diet (125). Despite the fact that metabolic alterations
have been implicated in several disease models (126), more
knowledge is needed to understand which specific metabolic
pathways can be targeted to restore the homeostatic microglia
phenotype in chronic inflammatory diseases, including obesity.

Recent studies have shed light on how changes in
mitochondrial morphology and function may impact microglia
polarization and function. Microglia stimulated with LPS,
demonstrate increased mitochondrial fragmentation, which
was dependent on ROS-mediated activation of adenosine
monosphosphate-activated protein kinase (AMPK) (127).
Mitochondrial fragmentation in reactive microglia requires
dynamin-related protein 1 (DRP1), an essential component of
mitochondrial fission (127). Short-term HFD (3 days) caused
decreased size and increased number of mitochondria in
microglia in the MBH, associated with increased levels of
activation of DRP1 (128) (Figure 2).
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Mitochondrial uncoupling protein 2 (UCP2) plays a key role
in reactive microglia. Knockdown of UCP2 modulates microglia
response to both LPS and IL-4 (129). Deletion of microglial
UCP2 prevented HFD-induced increases in mitochondrial
fission in MBH microglia, and reduced microglial activation in
the MBH and HFD-induced obesity (128). UCP2 has been
shown to effect both ROS production (130, 131) and fuel
utilization (132). Microglia in culture showed increased
mitochondrial respiration in the presence of high glucose and
palmitate, dependent on the presence of UCP2 (128). Further
mechanistic studies are necessary to explore the impact of
mitochondrial function and fuel utilization in the regulation of
MBH microglia.

The Impact of Sex on Microglial
Phenotypes in Metabolic Regulation
The study of sex differences in physiology has gained attention,
and sexual dimorphism in obesity and metabolic disease has
been described (133, 134). HFD induces activation of microglia
in the MBH of rodents, in a sexually dimorphic manner, affecting
male differently than females (135). However, the mechanism
underlying these differences are not well understood.
Interestingly, recent studies suggest that male and female mice
differentially metabolize lipids acquired from the diet. For
instance, HFD feeding increases PA and sphingolipids levels in
the hypothalamic tissue of male mice but not in the females
(135). Alterations in sphingolipid-mediated signaling pathways
might provide an additional mechanism by which SFAs induce
hypothalamic dysfunction in the MBH (136). On the other hand,
microglia in the adult mouse brain have sex-specific features and
that could explain sex differences in neurological disease
susceptibility (137). Moreover, it has been recently shown that
microbiota influences adult microglia in a sex-specific manner
(138). For instance, short-chain fatty acids (SCFAs) are the main
metabolites produced by bacterial fermentation of dietary fiber in
the gastrointestinal tract, and these SCFAs influence gut-brain
communication and brain function directly or indirectly through
immune, endocrine, and vagal pathways (139). Although the
SCFAs have been shown to protect against diet-induced obesity
in mice (140) and overweight humans (141), the underlying
mechanisms are not well understood. SCFAs are important
regulators of innate immune responses and recently have been
involved in the regulation of microglial function (142). Thus,
regulating CNS myeloid cell functions by manipulating the gut
microbiota may represent a promising therapeutic approach to
mitigate metabolic diseases.
DIETARY LIPIDS REGULATE MICROGLIAL
POLARIZATION AND RESPONSES
IN THE MBH

Bioactive dietary FAs are potent modulators of microglial
inflammatory responses. Lipid accumulation in myeloid cell
types more broadly, is well demonstrated to be associated with
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the activation of inflammatory signaling cascades (143).
Moreover, microglia express a wide range of lipid metabolism-
related genes such as those encoding fatty acid oxidation
enzymes (144), lipoprotein lipases, lipid transporters, and
lipid-sensitive receptors (e.g. receptors for endocannabinoids,
prostaglandins or phospholipids), suggesting that lipids are
important regulators of microglial physiology. Microglia can
store FAs within lipid droplets, which are known to control
their inflammatory responsiveness and phagocytic activity (145).
Some reports suggest that dietary lipids in the context of the
whole mammal, can also influence microglial function through
indirect mechanisms including microbially-derived metabolites,
hormonal control, and gut and systemically-derived
inflammatory signals. For instance, treating microglia with
insulin in vitro decreases LPS-induced TNF production and
phagocytic activity in a dose-dependent manner (146).
Moreover, ghrelin, an orexigenic hormone produced by the
stomach and duodenum, directly exerts anti-inflammatory and
anti-oxidative effects on LPS-activated microglia when
introduced to them in culture (147).

In particular, long-chain SFAs have emerged as a potential
nutritional triggers of microglial activation in the MBH, exerting
effects in the brain analogous to those documented for peripheral
tissues. HFD intake increases brain SFA levels, and more
specifically those of lipids containing PA (14). Indeed, PA
levels are increased in the CSF of overweight and obese
humans (148). We showed that microglia in the MBH can
sense rising levels of saturated fats, when consumed in excess,
and transduce this to instruct local neurons. Moreover, enteric
isocaloric gavage of SFAs, but not UFAs, for only 3 days is
sufficient to induce microglial activation in the MBH,
reproducing the response seen in the MBH of mice fed a HFD
(14). These findings support the idea that SFAs trigger this
response. However, the HFD commonly used for animal
studies also contains high amounts of sugars, and another
study suggested that dietary sugars, instead of fat, drive
hypothalamic inflammation (149). One caveat of this study
was that the authors did not control for calories and the
sources of fat vs. carbohydrates across diets. Intriguingly, a
recent comprehensive study of 29 different diets with different
macronutrient compositions showed that only dietary fat, but
not protein or carbohydrates, regulates hypothalamic control of
energy intake and promotes adiposity (150). Besides
macronutrient distribution, the specific source of dietary FA is
can modulate microglial inflammatory responses. For instance,
the substitution of dietary lard for flaxseed oil or olive oil reduced
food intake and inflammatory markers in the MBH, highlighting
a specific pro-inflammatory impact of SFAs (151).

SFAs were initially thought to induce inflammation as direct
agonists of the toll-like receptor 4(TLR4), a member of the
interleukin-1 receptor superfamily with a prominent role in
innate immune responses. In support of this hypothesis,
pharmacological and genetic approaches to inhibit
hypothalamic TLR4 signaling suppressed SFA-induced
microglial activation and inflammatory cytokines expression in
rodent models fed a HFD (112, 152). However, a recent study
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showed that TLR4 is not the receptor for SFAs. Rather, TLR4-
dependent priming alters cellular metabolism, lipid metabolic
pathways and membrane lipid composition, changes that are
required for engagement of SFA-induced inflammatory
pathways (153). The fatty acid translocase CD36 is another
potential mediator of microglial lipid-sensing. Indeed, CD36
has been shown to be essential for microglia-mediated uptake
of myelin debris (154), and microglia response to beta-amyloid
(155). However, while CD36 is known to be involved in long-
chain fatty acid uptake and sensing in other tissues, its role in
lipid-sensing in microglia has not been reported. Unlike SFAs,
PUFAs have beneficial effects on the brain and reduce
neuroinflammation. PUFAs, when incorporated into cell
membranes, increasing membrane fluidity in a manner that
was shown to help microglia engage in phagocytosis (156).
Microglial movement was remarkably impaired in mice fed a
diet deficient in n-3 PUFAs (157). Also, PUFAs are endogenous
ligands of the G-couple receptor GPR120, which may explain, at
least in part, how they activate anti-inflammatory signaling
pathways (158). Moreover, GPR120 is primarily expressed by
microglia in the hypothalamus and is suggested to be involved in
regulating microglial inflammatory responses that influence
energy homeostasis (159).
LIPOPROTEIN METABOLISM AND
LIPID MEDIATORS REGULATING
MICROGLIAL PHENOTYPES

The emergence of new technology such as scRNA-seq has
enabled the identification and characterization of the diversity
of microglial populations. These studies have revealed that the
heterogeneity of microglia in both normal and disease states
exists beyond the simplistic M1/M2 paradigm, with a spectrum
of cellular states existing from homeostatic microglia to
pathology-associated microglia (160, 161). In addition, scRNA-
seq of myeloid cells has revealed extensive regional heterogeneity
in both microglia and non-parenchymal brain myeloid cells
including so-called “border-associated” macrophages found
proximal to, and within, meningeal lining tissue (162).
Recently, several comprehensive ex vivo scRNA-seq analyses of
microglia have defined specific transcriptional clusters with
common metabolic characteristics. For instance, a novel
microglial population called disease-associated microglia
(DAM) was recently identify in a mouse models of AD and
amyotrophic lateral sclerosis (ALS) expressing a distinct set of
genes associated with lipid and lipoprotein metabolism (163).
This transcriptional signature represents a preference for lipids
as fuel substrates, ostensibly to meet the increased bioenergetic
demands of this form of activated microglia (163). A similar
signature is also observed in microglia in the context of
demyelination, suggesting engagement of a transcriptional
microglial phenotype that enables the ability to phagocytose
and clear lipid debris (164). Moreover, human microglia from
white matter adjacent to chronic multiple sclerosis (MS) lesions
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showed upregulation of scavenger receptor and lipid metabolism
genes including LPL and PPARG (165). Additionally, analyses of
non-diseased human brain revealed clusters of microglia
enriched for expression of metabolism-encoding genes,
including APOE and LPL, in white- vs. grey matter, and
increased with aging (166). While the transcriptional signature
of activated microglial populations in these studies have shown
variability in the response to different stimuli and experimental
conditions, there is a clear consistent implication of alterations in
lipid metabolism in analyses of microglia activated by stimuli
other than those associated with acute infection.

Lipoprotein Lipase (LPL)
Lipoprotein lipase (LPL), an enzyme needed for the hydrolytic
cleavage and release of FAs from TGs, and a number of recent
reports have highlighted LPL as a key feature of reparative
microglia, which are recruited to restore tissue homeostasis in
the context of injury, for example. scRNA-seq of DAM, in a murine
model of Alzheimer’s disease (AD), revealed that LPL levels are
markedly increased in a unique microglial subset associated with
phagocytosis and protection in AD (163). Furthermore, LPL gene
transcription is elevated in a cuprizone model of demyelination
(167), and a recent study suggested that LPL is a novel feature of a
the supportive microglial phenotype that emerges during
remyelination and repair via clearance of lipid debris (9).

LPL is expressed in the brain, spinal cord, and peripheral
nerves but is predominantly expressed by macrophages and
microglia in the human and murine brain (117, 168). Although
the function of LPL in the microglia l response to
neurodegenerative disease is not well understood, LPL
polymorphisms are been implicated in disease risk, such as an
association with AD risk. For instance, loss-of-function LPL
polymorphisms with reduced enzymatic activity are associated
with increased AD risk as well as with increased VLDL-TG levels
(169). Conversely, patients with LPL polymorphisms leading to
increased LPL activity have reduced hippocampal amyloid
plaque formation (170). Microglia-specific knockdown of Lpl
exhibited decreased cell number and soma size of microglia in
the ARC of mice fed a hypercaloric diet (168), supporting the
hypothesis that lipoprotein metabolism is important in the
regulation of MBH microglial function. In these mice, POMC
neuronal loss was accelerated and they gained more weight than
control mice. Microglia lacking Lpl demonstrated a shift in fuel
utilization towards glutamine and decreased phagocytic capacity,
suggestive of an immunometabolic shift (168). Taken together,
these data suggest that LPL regulates lipid and lipoprotein
uptake, which may provide the lipids needed to maintain
homeostatic microglial functions in the MBH.

Apolipoprotein E (APOE)
Apolipoprotein E (APOE) is the major carrier for lipids in the
brain, and APOE genotype is the most profound genetic risk
factor for AD, predominantly by modulating microglial activation
(171). In the brain, APOE is expressed predominantly by
astrocytes and microglia and a major role for APOE in the
brain is to maintain a consistent supply of essential lipids to
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neurons (172). Extensive studies have established the role of
APOE in mediating inter-cellular cholesterol transport from
glia to neuronal cells (173). The human APOE gene exists as
three different alleles, e2, e3 and e4 and these isoforms change the
lipid and receptor binding ability of APOE.

Microglial APOE production is strongly induced during injury
and disease, including in AD (174). APOE is a key component of
transcriptional signature of activated microglia, as demonstrated
in post-mortem human brain studies, AD mouse models and
studies of cultured microglia (163, 171). APOE induces an anti-
inflammatory phenotype in macrophages and similarly an APOE
peptide inhibits inflammatory processes in isolated microglia
through the APOE receptor, LRP1 (175). In APOE-deficient
mouse models, peptides based on the APOE receptor-binding
domain prevent LPS-induced inflammation (176). Interestingly,
blocking inflammatory signaling increases APOE expression in
microglia (177), suggesting a negative feedback loop between
APOE levels and inflammation.

The mechanistic role of APOE expression in hypothalamic
microglia has not been explored in models of diet-induced
obesity, but data from studies in neurodegenerative disease
lend clues towards the potential function.

Triggering Receptor Expressed on Myeloid
Cells 2 (TREM2)
The Triggering Receptor Expressed on Myeloid Cells 2 (TREM2)
is a type 1 transmembrane receptor protein expressed on
myeloid cells. This receptor binds a wide array of ligands
including extracellular lipids and lipoproteins, and loss of
function variants in TREM2 are also associated with increased
risk of AD. TREM2 modulates inflammatory signaling in
myeloid cells, and in the brain is primarily expressed by
microgl ia . TREM2 is crucia l for induct ion of the
transcriptomic and functional program of DAMs, by activation
of phagocytosis and lipid metabolism-related pathways. TREM2-
deficient microglia have strong metabolic defects, characterized
by impaired lipid metabolism, accumulation of cholesterol esters,
aberrant autophagy, altered mTOR signaling, and reduced ATP
production (8, 178). Also, TREM2-deficient microglia have
reduced mitochondrial mass and increased phosphorylation of
AMPK (178), a key regulator of energy metabolism that is
activated in response to low glucose and inhibits a shift in the
cellular metabolism from oxidative phosphorylation to glycolysis
(179). A recent study revealed that TREM2 activation by APOE,
drives a neurodegenerative phenotype in microglia,
characterized by suppression of transcription factors regulating
homeostatic microglia (171). Thus, targeting of the TREM2-
APOE pathway may represent a novel therapeutic approach to
restore homeostatic microglia in neurological disease.

TREM2 signaling in peripheral macrophages has recently
been linked to metabolic disease. TREM2 KO mice exhibit
increased obesity, insulin resistance and altered adipose tissue
remodeling in response to HFD feeding (180). TREM2 is
required for induction of monocyte-derived LAMs, in which
LPL and APOE are induced by a TREM2-dependent mechanism
as a consequence of HFD-induced obesity in mice (110). Similar
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transcriptional signatures were also identified in aortic
macrophages during atherosclerosis (181) and fatty livers of
mice fed a HFD (110). TREM2 activation via DAP12
antagonizes TLR signaling and inflammatory cytokine
production in cultured macrophages and, conversely, TREM2
expression is abrogated by pro-inflammatory signaling (182,
183). However, the role of TREM2 in lipid-induced microglial
activation in the MBH has not been investigated.
CONCLUDING REMARKS AND
FUTURE PERSPECTIVES

Both microglia and lipid metabolism are now known to play keys
role in the onset and progression of the pathology of a wide
variety of neurological diseases. The traditional view of the brain
as an immune privileged organ has undergone a paradigm shift.
In recent years, it has become increasingly clear that immune
cells actively contribute to homeostatic processes in the CNS.
Furthermore, dysfunctional microglial subsets characterized by
excessive droplet- and membrane-associated lipid accumulation
and attenuated lipid efflux have recently been the subject of
considerable investigation (28, 184). Based on exciting data from
other fields, it is increasingly becoming likely that a better
understanding of how lipid mediators regulate the interaction
between the immune and nervous systems may help uncover
novel therapeutic targets to prevent and treat metabolic diseases
as well. Indeed, many of the advances in determining of the role
of lipid and lipoprotein metabolism that have occurred in the
context of neurodegenerative disease (12) have the capacity to
provide direct insight into the mechanisms by which microglia
are activated in the MBH by nutritional signals.

The CNS hosts a heterogeneous population of myeloid cells,
including parenchymal homeostatic microglia, and perivascular
and meningeal border-associated macrophages. These myeloid
cells share the expression of numerous markers, and a major
obstacle has been the lack of tools to discriminate between
specific microglial as well as other brain myeloid populations.
However, new approaches for single-cell profiling have revealed
a remarkable functional complexity in the CNS myeloid
compartment in both homeostatic and disease contexts.
Microglia are highly dependent on environmental signals to
maintain their polarization. Given that such signals may vary
across brain regions, it is notable that immune profiling of
human brain microglia by single-cell proteomics revealed
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remarkable regional heterogeneity (185). Myeloid cells
strategically located in close proximity to fenestrated blood
vessels in the MBH may be able to sense metabolic factors
including circulating lipids. To this end, we showed that HFD
feeding induces the accumulation of a unique mix of myeloid
cells in the MBH (15). This immunological response also
includes the accumulation of perivascular macrophages
involved in alterations systemic glucose metabolism (186).
However, methods using marker-based analyses have technical
limitations, and unbiased approaches are needed to resolve the
heterogeneity and complexity of myeloid cell types within
different CNS regions. Understanding the contribution of
individual diet-responsive myeloid cell types will be critical for
the development of novel therapeutics for obesity and T2D.

In summary, the emergence of a new field focused on
microglial function, heterogeneity, and cell-cell crosstalk is
providing us with an unprecedented understanding of how
dietary lipids modulate microglial functions and their
engagement with other cell types within the brain, including
the MBH. This information has tremendous potential to help us
identify new therapeutic targets to prevent overnutrition-
induced hypothalamic dysfunction and metabolic disease.
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87. Studencka-Turski M, Çetin G, Junker H, Ebstein F, Krüger E. Molecular
Insight Into the IRE1a-Mediated Type I Interferon Response Induced by
Proteasome Impairment in Myeloid Cells of the Brain. Front Immunol
(2019) 10:2900. doi: 10.3389/fimmu.2019.02900

88. Sofroniew MV, Vinters HV. Astrocytes: Biology and Pathology. Acta
Neuropathol (2010) 119:7–35. doi: 10.1007/s00401-009-0619-8

89. Liu L, Zhang K, Sandoval H, Yamamoto S, Jaiswal M, Sanz E, et al. Glial
Lipid Droplets and ROS Induced by Mitochondrial Defects Promote
Neurodegeneration. Cell (2015) 160:177–90. doi: 10.1016/j.cell.2014.12.019

90. Ioannou MS, Jackson J, Sheu S-H, Chang C-L, Weigel AV, Liu H, et al.
Neuron-Astrocyte Metabolic Coupling Protects Against Activity-Induced
Fatty Acid Toxicity. Cell (2019) 177:1522–35.e14. doi: 10.1016/
j.cell.2019.04.001

91. Zhang Y, Reichel JM, Han C, Zuniga-Hertz JP, Cai D. Astrocytic Process
Plasticity and Ikkb/Nf-kb in Central Control of Blood Glucose, Blood
Pressure, and Body Weight. Cell Metab (2017) 25:1091–102.e4.
doi: 10.1016/j.cmet.2017.04.002

92. Kim JG, Suyama S, Koch M, Jin S, Argente-Arizon P, Argente J, et al. Leptin
Signaling in Astrocytes Regulates Hypothalamic Neuronal Circuits and
Feeding. Nat Neurosci (2014) 17:908–10. doi: 10.1038/nn.3725

93. Yang L, Qi Y, Yang Y. Astrocytes Control Food Intake by Inhibiting AGRP
Neuron Activity Via Adenosine A1 Receptors. Cell Rep (2015) 11:798–807.
doi: 10.1016/j.celrep.2015.04.002
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156. Bazinet RP, Layé S. Polyunsaturated Fatty Acids and Their Metabolites in
Brain Function and Disease. Nat Rev Neurosci (2014) 15:771–85.
doi: 10.1038/nrn3820

157. Madore C, Nadjar A, Delpech J-C, Sere A, Aubert A, Portal C, et al.
Nutritional N-3 PUFAs Deficiency During Perinatal Periods Alters Brain
Innate Immune System and Neuronal Plasticity-Associated Genes. Brain
Behav Immun (2014) 41:22–31. doi: 10.1016/j.bbi.2014.03.021

158. Milligan G, Alvarez-Curto E, Hudson BD, Prihandoko R, Tobin AB. FFA4/
GPR120: Pharmacology and Therapeutic Opportunities. Trends Pharmacol
Sci (2017) 38:809–21. doi: 10.1016/j.tips.2017.06.006

159. Dragano NRV, Solon C, Ramalho AF, de Moura RF, Razolli DS, Christiansen
E, et al. Polyunsaturated Fatty Acid Receptors, GPR40 and GPR120, Are
Expressed in the Hypothalamus and Control Energy Homeostasis and
Inflammation. J Neuroinflamm (2017) 14:91. doi: 10.1186/s12974-017-
0869-7

160. von Maydell D, Jorfi M. The Interplay Between Microglial States and Major
Risk Factors in Alzheimer’s Disease Through the Eyes of Single-Cell RNA-
Sequencing: Beyond Black and White. J Neurophysiol (2019) 122:1291–6.
doi: 10.1152/jn.00395.2019

161. Masuda T, Sankowski R, Staszewski O, Prinz M. Microglia Heterogeneity in
the Single-Cell Era. Cell Rep (2020) 30:1271–81. doi: 10.1016/j.celrep.
2020.01.010

162. VanHove H,Martens L, Scheyltjens I, De Vlaminck K, Pombo Antunes AR, De
Prijck S, et al. A Single-Cell Atlas of Mouse Brain Macrophages Reveals Unique
Transcriptional Identities Shaped by Ontogeny and Tissue Environment. Nat
Neurosci (2019) 22:1021–35. doi: 10.1038/s41593-019-0393-4

163. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld
R, Ulland TK, et al. A Unique Microglia Type Associated With Restricting
May 2021 | Volume 12 | Article 668396

https://doi.org/10.1016/j.cell.2017.12.013
https://doi.org/10.1016/j.canlet.2017.10.044
https://doi.org/10.1016/j.canlet.2017.10.044
https://doi.org/10.1038/s41598-017-05232-0
https://doi.org/10.1038/s41598-017-05232-0
https://doi.org/10.1016/j.cmet.2019.08.010
https://doi.org/10.1111/jnc.13244
https://doi.org/10.1096/fasebj.11.10.9271366
https://doi.org/10.1096/fasebj.11.10.9271366
https://doi.org/10.1038/82565
https://doi.org/10.1038/nature07181
https://doi.org/10.1016/j.mce.2014.11.029
https://doi.org/10.1152/ajpregu.00136.2016
https://doi.org/10.1152/ajpregu.00136.2016
https://doi.org/10.1016/j.celrep.2014.09.025
https://doi.org/10.3389/fendo.2013.00067
https://doi.org/10.1016/j.celrep.2018.05.048
https://doi.org/10.1016/j.cell.2017.11.042
https://doi.org/10.1038/s41575-019-0157-3
https://doi.org/10.2337/db14-1213
https://doi.org/10.1136/gutjnl-2014-307913
https://doi.org/10.1136/gutjnl-2014-307913
https://doi.org/10.1038/nn.4030
https://doi.org/10.1016/j.it.2018.01.012
https://doi.org/10.1007/978-1-60761-325-1_10
https://doi.org/10.1016/j.yexcr.2015.10.028
https://doi.org/10.1016/j.yexcr.2015.10.028
https://doi.org/10.1155/2017/7949582
https://doi.org/10.1155/2017/7949582
https://doi.org/10.3803/EnM.2014.29.3.371
https://doi.org/10.1016/j.celrep.2020.01.072
https://doi.org/10.1016/j.celrep.2020.01.072
https://doi.org/10.1016/j.molmet.2017.06.008
https://doi.org/10.1016/j.cmet.2018.06.010
https://doi.org/10.1371/journal.pone.0030571
https://doi.org/10.1038/s41598-017-07858-6
https://doi.org/10.1016/j.cmet.2018.03.014
https://doi.org/10.1016/j.cmet.2018.03.014
https://doi.org/10.1186/s12974-020-01899-x
https://doi.org/10.1074/jbc.M208788200
https://doi.org/10.1038/nrn3820
https://doi.org/10.1016/j.bbi.2014.03.021
https://doi.org/10.1016/j.tips.2017.06.006
https://doi.org/10.1186/s12974-017-0869-7
https://doi.org/10.1186/s12974-017-0869-7
https://doi.org/10.1152/jn.00395.2019
https://doi.org/10.1016/j.celrep.2020.01.010
https://doi.org/10.1016/j.celrep.2020.01.010
https://doi.org/10.1038/s41593-019-0393-4
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Folick et al. Hypothalamic Microglia and Lipid Processing
Development of Alzheimer’s Disease. Cell (2017) 169:1276–90. doi: 10.1016/
j.cell.2017.05.018

164. Hammond TR, Dufort C, Dissing-Olesen L, Giera S, Young A, Wysoker A,
et al. Single-Cell RNA Sequencing of Microglia Throughout the Mouse
Lifespan and in the Injured Brain Reveals Complex Cell-State Changes.
Immunity (2019) 50:253–71. doi: 10.1016/j.immuni.2018.11.004

165. van der Poel M, Ulas T, Mizee MR, Hsiao C-C, Miedema SSM, Adelia, et al.
Transcriptional Profiling of Human Microglia Reveals Grey-White Matter
Heterogeneity and Multiple Sclerosis-Associated Changes. Nat Commun
(2019) 10:1139. doi: 10.1038/s41467-019-08976-7

166. Sankowski R, Böttcher C, Masuda T, Geirsdottir L, Sagar, Sindram E, et al.
Mapping Microglia States in the Human Brain Through the Integration of
High-Dimensional Techniques. Nat Neurosci (2019) 22:2098–110.
doi: 10.1038/s41593-019-0532-y

167. Olah M, Amor S, Brouwer N, Vinet J, Eggen B, Biber K, et al. Identification of
a Microglia Phenotype Supportive of Remyelination. Glia (2012) 60:306–21.
doi: 10.1002/glia.21266

168. Gao Y, Vidal-Itriago A, Kalsbeek MJ, Layritz C, Garcıá-Cáceres C, Tom RZ,
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m.lopez@usc.es

Specialty section:
This article was submitted to

Neuroendocrine Science,
a section of the journal

Frontiers in Endocrinology

Received: 19 February 2021
Accepted: 15 March 2021
Published: 02 June 2021

Citation:
Fraga A, Rial-Pensado E, Nogueiras R,
Fernø J, Diéguez C, Gutierrez E and
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Anorexia nervosa (AN) is an eating disorder leading to malnutrition and, ultimately, to
energy wasting and cachexia. Rodents develop activity-based anorexia (ABA) when
simultaneously exposed to a restricted feeding schedule and allowed free access to
running wheels. These conditions lead to a life-threatening reduction in body weight,
resembling AN in human patients. Here, we investigate the effect of ABA on whole body
energy homeostasis at different housing temperatures. Our data show that ABA rats
develop hyperactivity and hypophagia, which account for a massive body weight loss and
muscle cachexia, as well as reduced uncoupling protein 1 (UCP1) expression in brown
adipose tissue (BAT), but increased browning of white adipose tissue (WAT). Increased
housing temperature reverses not only the hyperactivity and weight loss of animals
exposed to the ABA model, but also hypothermia and loss of body and muscle mass.
Notably, despite the major metabolic impact of ABA, none of the changes observed are
associated to changes in key hypothalamic pathways modulating energy metabolism,
such as AMP-activated protein kinase (AMPK) or endoplasmic reticulum (ER) stress.
Overall, this evidence indicates that although temperature control may account for an
improvement of AN, key hypothalamic pathways regulating thermogenesis, such as
AMPK and ER stress, are unlikely involved in later stages of the pathophysiology of this
devastating disease.

Keywords: activity-based anorexia, temperature, cachexia, brown adipose tissue, white adipose tissue,
hypothalamus, AMPK, ER stress
INTRODUCTION

Anorexia nervosa (AN) is an eating disorder characterized by decreased food intake, severe weight
loss and hyperactivity (1, 2). Due to chronic underfeeding, patients with AN present
neuroendocrine changes, in an attempt to adapt to malnutrition, which in many cases are not
completely reversed even with the recovery of body weight (3); this leads to several medical
complications (4, 5).
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Activity-Based Anorexia (ABA) is considered the best
analogue animal model for AN (6), which is obtained by
providing availability of food to rats 1-2 h/day and free access
to a running wheel (7). Under these circumstances, rats develop
an excessive running and reduced meal efficiency, eliciting
massive weight loss and hypothermia, both mimicking the
principal signs of AN disorder in humans. Notably, ABA also
reproduces the metabolic and endocrine abnormalities observed
in humans (8). AN-associated hyperactivity has been proposed
as an adaptative behavioral response to compensate for
hypothermia (9). Previous research has shown that exposure to
a high ambient temperature (AT) prevents and reverses the
hyperactivity and improves feeding patterns, allowing body
weight recovery in both male and female rats under ABA
conditions (10–15). These beneficial effects of temperature
have been also found in the semi-starvation induced
hyperactivity model (SIH) (16).

Due to the ability of the ABA model to reproduce many of the
symptoms of the AN disorder in humans, as well as the
identification of several genes involved in food intake
regulation and energy balance as potential pathways that
contribute to the etiology and maintenance of AN (17, 18), it
would be interesting to examine the effect of high AT on energy
sensors potentially involved in AN, as well as the possible clinical
implications on the treatment of AN in humans. Here, we
focused on AMP-activated protein kinase (AMPK) and
endoplasmic reticulum (ER) stress, well-known mechanisms
regulating both sides of the energy metabolism, namely feeding
and thermogenesis (19–26).
MATERIALS AND METHOD

Animals
Male Sprague-Dawley rats (130-190 g) were acquired from the
Animalario General USC, (Santiago de Compostela, Spain). They
were kept with food and water ad libitum on a 12-hr light-dark
cycle (LD, lights on from 08:00 to 20:00 hours). Ambient
temperature set at 21 ± 1°C. The Ethics Committee on the use
and care of animals of Santiago de Compostela University
approved all described procedures (project license 15004/17/
002). All experiments were carried out in accordance with
Royal Decree 53/2013 of February 1, Law 32/2007 of
November 7, and European Communities Council Directive
2010/63/UE of September 22, on the protection of animals
used for experimental and other scientific purposes.

Running Wheels
Cages (48 x 31.5 x 47 cm) equipped with a Whatman-type
activity wheel (1.12-m circumference 35.7 cm diameter, 10-cm-
wide running surface of a 10-mm mesh bounded by clear
Plexiglas and stainless-steel walls; Panlab Harvard Apparatus;
Barcelona, Spain) were placed inside wooden incubators (60 × 60 ×
60 cm) with polycarbonate roofs, provided with a 150 W heat wave
lamp, connected to a thermostat and a probe positioned at the level
of the animal, which allowed individual control of AT.
Frontiers in Endocrinology | www.frontiersin.org 281
ABA Procedure
One week prior to the start of the experiments body temperature
and activity transmitters (PTD 4000 E-Mitter, Respironics Mini
Mitter Inc; Bend, OR, US) were implanted under ketamine-
xylazine anesthesia (50 mg/kg, intraperitoneal) and inserted in a
subcutaneous pocket on the ventral surface created using blunt
dissection. The rats were allowed seven days to recover. On the
eighth day, rats were weighed and assigned to two weight
matched groups: an active and restrictive-fed (AC) group and
an inactive and restrictive-fed (IN) group. All the rats were
transferred to running wheel cages, but only the rats assigned to
the active condition had access to functional wheels. The rats
assigned to the inactive condition remained with the activity
wheel blocked during the whole experiment, avoiding any
possibility of movement inside those devices. The ABA
procedure started (day 0) with the removal of food at 12:30 h
for restricted-fed groups. At the same time, the doors to the
wheels were opened for the active group. From day 1 onward, all
rats were given access to food according to a restricted feeding
schedule from 11:00 to 12:30 h. The doors of the wheels were
closed during this feeding period. Food intake was measured by
weighing the food at the beginning and the end of every 1.5 h
feeding period. Rats were also weighed daily at 10:30 h (as they
were on day 0). This phase continued for each restricted-fed
active rats until it reached a body weight loss criterion (BWLC)
of 20% of their day 0 body weight. At this time, rats were
assigned to one of two ambient temperature, 21°C or 32°C, as
indicated in the two digits of the abbreviated group name (AC21
and AC32). These conditions were maintained until rats reached
either the recovery criterion, which was defined as body weight
on any particular day (day n) greater than the weight of the
animal 4 days before, (day n-4), or the removal criterion which
was defined as body weight under 75% of body weight on day 0
(7). The experiment was terminated after 15 days. The restricted-
fed inactive rats were also assigned to two ambient temperature
conditions, 21°C or 32°C (IN21 and IN32). For the rats
maintained at 21°C the experiment lasted only six days
(median of days that the restricted-fed active animals took to
reach the BWLC). While rats assigned to 21°C AT remained in
these conditions for three days more (median of days that de
AC21 group took to reach the removal criterion), rats assigned to
32°C remained six days on experiment (median of days that the
AC32 group took to reach the recovery criterion). At the end of
the experiments rats were sacrificed by decapitation after the
weighing routine; trunk blood, brain, brown adipose tissue
(BAT), hind leg muscle and gonadal white adipose tissue
(gWAT) were collected, frozen and stored at -80°C until assay.

Blood Biochemistry
Trunk blood was collected into specific tubes (BD Vacutainer;
Plymouth, UK) and centrifuged at 3,200x g for 15 min at 4°C to
separate the serum. Then serum was stored at -80°C. Glucose free
T3 and free T4 were measured using an automated chemistry
analyzer (ADVIA 2400 Chemistry System, Siemens Medical
Solutions Inc; Ann Arbor, MI US). Leptin, corticosterone
(CORT), adrenaline and noradrenaline levels were measured
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using ELISA kits (EZRL-83K; Linco Research; St. Charles,
Missouri, US, for leptin; ab108821, Abcam, Cambridge, UK, for
CORT; EIA-3175; DRG Instruments GmbH, Marburg, Germany,
for adrenaline and noradrenaline).

Hypothalamic Dissection
The brain was placed in an adult rat brain matrix (Kent-Scientific
Corporation, #RBMA-300C; Torrington, CT, US) with the
hypothalamus upward and dissected as previously described
(23, 24, 26–28).

Western Blotting
BAT, gWAT and the hypothalamic nuclei (arcuate, ARC, and
ventromedial, VMH) were homogenized in lysis buffer
containing protease inhibitor cocktail tablets (Roche
Diagnostics ; Indianapolis , IN, US) and the protein
concentration was determined using the Bradford method
(Protein assay dye concentrate, Bio-Rad Laboratories; Hercules,
CA, US). The protein lysates were subjected to SDS-PAGE and
electro-transferred to polyvinylidene difluoride membranes
(PVDF; Millipore; Billerica, MA, US) with a semidry blotter.
Membranes were blocked in TBS/Tween with 3% of BSA (Bovine
serum albumin, Sigma Aldrich, St. Louis, US) and probed with
the following antibodies against: pAMPKa (Thr172), glucose-
regulated protein 78 (GRP78; Cell Signaling; Danvers; MA, US),
UCP1 (uncoupling protein 1; Abcam; Cambridge, UK), C/EBP
Homologous Protein (CHOP; SCBT; Dallas, Texas, USA),
a-tubulin and b-actin (Sigma-Aldrich; St. Louis, MO, US), as
previously shown (23, 24, 26–29). Membranes were incubated
with the corresponding secondary antibody: anti-rabbit, anti-
mouse, or anti-goat (DAKO; Glostrup, Denmark). Detection of
proteins was performed with Enhanced chemiluminescence
(ECL) reagents (Pierce ECL Western Blotting Substrate, Cultek;
Madrid, Spain) according to the manufacturer’s instructions,
exposed to x-ray films (Fujifilm; Tokyo, Japan), developed and
fixed under appropriate dark room conditions. Autoradiographic
films were scanned and the bands signal was quantified by
densitometry using ImageJ-1.33 software (NIH; Bethesda, MD,
US), as shown (23, 24, 26–29). Values were expressed in relation
to b-actin (hypothalamus) or a-tubulin (BAT). Representative
images for all proteins are shown, all the bands for each picture
always come from the same gel, although they may be spliced for
clarity, as represented by vertical lines.

Real-Time Quantitative RT-PCR
Real-time PCR (TaqMan®; Applied Biosystems; Foster City, CA,
USA) was performed using specific primers and probes
(Supplementary Table 1), as shown (27–30). Values were
expressed in relation to hypoxanthine-guanine phosphoribosyl-
transferase (Hprt) levels.

Hematoxylin-Eosin Staining and UCP1
Immunohistochemistry
gWAT depots were fixed in 10% buffered formaldehyde and
subsequently treated for histological study by dehydration
(increasing alcohol concentrations), mounting in xylene and
immersion in paraffin. The paraffin blocks were sliced into 3
Frontiers in Endocrinology | www.frontiersin.org 382
mm sections that were processed, deparaffinized in xylene,
rehydrated and rinsed in distilled water and then stained either
for hematoxylin-eosin or UCP1 immunohistochemistry. For the
hematoxylin-eosin processing, slices were first stained with
hematoxylin for 5 min, washed and stained again with eosin
for 1 min. For UCP1 immunohistochemistry, slices were
incubated overnight with the primary antibody (UCP1; Abcam;
Cambridge, UK), washed and incubated with the secondary
antibody (DAKO; Glostrup, Denmark). Images were taken in
an optical microscope with a digital camera Olympus XC50
(Olympus Corporation; Tokyo, Japan) at 40X. Adipocyte area
and UCP1 staining area were quantified using ImageJ 1.33
software (NIH, Bethesda, MD, US), as shown (25, 29, 31, 32).

Statistical Analysis
Data are presented as mean ± SEM. When two groups were
compared, statistical significance was determined by two-sided
Student’s t-test; when more than groups were compared,
statistical significance was determined by ANOVA followed by
Bonferroni’s test. P < 0.05 was considered significant. Statistical
analyses were performed using SPSS 21.0 software (IBM;
Armonk, NY, US).
RESULTS

Increased Housing Temperature Reverses
the Effect of ABA on Energy Balance
and Activity
ABA rats exposed at a housing temperature of 32°C (AC32) ran
six-fold less than rats housed at 21°C (AC21). During Phase II
running activity of AC32 rats did not reach the activity level
shown on the last day of Phase I, (day they met the body weight
loss criterion of 20%, 20%BWLC), despite being an average of 4
more days being subjected to standard ABA conditions
(restricted feeding plus wheel access) (Figure 1A). Active rats
lose weight during Phase II while inactive rats keep it stable.
Besides, the increase in room temperature to 32°C allowed for
less weight loss in active rats and slightly increased weight in
inactive rats, when compared to their counterparts at 21°C
(Figures 1B, C). Both active and inactive rats exhibited higher
body temperature when they were maintained at 32°C, as
(Figures 1D, E). Rats kept at lower temperature of 21°C
initially ate more than rats at 32°C although no significant
differences were detected on the final day (Figures 1F, G).

Increased Housing Temperature Reverses
the Effects of ABA on Circulating
Parameters
Next, we evaluated the effect of housing temperature on
circulating parameters in the ABA model (Table 1). We first
focused on leptin levels, since this hormone has been shown to
have a controversial role in this model of disease (16, 33–39).
Resembling the clinical evidence (34, 36, 37), our data showed
that active rats had significantly lower circulating leptin levels
that inactive ones, which were elevated after exposure of the rats
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to 32°C (Table 1). No major changes were detected in glycaemia.
Regarding CORT, active rats housed at 21°C displayed the
highest circulating levels of this hormone (Table 1), similarly
to AN patients and other preclinical models (40–44), indicating
greater stress. Notably, when maintained at 32°C, active rats
normalized their circulating CORT, reaching even lower
concentration than the inactive groups (Table 1). Thyroid
hormones (T4 and T3) play a major role in the modulation of
Frontiers in Endocrinology | www.frontiersin.org 483
temperature (45, 46), and we investigated how their circulating
levels were affected in our setting. Inactive rats displayed the
expected correlation between ambient temperature and thyroid
status. Interestingly, that effect was not evident in active rats,
which showed lower T4 and T3 when kept at 21°C as compared
to 32°C (Table 1). Finally, active rats at 21°C also showed higher
levels of noradrenaline, that were reduced when housed at 32°C
(Table 1).
A

B C

D E

F G

FIGURE 1 | Effect of ABA and temperature on energy balance. (A) Activity (n = 9-12 rats/group) (B, C) Body weight (% of day 0) (n = 8-12 rats/group) (D, E) Body
temperature (n = 7-10 rats/group) (F, G) Food intake (n = 8-12 rats/group) of active rats at 21°C and 32°C (AC21 and AC32) and inactive rats at 21°C and 32°C
(IN21 and IN32) *P < 0.05, **P < 0.01, ***P < 0.001 vs. AC21; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. IN21. Data expressed as mean ± SEM. 20% BWLC, 20%
body weight loss criterion.
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Increased Housing Temperature Reverses
the Effects of ABA on WAT and
Skeletal Muscle
AN is also characterized by a great loss of fat mass (38, 47, 48).
Therefore, we decided to explore lipogenesis and lipolysis
markers in the WAT of ABA rats. Active rats at 21°C had an
extreme decrease in all examined lipogenic markers levels, such
Frontiers in Endocrinology | www.frontiersin.org 584
as acetyl-CoA carboxylate a (ACCa), fatty acid synthase (FAS),
sterol regulatory element-binding protein 1 (SREBP1),
peroxisome proliferator-activated receptor-gamma (PPARg)
and CCAAT/enhancer binding protein alpha and beta (C/
EBPa and C/EBPb), compared to inactive rats. Active rats at
32°C showed a marked recovery in the expression of these factors
(Figure 2A). Increased housing temperature did not impact on
TABLE 1 | Serum parameters in the experimental groups.

Active 21°C Active 32°C Inactive 21°C Inactive 32°C

Leptin (ng/mL) 0.20 ± 0.002!!! 0.24 ± 0.005*** 0.28 ± 0.02 0.29 ± 0.02
Glucose (mg/dL) 120.33 ± 8.29 137.75 ± 3.28* 129.86 ± 5.82 140.00 ± 3.49
Corticosterone (ng/mL) 1466.87 ± 125.28!!! 273.05 ± 43.77*** 412.98 ± 63.40 435.91 ± 35.57
T4 (ng/dL) 0.98 ± 0.05!!! 1.54 ± 0.07*** 1.89 ± 0.07 1.71 ± 0.04#

T3 (pg/mL) 1.51 ± 0.09!!! 2.24 ± 0.05*** 3.68 ± 0.05 3.07 ± 0.09###

Adrenaline (ng/mL) 2.46 ± 0.50 2.16 ± 0.19 4.18 ± 1.21 3.43 ± 0.77
Noradrenaline (ng/mL) 2.64 ± 0.32 1.75 ± 0.17* 3.54 ± 0.58 3.58 ± 0.58
June 2021 | Volume 12
n = 9-11 animals/group.
*P < 0.05 and ***P < 0.001 vs. AC21.
#P < 0.05, and ###P < 0.001 vs. IN21.
!!!P < 0.001 IN21 vs. AC21.
A

B

FIGURE 2 | Effect of ABA and temperature on WAT and muscle. mRNA levels of (A) lipogenesis and lipolysis markers in the WAT (n = 8-11 rats/group) and
(B) cachexia markers in skeletal muscle (n = 8-11 rats/group) of active rats at 21°C and 32°C (AC21 and AC32) and inactive rats at 21°C and 32°C (IN21 and IN32).
*P < 0.05, **P < 0.01, ***P < 0.001 vs. AC21; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. IN21; !!P < 0.01, !!!P < 0.001 IN21 vs. AC21. Data expressed as mean ± SEM.
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gene expression levels in inactive rats, except for an increase in
FAS and SREBP1 mRNA expression (Figure 2A). On the other
hand, the levels of lipolysis markers, such as hormone-sensitive
lipase (HSL), lipoprotein lipase (LPL), adrenergic receptor beta 1
(ADRb1) and adrenergic receptor beta 3 (ADRb3), but not beta 2
(ADRb2), fibroblast growth factor 21 (FGF21) and carnitine
palmitoyltransferase 1B (CPT1B), were reduced in active rats at
21°C, likely due to the massive loss of adiposity of these animals,
while heat reversed this expression (Figure 2A).

AN patients have a reduction in lean mass and wasting
syndrome, leading to cachexia (3, 49, 50). Therefore, we
explored two cachexia markers in skeletal muscle, namely
Atrogin-1 and Murf-1. Our data showed that rats housed at
21°C exhibited a markedly increased expression of cachectic
markers relative to rats housed at 32°C, evident both in the
Frontiers in Endocrinology | www.frontiersin.org 685
inactive and the active cohort, possibly indicating muscle
deteriorating (Figure 2B).

ABA Reduces BAT UCP1 Levels But
Increases the Browning of WAT
It is known that AN is associated with impaired thermogenesis
(50). In fact, it has been reported that young women with AN
exhibit reduced cold-activated BAT (50). Analysis of UCP1
expression in the BAT of our model showed decreased 21°C-
induced UCP1 protein levels in AC rats (Figures 3A, B). As
expected, increased environmental temperature decreased UCP1
expression in both active and inactive animals (Figures 3A, B).

Over the last years, accumulating evidence have demonstrated
that activation of beige/brite (“brown in white”) adipocytes in the
WAT, a process known as browning (51–53), is responsible for a
A B

C D

E F

FIGURE 3 | Effect of ABA and temperature on BAT and WAT browning. (A, B) Protein levels of UCP1 in the BAT (n = 7 rats/group) (C, D) UCP1 staining in WAT
(n = 8-12 rats/group) (E, F) Adipocyte are in WAT (n = 8-12 rats/group) of active rats at 21°C and 32°C (AC21 and AC32) and inactive rats at 21°C and 32°C (IN21
and IN32). ***P < 0.001 vs. AC21; ##P < 0.01 vs. IN21; !!P < 0.01 IN21 vs. AC21; $$$P < 0.001 for simplification. Data expressed as mean ± SEM. The bands in gels
from panel (A) have been spliced from the same original gels. Scale bar: 100 µm.
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significant increase in total energy expenditure (54). Notably,
recent studies have also linked the browning of WAT to other
wasting syndromes, such as cancer-induced cachexia (55, 56);
however, to date, no data have linked AN to browning of WAT.
Our histological analysis of WAT showed that ABA rats exhibited
a “brown-like” multilocular pattern, associated with increased
UCP1 immunostaining (Figures 3C, D) and decreased adipocyte
area (Figures 3E, F). Importantly, the induction of browning was
not affected by housing temperature (Figures 3C–F). Overall, these
data indicate that ABA rats, besides hypophagia, also displayed
increased browning of WAT, that was compatible with the elevated
catabolic state.
ABA Does Not Impact Either AMPK or ER
Stress in the Hypothalamus
Finally, we aimed to investigate if ABA might result in changes at
the central level that could explain the catabolic state of this
model. One of the principal regulators of energy balance at a
central level is hypothalamic AMPK, an energy sensor that
controls both sides of the energy balance equation: food intake
and energy expenditure (20–22). Firstly, we investigated the
effect of ABA and temperature on total hypothalamic extracts;
our data did not show any significant impact of either ABA or
temperature on the protein levels of the AMPK signaling
pathway (Supplementary Figure 1A). Current data indicate
that the effects of AMPK in the hypothalamus are nucleus-
specific; thus while AMPK in the ARC is mainly involved in the
regulation of feeding, AMPK in the VMH regulates BAT
thermogenesis and browning of WAT (19–23, 32), Therefore,
we performed further analysis of AMPK in ARC and VMH
enriched protein lysates, which showed a non-significant
tendency of phosphorylated AMPK (pAMPK) to be increased
in the VMH of ABA rats, that might account for the decreased
levels of BAT UCP1 protein levels observed in those animals
(Figures 4A, B). No major effect of housing temperature was
detected of pAMPK levels in the VMH (Figures 4A, B). Similar
data were found when pAMPK was assayed in the ARC (Figures
4C, D). Overall, these results indicated that the impaired feeding
and browning that characterized ABA model were unlikely
associated to changes in AMPK signaling in these nuclei.

Finally, we investigated the effect of ABA on hypothalamic ER
stress signaling, since recent data have linked this cellular
response with the regulation of BAT thermogenesis and
browning of WAT (24–26, 28). Our data did not show any
major impact of either ABA or housing temperature on two key
hypothalamic ER stress markers, namely GRP78 and CHOP
(Figures 4E, F), excluding their association in the BAT and
metabolic alterations of this model.
DISCUSSION

Here, we show that the catabolic state that characterizes ABA is
associated with major changes in BAT thermogenesis and WAT
browning. Notably, those changes are not related to modification
Frontiers in Endocrinology | www.frontiersin.org 786
in key central regulators of adipose tissue activity, namely
hypothalamic AMPK and ER stress signaling.

AN is characterized by energy balance impairment as a result
of decreased food intake and hyperactivity, leading to severe
weight loss (1, 2). Different brain regions, such as reward-
motivated learning or hippocampal structures, have been
involved in the pathology of AN (1, 2, 8, 57). Here, we aimed
to investigate whether the canonical hypothalamic (VMH)-
AMPK-ER stress-SNS-BAT axis (21, 22) could be involved in
the reduced feeding and the changes in BAT andWAT browning
that characterize the ABA model in rats.

ABA is considered the best analogue animal model for AN (6).
In addition, it is well-established that ABA-induced hyperactivity
is an adaptative behavioral response to compensate for
hypothermia (9). Our data are in line with previous studies
reporting the beneficial effect of increased ambient temperature
to 32°C on the recovery of rats subjected to the ABA model, even
after 20% weight loss has occurred (10–13, 15, 58). Although our
data confirm former evidence, the use of temperature recording by
telemetry allows a constant monitoring of the body temperature
throughout the experiment, which constitutes a big advantage
when compared to previous reports. Food-restricted rats suffered
hypothermia when given free access to a running wheel, as body
temperature decreases over days. On the contrary, rats exposed to
32°C, both active and inactive, avoid hypothermia and their body
temperature at the end of the experiment reached values higher
than when meeting the weight loss criterion. These findings
reinforce the hypothesis that hyperactivity is an adaptive
response to compensate for the hypothermia derived from
weight loss (9).

In mammals, the BAT is responsible for the adaptative
thermogenesis which regulates body temperature when other
mechanisms (i.e., heat conservation) are not enough to maintain
homeothermy (59, 60). Food-restriction elicits reductions in
energy expenditure through decreased BAT thermogenesis, as
a strategy to save energy, although it leads to a hypothermic state
(61–63). In ABA rats this response is exacerbated, entering in a
vicious cycle situation that potentiates an overall catabolic state
leading to wasting and cachexia. Notably, the increase in housing
temperature reduced the expression of UCP1 in the BAT. That
reduction in adaptive thermogenesis together with the reduction
of hyperactivity would account for a better preservation of body
mass (16) and the recovery of body weight of rats exposed to the
ABAmodel. This is also demonstrated by an improved metabolic
profile at the higher ambient temperature, exemplified by the
reduction in the expression of cachectic markers in skeletal
muscle and the increased WAT lipogenesis. Still, the recovery
in body mass is not total, likely due to the maintained browning
of WAT, which may account for a chronic increased energy
expenditure (54), leading to a sustained basal catabolic state.

There are a huge amount of data linking hypothalamic AMPK
and ER stress pathways in the hypothalamus, specifically in the
VMH, with the regulation of thermogenesis in BAT, as well as
the browning of WAT (19–26). This prompted us to investigate
whether those hypothalamic molecular mediators could be
associated to the BAT and WAT responses in the ABA model.
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Our analysis did not find major expression differences in the
levels of pAMPK (the active isoform), GRP78 and CHOP either
in the VMH and/or the ARC of ABA rats. In fact, this result is
opposite to a recent report where it has been described that
hypothalamic pAMPK levels are reduced in ABA mice (64).
These discrepancies could be likely explained by the different
species (rats vs. mice), but also by the nuclei-specific an analysis
performed in our study, which is critical to understand AMPK
and ER stress function in the hypothalamus (19–26) at the
studied times. Moreover, timing could be also a factor, in this
sense it is likely that at the final time point that we investigated,
initial changes in hypothalamic AMPK and/or ER stress (maybe
responsible for the BAT and browning changes observed) could
Frontiers in Endocrinology | www.frontiersin.org 887
not be detected. Further work will be needed to address the exact
role of these molecular mechanisms in the pathology of AN.

In summary, our study shows a general description of the
metabolic state of rats exposed to the ABA model and of those
rats treated with heat. The results are consistent with the
hypothesis that body temperature is an important parameter in
ABA. The application of heat reverses not only the hyperactivity
and weight loss of animals exposed to the ABA model, but also
hypothermia, hypoleptinemia and loss of muscle mass. However,
none of the changes observed are associated to changes in key
hypothalamic pathways modulating energy metabolism, such as
AMPK or ER stress (19–26) at the studied times. Hence,
hypothermia in AN should be given more attention in future
A B

C D

E F

FIGURE 4 | Effect of ABA and temperature on AMPK and ER stress in the VMH and ARC. (A, B) Protein levels of pAMPKa in the VMH (n = 7-10 rats/group)
(C, D) Protein levels of pAMPKa in the ARC (n = 7 rats/group) (E, F) Protein levels of GRP78 and CHOP in the VMH (n = 7 rats/group) of active rats at 21°C and
32°C (AC21 and AC32) and inactive rats at 21°C and 32°C (IN21 and IN32). Data expressed as mean ± SEM. The bands in gels from panel (A, C, E) have been
spliced from the same original gels.
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research to study the underlying brain mechanism involved in
the warming effect and to explore new treatments.
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Aims/hypothesis: Diabetes mellitus (DM) is associated with comorbid brain disorders.

Neuroimaging studies in DM revealed neuronal degeneration in several cortical and

subcortical brain regions. Previous studies indicate more pronounced brain alterations

in type 2 diabetes mellitus (T2DM) than in type 1 diabetes mellitus (T1DM). However,

a comparison of both types of DM in a single analysis has not been done so far.

The aim of this meta-analysis was to conduct an unbiased objective investigation

of neuroanatomical differences in DM by combining voxel-based morphometry (VBM)

studies of T1DM and T2DM using dual disorder anatomical likelihood estimation

(ALE) quantification.

Methods: PubMed, Web of Science and Medline were systematically searched for

publications until June 15, 2020. VBM studies comparing gray matter volume (GMV)

differences between DM patients and controls at the whole-brain level were included.

Study coordinates were entered into the ALE meta-analysis to investigate the extent to

which T1DM, T2DM, or both conditions contribute to gray matter volume differences

compared to controls.

Results: Twenty studies (comprising of 1,175 patients matched with 1,013 controls)

were included, with seven studies on GMV alterations in T1DM and 13 studies on GMV

alterations in T2DM. ALE analysis revealed seven clusters of significantly lower GMV

in T1DM and T2DM patients relative to controls across studies. Both DM subtypes

showed GMV reductions in the left caudate, right superior temporal lobe, and left cuneus.

Conversely, GMV reductions associated exclusively with T2DM (>99% contribution) were

found in the left cingulate, right posterior lobe, right caudate and left occipital lobe.

Meta-regression revealed no significant influence of study size, disease duration, and

HbA1c values.

91

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2021.638861
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2021.638861&domain=pdf&date_stamp=2021-06-07
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:georg.kranz@polyu.edu.hk
https://doi.org/10.3389/fnins.2021.638861
https://www.frontiersin.org/articles/10.3389/fnins.2021.638861/full


Yu et al. T1DM and T2DM: ALE Meta-Analysis

Conclusions/interpretation: Our findings suggest a more pronounced gray matter

atrophy in T2DM compared to T1DM. The increased risk of microvascular or

macrovascular complications, as well as the disease-specific pathology of T2DM may

contribute to observed GMV reductions.

Systematic Review Registration: [PROSPERO], identifier [CRD42020142525].

Keywords: anatomical likelihood estimation, diabetes mellitus, voxel-based morphometry, meta-analysis,

systematic review

INTRODUCTION

Diabetes mellitus (DM) is a common disease affecting more
than 451 million people worldwide, and its prevalence may
increase to 693 million cases by 2,045 (Cho et al., 2018). DM
is divided into two subtypes, type 1 diabetes (T1DM) and
type 2 diabetes (T2DM). Both subtypes are associated with
persistent hyperglycemia, but have distinct causes, a different
age at onset and different pathophysiologies (Leslie et al., 2016).
T1DM has an onset in childhood and young adulthood and is
characterized by insulin deficiency due to an autoimmune attack
of insulin producing pancreatic beta cells. Conversely, with its
onset in adulthood, T2DM is a chronic condition characterized
by the body’s increasing inability to either respond to functional
insulin effectively and/or produce sufficient insulin for normal
glucose regulation. Because of impaired glucose metabolism,
it is widely accepted that both types of DM share increased
risk in similar clinical features and complications, primarily
vascular disease such as retinopathy, neuropathy, nephropathy,
and cardiovascular disease.

Growing attention has been paid to the effect of DMon central
nervous system because proper glucose regulation is essential
for optimal brain functioning. Cognitive decrement has been
observed in neuropsychological tests among diabetic patients;
in particular, information processing speed and psychomotor
efficiency were more affected than other cognitive functioning
domains by the disease (Ryan et al., 2003; Brands et al.,
2006). Furthermore, DM has been found to be associated
with increased risk of Alzheimer disease. Quantitative meta-
analysis of longitudinal studies identified higher relative risk
of Alzheimer disease of 1.5 (95% CI 1.2–1.8) and vascular
dementia of 2.5 (95% CI 2.1–3.0) among diabetic patients when
compared with their nondiabetic counterparts (Cheng et al.,
2012). Collectively, both types of DM have been shown to be
associated with reduced cognitive function. While several studies
indicated more pronounced dysfunctions in T2DM compared to
T1DM, direct comparisons showed no systematic differences in
cognitive abilities such as abstract reasoning, memory, attention
and executive function, visuoconstruction, and information
processing speed (Brands et al., 2007).

Brain imaging such as magnetic resonance imaging (MRI)
is an ideal means to explore the neural correlates of cognitive
dysfunction in DM. Altered cerebral metabolism has been
observed in T1DM and T2DM (Sarac et al., 2005; Sinha et al.,
2014). In addition, structural neuroimaging revealed reduced

gray matter volume (GMV) in both types of DM. However,
results were inconsistent, which may be attributed to numerous
variables including differences in sample size, imaging devices
and protocols used (Gold et al., 2007; Chen et al., 2012; Moran
et al., 2013; Zhang et al., 2014). Direct comparisons of MRI
ratings of white matter lesions and cortical atrophy by Brands
et al. (2007) revealed more pronounced deep white matter lesions
and cortical atrophy in T2DM compared to T1DM (Brands
et al., 2007). A more recent study by Moulton et al. (2015)
attempted to review neuroimaging research including voxel-
based morphometry (VBM) data and volumetric data using
meta-analysis (Moulton et al., 2015). The authors performed
separate meta-analyses for T1DM and T2DM and found reduced
bilateral thalamus in T1DMwhereas reduced global brain volume
and regional atrophy in the hippocampi, basal ganglia, and
orbitofrontal and occipital lobes were seen in T2DM. However, a
comparison of VBM data of both types of DM in a single analysis
has not been done so far. Yet, such an analysis would be needed
in order to investigate the distinctiveness or similarities of T1DM
and T2DM directly in an unbiased objective comparison.

VBM is an automated whole-brain based analysis method
that has several advantages over a region-of-interest (ROI)-based
approach. VBM measures local volume or concentration of gray
matter voxel-wise across the whole brain. Thus, in order to
conduct an unbiased objective investigation of neuroanatomical
differences in DM, the aim of this study was to conduct a meta-
analysis combining VBM studies of T1DM and T2DM using the
anatomical likelihood estimation (ALE) technique.

METHODS

Literature Search
Our meta-analysis was registered with PROSPERO (registration
number CRD42020142525) and was conducted according to
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (Moher et al., 2009). The
studies were selected from PubMed (https://pubmed.ncbi.nlm.
nih.gov/), Web of Science (https://www.webofknowledge.com/)
and Google Scholar (https://scholar.google.com.hk/) databases
and were limited to publications before October 1, 2020.
The keywords used were “diabetes” or “diabetes mellitus” or
“DM” plus “VBM,” “voxel-based,” “voxel-wise,” “morphometry,”
or “VBM.” In addition, review articles and reference lists of
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identified articles were manually checked. Individual articles had
to meet the following inclusion criteria:

(1) Gray matter differences between patients with DM and non-
DM controls were compared

(2) Comparison was performed at the whole-brain level
(3) The gray matter differences between patients and controls

were reported in a stereotactic space in three coordinates
(x, y, z), either in Montreal Neurological Institute (MNI) or
Talairach space.

(4) Coordinates were included as separate studies if they
contained multiple independent patient samples.

(5) Studies using ROI or seed voxel-based analysis
were excluded.

(6) For studies lacking the Talairach or MNI coordinates, study
authors were contacted in order to minimize the possibility
of a biased sample set.

(7) Studies considered for inclusion had to be published in
English in a peer-reviewed journal

(8) Subjects included had to have formal diagnosis of either type
1 or type 2 diabetes. Moreover, voxel-based imagingmethods
and co-ordinates reported in 3D stereotactic space had to
be used.

Studies restricted to males/females or children/adults were
included. Studies presenting overlapping or identical samples
were identified, and only the study presenting the largest number
of subjects was retained. If there was possible overlapping but
different results were presented, e.g., hippocampus presented in
one study while frontal lobe in another, all data were included.

Quality Assessment
A customized checklist was used to assess the quality of included
studies, as done by others (Katon et al., 2010) (Table 1). The
checklist contained 12 items, and was based on previous meta-
analytic studies (Shepherd et al., 2012; Du et al., 2014) with
additional parameters including the diagnostic procedures, the
demographic and clinical characterization, the sample size, the
MRI acquisition parameters, the analysis technique and the
quality of the reported results. Due to the rapid changing of
data-processing methods, we included a new item “included
modern MRI processing methods of past 10 years” in the
checklist (item 8). The checklist provided objective information
about the quality of included studies. Each study was reviewed
by two authors (K.K.K.Y, G.S.K), and a completeness rating
was independently determined. If ratings disagreements arose,
the papers were discussed, after which a consensus score was
obtained. Only studies with quality score of 8 or above were
included in the analysis.

ALE Procedure
ALE treats each foci reported in VBM as a probability
distribution in order to test for agreement across studies
(Turkeltaub et al., 2002; Laird et al., 2005; Ellison-Wright
et al., 2008). Typically, ALE is applied on a single disorder to
identify volumetric differences consistently reported across VBM
studies. The result of this approach is an ALE map showing
the same regions that are consistently reported across studies.

TABLE 1 | Customized checklist for study quality assessment (adopted from Du

et al., 2014).

Category 1: Subjects

1 Patients were evaluated prospectively, specific diagnostic criteria were

applied, and demographic data was reported

2 Healthy comparison subjects were evaluated prospectively, psychiatric and

medical illnesses were excluded and demographic data was reported

3 Important variables (e.g., age, gender, intelligence quotient, i.e., IQ,

handedness, socio-economic status, height, or total brain measures) were

checked, either by stratification or statistically

4 Sample size per group > 10

Category 2: Methods for image acquisition and analysis

5 Magnet strength at least 1.5 T

6 MRI slice-thickness ≤ 3 mm

7 Whole brain analysis was automated with no a priori regional selection

8 Modern MRI processing methods of past 10 years

9 The imaging technique used was clearly described so that it could be

reproduced

10 Measurements were clearly described so that they could be reproduced

Category 3: Results and conclusions

11 Statistical parameters for significant, and important non-significant,

differences were provided

12 Conclusions were consistent with the results obtained and the limitations

were discussed

In the present study, we adopted the “Dual Disorder ALE
Quantification.”We have previously applied this method to study
similarities across different disorders such as schizophrenia and
bipolar disorder, and schizophrenia and autism (Cheung et al.,
2010; Yu et al., 2010; McAlonan et al., 2011). In brief, a map of
gray matter difference compared to controls was generated for
each study. These “gray matter difference” maps were categorized
based on their disorder type, and averaged into a mean map.
As a result, a mean map of T1DM and a mean map of T2DM
were created. The mean maps were combined to form a total
gray matter difference map, after which whole brain permutation
testing (Turkeltaub et al., 2002), and controlled false discovery
rate (FDR) thresholding was conducted (Laird et al., 2005).
These procedures were conducted using an ALE kernel (Leung
et al., 2009) available from the open source software available
at http://csl.georgetown.edu/software/ (Turkeltaub et al., 2002).
The intensity of the mean disorder maps and the intensity of
the final ALE result were divided such that the intensity ratio for
each resultant cluster was calculated (ALE kernel and customized
scripts for Matlab and SPM12).

The first stage of ALE is to generate a Gaussian distribution
surrounding the central coordinates for each significant focus
reported in studies. The probability that any given voxel is linked
to the disorder(s) in question can be quantitatively estimated
from this whole brain likelihood map. ALE eliminates unlikely
foci and only points to likely foci that are close in proximity, in
effect outlining regions which were reported most often across
studies, to generate resultant three-dimensional clusters. It is
emphasized that the approach of this study was to combine
datasets from both disorders into the same entry for a single
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analysis. In order to do so, individual “likelihood” maps that
reflect the probability of finding gray matter differences, were
generated for each of the included studies. A study with no
findings across subjects and controls were represented by an
empty map. Each of the likelihood maps were grouped based
on the type of DM (T1 or T2), and averaged together into a
mean likelihood map of conditions. The purpose for generating
the mean maps was to avoid bias toward the condition with
more reported foci. The mean maps were summated together
to a joint likelihood map and 10,000 permutations were used to
sample the null distribution. The result was thresholded by FDR
(p < 0.05) and clusters smaller than 100 mm3 were filtered. The
resultant ALEmap then contained clusters consisting of foci from
T1DM, or T2DM, or both conditions. The contribution of each
disorder to every resultant cluster was calculable. Two separate
ALE analyses were performed for reductions and elevated gray
matter volumes.

Finally, for each of the included studies, a “gray matter
difference” map was generated to determine how much each
study contributes toward the resultant ALE clusters. This
contribution score was then used for meta-regression to test
whether demographics or clinical measures including the study
size, disease duration, and % glycated hemoglobin (HbA1c) have
any influences toward the ALE result.

RESULTS

Studies Demographics
Figure 1 shows the detailed selection process of included studies.
After screening through title and abstract and removal of
duplicates, a total of 94 studies were checked for eligibility.
Among which, 32 studies were excluded as the VBM method
was not adopted, and 42 studies were not included because
the coordinates representing gray matter differences were not
reported. A total of 20 studies were included in this analysis, with
seven studies and 13 studies describing gray matter alterations
in T1DM and T2DM respectively (see Table 2). A total of 1,175
patients matched with 1,013 controls were included. The T1DM
group was significantly younger than the T2DM group (with a
mean age of 23.7 compared to 49.8 years, respectively). However,
there were no significant differences in age and sex between
patient groups and their respective control groups. A total of 509
patients in the T1DM group were matched with 351 controls,
whereas a total of 666 patients constituted the T2DM group
that was matched with 662 control participants. T1DM had
diabetes for an average of 14.7 years which was double than the
average 7.3 years of T2DM, although this difference did not reach
significance given the considerable variance between studies (see
Table 2). Both groups had comparable HbA1c levels (T1DM: 8.6;
T2DM: 8.3).

Results of Gray Matter Alterations From
ALE
ALE analysis for GMV reductions revealed seven clusters of lower
GMV in T1DM and T2DM patients relative to controls across
studies (see Table 3 and Figure 2). Both DM subtypes showed
GMV reductions in the left caudate, right middle temporal lobe

and left cuneus (BA 19). Whereas reductions in left cuneus
and right middle temporal lobe were more driven by T1DM,
left caudate reductions were stronger in T2DM. Conversely,
GMV reductions associated exclusively with T2DM (>99%
contribution) were found in the left cingulate (BA 31), right
inferior temporal lobe, right caudate and left occipital lobe. GMV
reductions associated mainly with T1DM were not present (for
the exact % of contribution for each cluster, see Table 2). The
ALE analysis for GMV increases revealed no significant clusters
for any DM subtype.

Finally, a meta-regression to investigate the potential
influence of study size (number of included participants), disease
duration, and % glycated hemoglobin (HbA1c) revealed no
significant influence of these covariates, neither when tested
individually, nor when combined in one regression model.

DISCUSSION

This ALE meta-analysis made use of 20 VBM studies including
seven studies of T1DM patients and 13 studies of T2DM patients
to reveal overlaps and differences in GMV alterations between
both conditions. Our analysis showed only GMV reductions in
diabetic patients compared to controls, but no GMV increases. At
first glance, this is not surprising given that hyperglycemia leads
to cellular damage, as seen in rodent studies (Sadeghi et al., 2016;
Hamed, 2017). More specifically, our results can be explained
by insulin resistance, the principal characteristics in DM, which
lowers glucose metabolism in the brain, resulting in enhanced
amount of plasma glucose in DM patients (Baker et al., 2011).
Chronic hyperglycemia is a potential determinant for diabetes-
induced problems in the brain, as it could cause metabolic and
molecular alterations, leading to neuron dysfunction or death in
the brain (Tomlinson andGardiner, 2008). Similar to Alzheimer’s
disease (AD), tau phosphorylation and activation of advanced
glycation end products (AGE) have been known to contribute
to multiple proinflammatory cytokine release that eventually
leads to synapse reduction and neuronal loss in diabetic brain
(Zhao et al., 2018). Consequently, the resulting neuronal loss and
gray matter atrophy that accounted for the frequently observed
cognitive dysfunctions in DM are observable by brain MRI as
GMV reductions (Brands et al., 2005).

Ourmeta-analysis shows a preponderance of GMV reductions
in T2DM compared to T1DM, although T2DM appears to be
better as compared to that of T1DM from the perspective of
disease duration of patients as well as the glycemic control.
Our meta-regression analysis revealed no influence of study size,
disease duration, or HbA1c values on GMV, further suggesting
that the involvement of other contributing factors to the GMV
reductions. It is, in fact, not entirely out of our expectation
considering that the etiologies of the two types are quite different.
A recent review fromTamarai et al. (2019) have indicated obvious
differences in the known genetic variants associated with the
two types of DM (Tamarai et al., 2019). T1DM is a result of
insufficient insulin secreting β-cells, and the genetic variations
associated with T1DM are mainly related to alterations in insulin
synthesis. While T2DM demonstrates impaired mechanisms of
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FIGURE 1 | Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) flow diagram of search strategy.

insulin release in response to hyperglycemia in addition to β-cells
deficiency. The complexity of T2DM pathophysiology can be
comprehended by interaction between multiple genes scattered
all across the genome, as well as the interaction between genetic
factors and environmental factors (e.g., life style; Tamarai et al.,
2019).

Lower GMV in T2DM compared to T1DM is in accordance
with a comparative study by Brands et al. (2007) who showed
that MRI ratings of cortical atrophy are worse in T2DM
compared to T1DM (Brands et al., 2007). Microvascular or
macrovascular complications and comorbidities are more likely
in T2DM than T1DM even when investigating youth-onset
DM and adjusting for age (Luk et al., 2014; Dabelea et al.,
2017). While it is possible that comorbid conditions, such as
hypoglycaemia, hypercholestrolaemia, and hypertension may
explain the difference, cognitive dysfunctions may also explain
the differences in GMV reductions between DM types. Cognitive
impairments seem to be stronger in T2DM compared to T1DM
(Awad et al., 2004; Brands et al., 2005; Zilliox et al., 2016), but a

direct comparison of the two DM types revealed no significant
differences in cognitive dysfunctions (Brands et al., 2007).

GMV reductions in our study were confined to seven
clusters in specified brain regions including left and right
caudate, temporal, occipital lobes, and cingulate cortex. GMV
reductions in caudate, cingulate, inferior temporal, occipital
lobe were exclusively driven by T2DM. These results partly
concur with a volumetric meta-analysis by Moulton et al.
(2015) who also observed occipital and caudate GMV reductions
in T2DM (Moulton et al., 2015). The caudate exhibits
a high insulin receptor density, so GMV in this region
may be especially vulnerable to diabetes-associated atrophy
(Schulingkamp et al., 2000). Interestingly, a recent transcriptomic
analysis conducted with over 300 T2DM samples found that
the T2DM-associated genes are expressed in the caudate
significantly more than other brain regions (Zhou et al.,
2019). Functional analysis revealed that these T2DM-associated
genes affects synaptic functions and are related to other
neurodegenerative diseases.
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TABLE 2 | Papers included in the current meta-analysis.

References Number

of

patients

Number

of

controls

Mean age of

patients

Mean age of

controls

Diabetes

type

Diabetes

duration

(years)

HbA1c (%)# Number

receiving

anti-diabetic

therapy

MRI

preprocessing

methods

Quality

score

Kaufmann et al.

(2012)

30 19 14.3 ± 4.0 13 ± 3.2 T1DM 5.6 ± 3.8 8.4 ± 0.9 30 SPM 9.5

Liu et al. (2019) 21 21 9.3 ± 2.1 9.4 ± 1.1 T1DM 0.6 ± 0.1 11.2 ± 2.2 21 FSL 9

Marzelli et al.

(2014)

142 68 7.0 ± 1.7 7 ± 1.8 T1DM 2.9 ± 2.0 7.9 ± 0.9 142 SPM 10

Musen et al.

(2006)

82 36 32.6 ± 3.2 31.3± 5.1 T1DM 20.3 ± 3.6 7.8 ± 1.3 82 Analyze 10

Nunley et al.

(2017)

95 135 49.1 ± 6.7 48.7 ± 7.3 T1DM 40.9 ± 6.2 n/a 95 FSL 10

Perantie et al.

(2007)

108 51 12.6 ± 2.7 12.3 ± 2.7 T1DM 5.7 ± 2.9 8.4 ± 1.0 108 SPM 10

Wessels et al.

(2006)

31 21 40.8 ± 5.9 36.3 ± 7.9 T1DM 26.8 ± 8.3 8.0 ± 1.1 31 SPM 10

509 351 23.7 ± 3.8 22.6 ± 4.2 14.7 ± 3.8 8.6 ± 1.2 509

Chen et al. (2012) 16 16 61.2 ± 7.8 59.6 ± 6.1 T2DM 13.2 ± 5.6 8.4 ± 1.7 n/a SPM 10

Chen et al. (2017) 23 24 60.8 ± 8.3 57.0 ± 7.5 T2DM 9.0 ± 4.8 8.6 ± 2.2 12 SPM 10

Cui et al. (2017) 40 41 60.5 ± 6.9 57.9 ± 6.5 T2DM 8.9 ± 5.0 7.7 ± 1.6 8 SPM 9

Fang et al. (2019) 35 32 32.1 ± 5.3 34.1 ± 4.8 T2DM 1 10.4 ± 2.4 33 SPM 11

Ferreira et al.

(2017)

24 27 58.6 ± 8.6 59.9 ± 5.9 T2DM 8.0 ± 7.9 10.0 ± 2.8 n/a SPM 8.5

García-Casares

et al. (2014)

25 25 60.0 ± 4.6 57.8 ± 5.4 T2DM 11.25 ± 7.9 6.7±0.8 25 SPM 10

Moran et al. (2013) 350 363 67.8 ± 6.9 72.1± 7.2 T2DM 7 (median) 7.2 ± 1.2 72 SPM 10

Nouwen et al.

(2017)

14 19 16.1 ± 1.5 16.4 ± 1.7 T2DM 2.7 ± 2.5 8.1 ± 2.3 12 SPM 10

Redel et al. (2018) 20 20 16.7 ± 2.0 16.7 ± 2.6 T2DM 2.8 ± 2.1 7.9 ± 2.2 18 SPM 9

Wang et al. (2014) 23 23 53.1 ± 9.6 53.9 ± 9.2 T2DM 7 8.3 ± 1.4 n/a SPM 9.5

Wang et al. (2017) 17 17 54.8 ± 8.3 54.4 ± 7.9 T2DM n/a n/a n/a SPM 12

Zhang et al. (2014) 53 29 54.2 ± 8.5 55.48 T2DM 7.3 ± 5.7 7.6 ± 1.5 n/a SPM 10

Zhang et al. (2019) 26 26 51.9 ± 10.7 48.2 ± 6.7 T2DM 9.2 ± 7.1 n/a 21 SPM 10

666 662 49.8 ± 6.8** 49.5 ± 6.0** 7.3 ± 5.4ns 8.3 ± 1.8ns 201

Values represent mean ± SD if not stated otherwise.

Bold rows depict sum scores for number of patients, number of controls and number receiving anti-diabetic therapy, and average scores for mean age of patients and controls, diabetes

duration and HbA1c values.
** Indicates a significant difference (p < 0.01) between T1DM and T2DM.
ns Indicates no significant difference between T1DM and T2DM (independent samples T-test).

T1DM, type-1 diabetes mellitus; T2DM, type-2 diabetes mellitus; HbA1c (%), Hemoglobin A1C (#provided for the DM group).

TABLE 3 | ALE clusters of lower gray matter volumes in T1DM and T2DM

compared to controls.

Cluster MNI coordinates Location T1DM % T2DM %

1 (−1, −31, 41) Left cingulate (BA 31) 0 100

2 (39, −67, −4) Right inferior temporal lobe 0 100

3 (14, 12, −3) Right caudate 0.01 99.99

4 (−37, −84, −3) Left occipital lobe 0.02 99.98

5 (−7, 17, 9) Left caudate 24.22 75.78

6 (64, −49, 15) Right middle temporal lobe 64.76 35.24

7 (−6, −81, 42) Left cuneus (BA 19) 78.41 21.59

Co-occurrence of DM and depression was observed
previously (Katon et al., 2010; Balhara, 2011; Roy and Lloyd,
2012; Bãdescu et al., 2016), and the prevalence of developing

depression is three times higher in T1DM patients and two times
higher in T2DM patients as compared to general population
(Roy and Lloyd, 2012). Moreover, those with depression are 60%
more likely to develop T2DM (Mezuk et al., 2008). Consistent
with our result, in structural and functional connectivity studies
of depression disorder, it was reported that there is lower gray
matter in the bilateral caudates (Shah et al., 2002; Kim et al.,
2008; Ma et al., 2012) and right middle temporal gyrus (Peng
et al., 2011; Ma et al., 2012; Kandilarova et al., 2019), and altered
functional connectivity in the right caudate and right middle
temporal gyrus (Ma et al., 2012). Deficits of these regions may
suggest shared pathways that contribute to DM and depression.

GMV reductions in the cingulate cortex observed in our
study were confined to a cluster in the posterior cingulate cortex
(PCC). The PCC is considered as one of the “key hub” of the
DMN, and is associated with functions such as memory retrieval
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FIGURE 2 | ALE clusters of lower gray matter volumes in T1DM and T2DM compared to controls. Depicted are seven significant clusters, overlaid onto axial structural

MRI planes Numbers depict z-coordinates in MNI space. Blue clusters are driven by T2DM whereas both disorders contribute to green-yellow clusters. Percent

contribution is signaled by the color bar, with red indicating 100% contribution by T1DM and blue indicating 100% contribution by T2DM. Left is left.

(Gusnard et al., 2001a) and regulating attention (Gusnard et al.,
2001b). It has been reported that T2DM subjects have poorer
memory and attention impairments as compared to matched
controls (Gregg et al., 2000; Kanaya et al., 2004; van den Berg
et al., 2010). Also, resting-states fMRI meta-analysis using ALE
demonstrates that the PCC is affected in T2DM patients (Xia
et al., 2017). Other quantitative fMRI studies using functional
connectivity also show that resting-states is altered in the PCC
(Cui et al., 2015; Ishibashi et al., 2018). These studies suggest
that T2DMmay have a disrupted DMN. Furthermore, Chen et al.
found reduced functional activity in the PCC in T2DM patients
when performing an encoding task related episodic memory,
suggesting that DMN is affected in T2DM (Chen et al., 2016).
It has also been observed that fractional anisotropy (FA) of the
cingulum bundle are correlated to PCC and the medial frontal
gyrus, which are important regions of the DMN (Hoogenboom
et al., 2014). A previous meta-analysis speculated that graymatter
volume differences in the DMN regions including PCC may be
the reason why brain activation is affected in the DMN of T2DM
patients, in terms of functional connectivity and activity, and
ultimately leading to reduced cognitive performance (Liu et al.,
2017).

DM (especially T2DM) and AD both shared some common
neurocognitive functional deficits, one of which is the impaired
memory (Karvani et al., 2019; Backeström et al., 2021). Most
research, especially using animal model, places hippocampus
as the center of focus on memory loss. While hippocampal
atrophy has been observed in T2DM, enlarged hippocampus was
reported in T1DM (Hershey et al., 2010; Heyden et al., 2011),
further indicating the mechanistic differences between T1DM
and T2DM. Hippocampus, located deep within the temporal
lobe, is not the only region responsible for memory function.
Middle and Inferior temporal gyri, which are relatively superficial
as compared to hippocampus, also play critical role in memory.
Our data has revealed GMV reductions in right middle temporal
gyrus and right inferior temporal gyrus. Middle and inferior
temporal gyri (Musen et al., 2006; Chen et al., 2012; Wang
et al., 2014; Redel et al., 2018; Zhang et al., 2019) have been

associated with semantic memory and semantic priming, in
which semantically related stimuli resulted in faster or more
effective activation. Early study has already shown a reduced
cerebral blood flow in temporal lobe (Jimenez-Bonilla et al.,
1996), which is believed to induce neuronal cell loss that resulted
in temporal gyri atrophy that accounts for the reduced GMV of
the respective regions.

Our data also indicated that left occipital lobe, and left
cuneus which is also located in occipital lobe, demonstrated
differential GMV in T2DM as compared to control. Occipital
lobe is the center for visual processing, and it is possible that
differential GMV could be a consequence of early sign of diabetic
retinopathy. For example, glaucoma induced retinal damages
has been shown to correlate with atrophy in occipital lobe,
in particular the BA19 (Jiang et al., 2017). BA19 is located in
parts of the cuneus and lingual gyrus. While lingual gyrus is
associated with visual memory, cuneus is known to relate to
inhibitory control (Haldane et al., 2008; Wang et al., 2018),
the ability to inhibit or control impulsive responses by using
attention and reasoning. Dysfunction in inhibition, although
best known in people with attention deficits and hyperactivity
disorder (ADHD), is also observed in T2DM (Cooke et al., 2020).
In addition, strong correlation was observed between impaired
cognitive performance in T2DM patients and reduced blood flow
in cerebral regions, one of which was the occipital lobe (Cui et al.,
2017). Therefore, GMV reduction in occipital lobe and cuneus
may represent not only visual but also cognitive deficits.

Schizophrenia has long been found to link with increased
risk of T2DM, as the prevalence of type 2 diabetes is 2–5-
fold higher in patients with schizophrenia when compared with
those without DM (Mamakou et al., 2018). While this may due
to the impact of antipsychotic treatment and also the disease
progression, the fact that drug native patients of schizophrenia
were still at 1.27–1.63-fold of risk of having T2DM than general
population (Cohen and De Hert, 2011) may suggested that
there is uniquely shared risk factor between the two diseases. A
review of the genetic databases found 37 common susceptibility
genes between schizophrenia and T2DM (Mamakou et al., 2018).
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Association studies of the TCF7L2 gene in diabetes suggested
increased risk of schizophrenia (Hansen et al., 2011; Alkelai et al.,
2012).

Contrast to the suggested linkage between T2DM and
schizophrenia, a large population study of over 800 k
individuals in Finland suggested the reverse between T1DM
and schizophrenia (Juvonen et al., 2007). The study found
an incidence of 0.21/10,000 schizophrenia in type 1 diabetes,
while it was 0.56 /1,000 schizophrenia in the general public,
an over 60% reduction in risk of schizophrenia in type 1
diabetes. Our findings in predominantly larger contribution of
T2DM in bilateral caudate deficit in gray matter echoes with
the contradictive difference in linkage between T1DM and
T2DM with schizophrenia. Bilateral caudate deficit was found
in drug naïve patients of schizophrenia (Chua et al., 2007)
but not with treated patients (Leung et al., 2009), suggesting
caudate’s role in the early stage and also in the treatment stage
of schizophrenia.

In addition to focus given to the contribution of diabetes on
cognitive dysfunction, association of antidiabetic treatment
on cognitive performance on diabetic patients has also
gained attention. A recent meta-analysis (Zhang et al., 2020)
summarized 10 studies comprising 254,679 participants
to determine the relationship between metformin therapy
and cognitive function in T2DM patients, and compared
metformin treatment with other antidiabetic drugs, including
sulfonylureas, thiazolidinediones, and insulin. Despite all
the treatments targeting T2DM, only metformin exhibited
significant improvement in cognitive dysfunction, while insulin,
suprisingly, aggravated cognitive dysfunction. Furthermore, such
improvement was only significant in Americans and Europeans
but not in Asian patients, indicating perhaps glycemic control
alone might not be as effective in improving DM-induced
cognitive dysfunction as expected. In addition to its primary
antidiabetic action on reduction of glucose production in
liver, metformin has also been shown to prevent neuronal cell
death (El-Mir et al., 2008) and inhibited the molecular and
pathological development of AD in cell culture model (Gupta
et al., 2011). Metformin has been demonstrated to improve
cognitive performance in AD patients (Cao et al., 2018) as
well as in SAMP8 mice, one of the commonly used animal AD
model, without altering blood glucose level (Farr et al., 2019),
suggesting that this antidiabetic drug may improve cognitive
function by acting on pathways other than glycemic control
but the exact mechanism remained unclear. Although cognitive
impairment in DM may arise from hyperglycemia, it is believed
that a combinatorial effect of inflammation, oxidative stress,
impaired cerebrovasculature, increase β-amyloid deposition,
cerebral insulin resistance and formation of AGE all contribute
to the progressive development of cognitive dysfunction in
DM patients.

We acknowledge that there are a number of limitations
to this study. First is the “file-drawer” problem which means
that studies reporting null results are under-represented in the
literature. This is a problemwhich all meta-analyses suffer. In this
study, we tried to minimize this error by generating an empty

ALE map for studies that reported no gray matter differences
between patient groups and controls. However, such studies
demonstrating no differences are uncommon and not likely to
be published. Second, MRI methodology is continually being
improved, and the data extracted from various studies were pre-
processed and analyzed in different ways. It is unfortunate that
there were not enough studies to control for confounding factors
including modulation and smoothing. To reduce the difference
in methodologies affecting the outcome of our present study,
we made use of a customized checklist to assess the quality of
each study. The quality scores (mean: 9.9; s.d: 0.7) provide an
overview of rigorous of each study. Without checking for quality
scores, it is possible that lower quality studies (ex: outdated
MRI acquisition or data processing methods, and low sample
size) could influence the results. Lastly, while all T1DM patients
were medicated, only about one third of T2DM patients received
medication, hence we cannot rule out that our results could partly
reflect an effect of medication.

CONCLUSIONS

Our meta-analysis using the ALE methodology indicated GMV
reductions in seven brain regions in T1DM and T2DM relative
to controls. Clusters of lower GMV associated with both diabetes
types were found in left caudate, right middle temporal lobe
and left cuneus, whereas clusters exclusively found in T2DM
were located in left cingulate, right inferior temporal lobe,
right caudate and left occipital lobe. Our results indicate a
more pronounced gray matter atrophy in T2DM compared to
T1DM. We interpret this finding in terms of microvascular or
macrovascular complications and disease-specific pathology of
T2DM. To our knowledge, this study is the first meta-analysis of
VBM studies in patients with DM which highlights overlapping
and distinct brain atrophy found in T1DM and T2DM. The
results of our study will aid understanding of the underlying
neurodegenerative process in T1DM and T2DM.
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Background: Widespread neural and microvascular injuries are common in chronic
kidney disease (CKD), increasing risks of neurovascular complications and mortality.
Early detection of such changes helps assess the risks of neurovascular complications
for CKD patients. As an extension of central nervous system, the retina provides a
characteristic window to observe neurovascular alterations in CKD. This study aimed to
determine the presence of retinal neurovascular impairment in different stages of CKD.

Methods: One hundred fifteen non-diabetic and non-dialytic CKD patients of all
stages and a control group of 35 healthy subjects were included. Retinal neural and
microvascular parameters were obtained by optical coherence tomography angiography
(OCTA) examination.

Results: CKD 1–2 group (versus control group) had greater odds of having decreased
retinal ganglion cell-inner plexiform layer thickness (GC-IPLt) (odds ratio [OR]: 0.92; 95%
confidence interval [CI]: 0.86–0.98), increased ganglion cell complex-focal loss volume
(GCC-FLV) (OR: 3.51; 95% CI: 1.27–9.67), and GCC-global loss volume (GCC-GLV)
(OR: 2.48; 95% CI: 1.27–4.82). The presence of advanced stages of CKD (CKD 3–
5 group versus CKD 1–2 group) had greater odds of having decreased retinal vessel
density in superficial vascular plexus (SVP)-WholeImage (OR: 0.77, 95% CI: 0.63–
0.92), SVP-ParaFovea (OR: 0.83, 95% CI: 0.71–0.97), SVP-ParaFovea (OR: 0.76,
95% CI: 0.63–0.91), deep vascular plexus (DVP)-WholeImage (OR: 0.89, 95% CI:
0.81–0.98), DVP-ParaFovea (OR: 0.88, 95% CI: 0.78–0.99), and DVP-PeriFovea (OR:
0.90, 95% CI: 0.83–0.98). Besides, stepwise multivariate linear regression among CKD
patients showed that β2-microglobulin was negatively associated with GC-IPLt (β: –
0.294; 95% CI: –0.469 ∼ –0.118), and parathyroid hormone was positively associated
with increased GCC-FLV (β: 0.004; 95% CI: 0.002∼0.006) and GCC-GLV (β: 0.007;
95% CI: 0.004∼0.01). Urine protein to creatinine ratio was positively associated with
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increased GCC-FLV (β: 0.003; 95% CI: 0.001∼0.004) and GCC-GLV (β: 0.003; 95% CI:
0.001∼0.006).

Conclusion: Retinal neuronal impairment is present in early stages of CKD (stages 1–2),
and it is associated with accumulation of uremic toxins and higher UACR, while retinal
microvascular hypoperfusion, which is associated with worse eGFR, was only observed
in relatively advanced stages of CKD (stages 3–5). The results highlight the importance
of monitoring retinal neurovascular impairment in different stages of CKD.

Keywords: retinal imaging, neuronal impairment, microvascular hypoperfusion, optical coherence tomography
angiography (OCTA), chronic kidney disease

INTRODUCTION

As an emerging public health issue, chronic kidney disease
(CKD) is predicted to be the fifth most common cause of death
worldwide by 2040 (Foreman et al., 2018). Uremia exposure,
endocrine failure, and impaired vascular homeostasis result in
widespread neural and microvascular injury (Futrakul et al.,
2008). In general, neurovascular complications, especially
those of the central nervous system (CNS), such as cognitive
deterioration (Kurella et al., 2005), cerebrovascular stroke
(Smogorzewski, 2001), and encephalopathy (Raskin and
Fishman, 1976), are commonly and largely contribute to
morbidity and mortality in CKD patients (Wanner et al.,
2016). Therefore, there has been an urgent need for early
identifying neurovascular impairment in CKD patients
(Houben et al., 2017).

As an extension of the brain and sharing the same
embryological origin with the CNS. Chua et al. (2020),
Kashani et al. (2021), the retina is widely regarded as an
accessible source for studying neurodegenerative and vascular
injury processes occurring in the CNS (Hart et al., 2016;
Mutlu et al., 2018). Consistently, there has also been intense
interest in using retinal imaging technology to understand,
diagnose, and monitor neurological diseases (Kashani et al.,
2021). Recent advancements in optical coherence tomography
angiography (OCTA) technologies have allowed for non-invasive
and quantitative assessment of the neurovascular structure on
different retinal layers (Pujari et al., 2020; Hormel et al., 2021). In
some studies, OCTA has been used to monitor retinal neural and
microvascular alterations in degenerative neural diseases such as
Alzheimer’s disease (O’bryhim et al., 2018; Den Haan et al., 2019)
and Parkinson’s disease (Kashani et al., 2021; Robbins et al., 2021).

Previous investigations have shown that both retinal neural
impairment and microvascular hypoperfusion can be detected
in CKD patients (stages 3–5) using OCTA (Vadala et al., 2019;
Yeung et al., 2019; Zhuang et al., 2020). However, those studies
failed to included CKD patients at the early stages (stages 1–
2), so it still reminds unknown whether retinal neurovascular
impairment occurs in earlier stages of CKD and what are the
related factors for such damage. Furthermore, the inclusion of
diabetes mellitus (DM) patients and dialysis population in prior
studies challenge the direct comparison between CKD patients
and normal subjects (Yeung et al., 2019; Wu et al., 2020), as both
DM (Zeng et al., 2019; Zhuang et al., 2020) and dialysis (Wu

et al., 2020) can deteriorate neurovascular system independent of
declining renal function.

Therefore, we conducted this cross-sectional study in CKD
patients of all stages without a history of DM or dialysis, aiming
to investigate the changes of retinal neurovascular parameters
detected by OCTA in patients of different CKD stages and further
analyze the association between neurovascular alterations and
CKD-related risk factors.

MATERIALS AND METHODS

Design and Population of the Study
This cross-sectional study included a total of 150 eyes from 115
CKD patients and 35 healthy subjects. The study was conducted
in the Department of Ophthalmology and the Department
of Nephrology, Guangdong Provincial People’s Hospital from
August 2019 to December 2020. The procedures followed
the ethical standards of the Research Ethics Committee of
Guangdong Provincial People’s Hospital [registration number:
GDREC2020069(R1)] and the Helsinki Declaration. This study
followed the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) reporting guideline.
Informed consent was obtained from all participants.

The inclusion criteria were patients with CKD and
aged ≥ 18 years. The definition of CKD was based on the
presence of kidney damage (i.e., albuminuria or urinary albumin
to creatinine ratio) or decreased kidney function [i.e., estimated
glomerular filtration rate (eGFR) < 60 ml/min/1.73 m2 for
3 months or more] (Levey and Coresh, 2012). The eGFR
value was calculated from serum creatinine (Scr) using the
CKD-EPI creatinine equation (Levey et al., 2009). Severity of
CKD was categorized based on the eGFR values: more than
90 ml/min/1.73 m2 (stage 1), 60∼89 ml/min/1.73 m2 (stage 2),
30∼59 ml/min/1.73 m2 (stage 3), 15∼29 ml/min/1.73 m2 (stage
4), and less than 15 ml/min/1.73 m2 (stage 5) (Levey and Coresh,
2012). The CKD 1–2 group were CKD patients in stages 1–2, and
the CKD 3–5 group were CKD patients in stages 3–5. The control
group was healthy subjects without major systemic diseases or
ocular diseases.

The exclusion criteria were patients with (1) any type of
DM; (2) HblAc>6.5%; (3) history of dialysis (hemodialysis or
peritoneal dialysis); (4) any ocular issue that may impair ocular
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circulation (e.g., glaucoma, eye trauma, retinal vascular occlusion,
choroidal neovascularization, endophthalmitis, or refractive
error > ± 6 diopters); (5) inadequate quality of OCTA image
(quality score < 6 or the presence of significant artifact); (6)
any severe systemic diseases (e.g., cerebral infarction, myocardial
infarction, heart failure, or connective tissue disorder); (7)
women who were pregnant.

Ophthalmic Examinations
All participants underwent comprehensive ophthalmic
examinations including best-corrected visual acuity (BCVA)
(measured on a decimal chart and presented as logMAR),
autorefraction, intraocular pressure, slit-lamp examination, and
color fundus photography. Retinal microvasculature and neural
parameters were measured with Optical Coherence Tomography
Angiography (OCTA).

Optical Coherence Tomography Angiography with RTVue-
XR Avanti (Optovue, Fremont, CA, United States, version
2018) is a device combining structural and functional imaging
by analyzing the changing variance in light speckle created
by erythrocyte flow over multiple scans (Spaide et al., 2018).
The OCTA machine generates a contract-free angiogram down
to the capillary level and surrogate indices of perfusion.
The OCTA platform has been integrated with split-spectrum
amplitude-decorrelation angiography (SSADA) algorithm that
automatically segments OCT images alongside angiographic data
to report global and regional vessel density (VD) of each retinal
layer (Hormel et al., 2021).

The detailed procedures of the OCTA examination were
shown in Supplementary Figure S1. The OCTA examination
was performed in a darkroom. Before examination, participants’
pupils were dilated with Tropicamide Phenylephrine Eye Drops.
An internal fixation light was used as the center the scanning area.
The OCT signal position and quality were optimized using the
Auto All function, aiming to find the best position, focus, and
polarization match for obtaining the retina OCT image (Toto
et al., 2016). Besides, considering that media opacity made an
effect of on the measurement of retinal neurovascular parameters
(Zhang et al., 2020, 2021), the OCTA system generated a
signal strength index (SSI) to help determine whether the scan
quality is acceptable. The signal strength intensity (SSI; ranged
from 0 to 100) is based on the intensity or brightness of
the reflected light during scanning. The higher the intensity,
the higher the SSI.

Retinal vascular retinal layers were visualized as follows: a
set of high definition (HD) Angio Retina Scan (6∗6mm) was
captured to evaluate the VD of the macular, which contained
superficial retinal plexus and deep retinal plexus. The boundaries
of each layer were segmented as follows: a slab extending from
3 to 15 µm from the internal limiting membrane (ILM) was
generated to detect the superficial vascular plexus (SVP), and
a slab extending from 15 to 70 µm below ILM to detect the
deep vascular plexus (DVP) (Zhuang et al., 2020). Besides,
HD Angio Disk Scan (4.5∗4.5 mm) was imaged to visualize
the radial peripapillary capillary, which was defined as the
vessel on the layer between the outer limit of the retinal nerve
fiber layer (RNFL) and ILM in the peripapillary region. The

segmentations of these three retinal vascular plexuses were shown
in Supplementary Figure S2 (Wu et al., 2020).

As for the retinal neural parameters, a ganglion cell complex
(GCC) scan was used to measure retinal ganglion cell-inner
plexiform layer thickness (GC-IPLt), which was defined as the
layer between the retinal nerve fiber layer (RNFL) and IPL
within a 6-mm circle. An optic nerve head (ONH) scan was
obtained for the measurement of RNFL thickness (RNFLt). The
average RNFLt was measured over a 3.45-mm-diameter circle
centered on the ONH.

All the retinal VD and layer thickness retinal VD and layer
thickness were calculated automatically and quantitatively using
the AngioVue SSADA software (Peng et al., 2020; Wu et al.,
2020). Both eyes of the participants were examined by OCTA,
but only the data of the right eye was included for analysis.
If the scan of the right eye was uninterpretable, data of the
left eye were utilized. Only images with quality index ≥ 6 and
SSI ≥ 60 were retained.

Systemic Data Collection
Medical history and laboratory data in the last 3 months were
collected. Demographic and blood test data were extracted from
the electronic medical record system by a trained researcher
(YF) and double-checked by an ophthalmologist (XZ). The
basic information included age, sex, body mass index (BMI),
systolic blood pressure (SBP), diastolic blood pressure (DBP),
duration of CKD, and the history of smoking, hypertension,
and cardiovascular disease (CVD). Laboratory tests included
glycated hemoglobin (HbA1C), Scr, blood urea nitrogen (BUN),
hemoglobin (HGB), cholesterol (CHOL), low-density lipoprotein
(LDL), urine albumin to creatinine ratio (UACR), urine protein to
creatinine ratio (UPCR), parathyroid hormone (PTH), albumin
(ALB), and β2-microglobulin (β2-M).

Statistical Analysis
SPSS version 25.0 (SPSS. Inc., Chicago, IL, United States) was
used to perform statistical analyses. A two-sided p-value of
less than 0.05 was considered significant. Mean and standard
deviation (SD) were used for presenting quantitative variables for
normal distribution, medians and interquartile range (IQR) for
abnormal distribution, and numbers (percentages) were used for
categorical variables. In the comparison of basic characteristics
among three groups, one-way ANOVA was used for normally
distributed continuous data and the Kruskal–Wallis H test
was used for non-normally distributed continuous data, and
Bonferroni’s correction was used for post hoc analysis. χ2 tests
were utilized to compare categorical variables. Mann–Whitney
test was applied to compare the duration of CKD between
the CKD 1–2 group and the CKD 3–5 group. Crude logistic
regression models were used to compare the OCTA parameters
(dependent variables) between different groups (independent
variables, 1a: CKD 1–2 versus control, 2a: CKD 1–2 versus
CKD 3–5) without adjusting confounders. We also used adjusted
logistic regression models (1b: CKD 1–2 versus control, 2b:
CKD 3–5 versus CKD 1–2) to adjust the confounders, including
age, sex, BMI, SBP, DBP, history of smoking, history of CVD,
Hb1Ac, CHOL, and LDL. Partial correlation analysis was used
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to determine risk factors associated with the OCTA parameters
in the CKD patients after controlling for age, sex, BMI,
history of smoking, history of CVD, RE, and IOP. Besides,
stepwise multivariate regression was performed to figure out the
independent risk factors for the retinal neurovascular alterations
in the CKD patients. Age, sex, BMI, history of hypertension,
history of smoking, history of CVD, eGFR, BUN, PTH, UACR,
HGB, CKD duration, Hb1Ac, β2-M, and LDL were independent
variables entered into the model. Finally, Spearman correlation
analysis was used to determine the relationship between BCVA
and OCTA parameters in all subjects.

RESULTS

Basic Characteristics Among the Three
Groups
The basic characteristics of the participants were summarized
in Table 1. The etiology of the CKD patients was shown in
Supplementary Table S1. There were significantly higher results
of DBP, BUN, and HGB in the CKD 1–2 group compared to
the control group (all p < 0.05). The CKD 3–5 group showed
significantly higher results of SBP, DBP, Hb1Ac, Scr, BUN, BCVA
(logMAR), as well as decreased eGFR and HGB compared to the
CKD 1–2 group and the control group (all p< 0.05). Besides, the
CKD 3–5 group also showed significantly higher results of age,
BMI, PTH, β2-M, history of hypertension, and CVD compared to
the CKD 1–2 group (all p < 0.05). No significant difference was
found in sex, history of smoking, CHOL, SER, and IOP among
the three groups. Duration of CKD, UACR, UPCR, and ALB
and the etiology of CKD were comparable between the CKD 1–2
group and the CKD 3–5 group. Besides, the signal strength index
of the macular, disk, GGG, and ONH areas and the overall quality
index of the macular and disk areas are comparable among the
three groups (Supplementary Table S2).

Comparisons of Optical Coherence
Tomography Angiography Parameters
Among the Three Groups
Comparisons of OCTA parameters among the three groups
were shown in Table 2 and Figure 1. Significantly reduced GC-
IPLt and increased GCC-FLV and GCC-GLV were detected in
the CKD 1–2 group and the CKD 3–5 group compared to
the control group (all p < 0.05). Also, significantly reduced
GCCt and increased GCC-GLV were found in the CKD 3–5
group compared to the CKD 1–2 group. A representative picture
showing the changes in GC-IPLt, GCC-FLV, and GCC-GLV in
CKD groups and control group was shown in Supplementary
Figure S3. No significant difference was found in RNFL
parameters among the three groups. For retinal microvascular
parameters, significantly reduced VD in all SVP regions and DVP
regions were found in the CKD 3–5 group compared to the
CKD 1–2 group and control group (all p< 0.001). No significant
difference was found in all microvascular parameters between the
CKD 1–2 group and the control group. No significant difference
was found in VD in all RPC regions among the three groups.

Independent Associations Between
Optical Coherence Tomography
Angiography Parameters and Severity of
Chronic Kidney Disease
Table 3 shows the results of logistic regression models
investigating associations of OCTA parameters and the incidence
and progression of CKD. After adjusting for confounders
including age, sex, BMI, SBP, DBP, history of smoking, history
of CVD, Hb1Ac, CHOL, and LDL, the model 1b showed that
the presence of early stages of CKD (CKD1–2 group versus
control group) was significantly associated with decreased GC-
IPLt (odds ratio [OR]: 0.92; 95% confidence interval [CI]:
0.86–0.98), meaning one-micrometer increase of GC-IPLt is
associated with 0.92-fold risk of CKD after adjusting for the
confounding factors. Meanwhile, the presence of early stages of
CKD (CKD1–2 group versus control group) was significantly
associated with increased GCC-FLV (OR: 3.51; 95% CI: 1.27–
9.67) and GCC-GLV (OR: 2.48; 95% CI: 1.27–4.82). Further
investigation in the crude model 2b showed that the presence
of advanced stages of CKD (CKD 3–5 group versus CKD 1–
2 group) had greater odds of having decreased VD in SVP-
WholeImage (OR: 0.77; 95% CI: 0.63–0.92), SVP-ParaFovea (OR:
0.83; 95% CI: 0.71–0.97), SVP-PeriFovea (OR: 0.76; 95% CI:
0.63–0.91), DVP-WholeImage (OR: 0.89; 95% CI: 0.81–0.98),
DVP-ParaFovea (OR: 0.88; 95% CI: 0.78–0.99), DVP-PeriFovea
(OR: 0.90; 95% CI: 0.83–0.98), and increased GCC-GLV (OR:
1.35; 95% CI: 1.05–1.73).

Partial Correlation Between Optical
Coherence Tomography Angiography
Parameters and Chronic Kidney
Disease-Related Parameters
The results of partial correlation analyses of OCTA parameters
and CKD-related parameters among all 115 CKD patients
were shown in Table 4. The results showed that all retinal
microvascular parameters as well as GC-IPLt were positively
correlated with eGFR and HGB (r = 0.199∼0.355, all p < 0.05)
and negatively with β2-M, BUN, and PTH (r = –0.185 ∼ –
0.354, all p < 0.05). Furthermore, GCC-FLV and GCC-GLV
were positively correlated with β2-M, BUN, UPCR, UACR, and
PTH (r = 0.193∼0.344, all p < 0.05) and negatively with eGFR
(r = −0.200∼−0.276, all p < 0.05). Partial correlation of GCC
variables and eGFR were shown in Supplementary Figure S4.

Stepwise Multivariate Linear Regression
Between Optical Coherence Tomography
Angiography Parameters and Chronic
Kidney Disease-Related Parameters
The result of stepwise multivariate linear regression between
OCTA parameters and clinical data among all 115 CKD patients
was presented in Table 5. β2-M was associated with thinner
GC-IPLt (β: –0.294; 95% CI: –0.469∼–0.118), where PTH was
associated with higher GCC-FLV (β: 0.004; 95% CI: 0.002∼0.006)
and GCC-GLV (β: 0.007; 95% CI: 0.004∼0.01) among CKD
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TABLE 1 | Comparison of basic characteristics among the three groups.

Control (n = 35) CKD 1–2 (n = 50) CKD 3–5 (n = 65) p pa pb pc

Basic characteristics

Age, year 45.06 ± 11.28 40.24 ± 13.40 47.58 ± 12.76 0.010δ 0.259 1.000 0.007

Sex, male, n (%) 15 (42.90) 20 (40.00) 38 (58.50) 0.107† – – –

BMI, kg/m2 22.18 ± 2.11 22.36 ± 3.65 23.88 ± 3.09 0.009δ 0.989 0.059 0.005

SBP, mmHg 118 ± 11.43 124.32 ± 13.12 141.98 ± 21.3 <0.001δ 0.061 <0.001 <0.001

DBP, mmHg 73 ± 6.06 80.02 ± 11.27 85.88 ± 12.89 <0.001δ 0.001 <0.001 0.032

History of smoking, n (%) 4 (11.40) 6 (12.00) 11 (16.90) 0.664† – – –

History of hypertensive, n (%) – 10 (20.00) 46 (70.80) <0.001† – – –

History of CVD, n (%) – 2 (4.00) 12 (18.50) 0.019† – – –

Duration of CKD, month – 12 (16.25) 12 (27.00) 0.132‡ – – –

Laboratory test

Scr, µmol/L 70.36 ± 14.61 73.2 ± 22.69 358.44 ± 316.13 <0.001δ 0.862 <0.001 <0.001

eGFR, ml/min/1.73 m2 100.7 ± 20.88 99.02 ± 25.25 27.26 ± 17.60 <0.001δ 0.976 <0.001 <0.001

BUN, mmol/L 5.29 (2.15) 5.78 (2.55) 11.82 (11.09) <0.001ξ 0.005 <0.001 <0.001

Hb1Ac, (%) 5.18 ± 0.41 5.36 ± 0.53 5.60 ± 0.48 <0.001δ 0.281 <0.001 0.020

HGB, 10ˆ9/L 137.33 ± 15.10 124.66 ± 19.74 104.94 ± 23.65 <0.001δ 0.004 <0.001 <0.001

CHOL, mmol/L 4.89 ± 0.68 5.71 ± 2.60 5.59 ± 1.83 0.133δ 0.174 0.270 1.000

LDL, mmol/L 3.10 ± 0.85 3.72 ± 1.75 3.86 ± 1.27 0.030δ 0.124 0.029 1.000

UACR, mg/g – 794.20 (1414.13) 1274.06 (1966.94) 0.163‡ – – –

UPCR, mg/g – 1150.50 (2499.47) 2249.44 (2856.25) 0.052‡ – – –

PTH, pg/ml – 35.38(12.93) 92.78(113.20) <0.001‡ – – –

ALB, g/L – 35.21(11.50) 37.02(12.88) 0.197‡ – – –

β2-M, µg/ml – 2.30(1.39) 8.85(10.79) <0.001‡ – – –

Ocular characteristics

BCVA, LogMAR –0.0146 ± 0.0671 –0.0087 ± 0.0841 0.0283 ± 0.1208 <0.001δ 0.997 <0.001 <0.001

RE, diopters –0.99 ± 2.18 –1.27 ± 3.58 –0.55 ± 2.28 0.371δ 1.000 1.000 0.496

IOP, mmHg 14.15 ± 2.20 14.16 ± 3.83 13.31 ± 3.30 0.291δ 1.000 0.655 0.505

CKD, chronic kidney disease; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; CVD, cardiovascular disease; Scr, serum creatinine;
eGFR, estimated glomerular filtration rate; BUN, blood urea nitrogen; HbA1c, glycated hemoglobulin; HGB, hemoglobin; CHOL, cholesterol; LDL, low-density lipoprotein;
UACR, urine albumin to creatinine ratio; UPCR, urine protein to creatinine ratio; PTH, parathyroid hormone; ALB, albumin; β2-M, β2-microglobulin; BCVA, best-corrected
visual acuity; RE, refraction error; IOP, intraocular pressure.
Results are presented as mean ± standard deviation, medians (IQR), or as numbers (percentages).
A, p (δ One-Way ANOVA and ξ Kruskal–Wallis H test) for the comparison among three groups. p (†χ2 test and ‡ Mann–Whitney Test) for the comparison between the
CKD 1∼2 group and the CKD 3∼5 group.
B, pa for the comparison between the control group and the CKD 1∼2 group using post hoc analysis.
C, pb for the comparison between the control group and the CKD 3∼5 group using post hoc analysis.
D, pc for the comparison between the CKD 1∼2 group and the CKD 3∼5 group using post hoc analysis.
The bold values indicated statistically significant (p value < 0.05).

patients. UACR was also found associated with higher GCC-
FLV (β: 0.003; 95% CI: 0.001∼0.004) and GCC-GLV (β: 0.003;
95% CI: 0.001∼0.006). Besides, the results showed that the
eGFR was positively associated with VD in SVP-WholeImage (β:
0.029; 95% CI: 0.017∼0.041), SVP-ParaFovea (β: 0.021; 95% CI:
0.002∼0.040), SVP-PeriFovea (β: 0.029; 95% CI: 0.016∼0.041),
DVP-WholeImage (β: 0.033; 95% CI: 0.007∼0.058), DVP-
ParaFovea (β: 0.044; 95% CI: 0.024∼0.065), and DVP-PeriFovea
(β: 0.037; 95% CI: 0.008∼0.066).

Correlation Between Best-Corrected
Visual Acuity and Optical Coherence
Tomography Angiography Parameters
The results of correlation analyses of BCVA and OCTA
parameters among all subjects were shown in Table 6. BCVA

(LogMAR) was negatively correlated with VD in SVP and DVP
(r = –0.399 ∼ –0.514, all p < 0.05), while positively with GCC-
GLV (r = 0.201, p = 0.014).

DISCUSSION

Two crucial findings were observed in this cross-sectional study.
Firstly, our study revealed that retinal ganglion cell complex
impairment occurs in the early stages (CKD stages 1–2) without
detectable retinal microvascular rarefaction and RNFL damage
in non-diabetic and non-dialytic CKD patients. Secondly, among
CKD patients, the accumulation of uremic toxins of β2-M and
PTH, and higher UACR was independently associated with
retinal ganglion cell complex impairment, while reduced eGFR
was associated with deceased retinal microvascular perfusion.
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TABLE 2 | Comparison of OCTA parameters among the three groups.

Control (n = 35) CKD 1–2 (n = 50) CKD 3–5 (n = 65) p pa pb pc

Retinal microvascular parameters

SVP-WholeImage, % 52.22 ± 1.98 52.06 ± 2.44 49.53 ± 2.92 <0.001 1.000 <0.001 <0.001

SVP-ParaFovea, % 54.90 ± 1.95 54.46 ± 2.81 51.28 ± 4.19 <0.001 1.000 <0.001 <0.001

SVP-PeriFovea, % 53.15 ± 2.00 53.01 ± 2.44 50.43 ± 2.94 <0.001 1.000 <0.001 <0.001

DVP-WholeImage, % 55.12 ± 4.30 54.60 ± 5.15 50.15 ± 5.36 <0.001 1.000 <0.001 <0.001

DVP-ParaFovea, % 57.83 ± 2.98 57.51 ± 4.09 53.35 ± 4.76 <0.001 1.000 <0.001 <0.001

DVP-PeriFovea, % 56.77 ± 4.62 56.28 ± 5.69 51.13 ± 6.03 <0.001 1.000 <0.001 <0.001

RPC-WholeImage, % 57.28 ± 1.85 57.53 ± 2.40 56.44 ± 3.70 0.124 1.000 0.538 0.156

RPC-WholeImage-Capillary, % 50.28 ± 1.85 50.64 ± 2.36 50.19 ± 3.50 0.686 1.000 1.000 1.000

Retinal neural parameters

RNFLt-Average, µm 108.63 ± 8.04 108.28 ± 8.26 106.74 ± 9.65 0.506 1.000 0.929 1.000

RNFLt-Superior, µm 112.06 ± 8.45 111.25 ± 9.62 108.36 ± 12.7 0.188 1.000 0.317 0.473

RNFLt-Inferior, µm 106.80 ± 8.35 105.24 ± 8.07 102.45 ± 11.25 0.143 1.000 0.099 0.378

GC-IPLt, µm 105.60 ± 8.77 100.98 ± 7.79 97.27 ± 7.89 0.004 0.042 <0.001 0.040

GCC-FLV, % 0.78 ± 0.44 1.34 ± 1.19 1.94 ± 2.26 <0.001 0.009 <0.001 0.204

GCC-GLV, % 1.14 ± 0.98 1.98 ± 1.29 3.32 ± 3.09 <0.001 0.003 <0.001 0.007

OCTA, optical coherence tomography angiography; CKD, chronic kidney disease; SVP, superficial vascular plexus; DVP, deep vascular plexus; RPC, retinal peripapillary
capillary; RNFLt, retinal nerve fiber layer thickness; GC-IPLt, ganglion cell-inner plexiform layer thickness; GCC, ganglion cell complex; GLV, global loss volume; FLV,
focal loss volume.
A, p for the comparison among the three groups using One-Way ANOVA.
B, pa for the comparison between the control group and the CKD 1∼2 group using post hoc analysis.
C, pb for the comparison between the control group and the CKD 3∼5 group using post hoc analysis.
D, pc for the comparison between the CKD 1∼2 group and the CKD 3∼5 group using post hoc analysis.
The bold values indicated statistically significant (p value < 0.05).

The major finding of this study is that increased GCC-FLV
and GCC-GLV, and thinner GC-IPL could be detected in earlier
CKD stages (stages 1–2), while no significant difference was
found in all retinal microvascular parameters and RNFLt in
the CKD 1–2 group compared to the control group, suggesting
that retinal neuronal impairment has already existed in early
CKD stages even in the absence of histologically assessed
microvascular rarefaction and retinal axon damage. In fact,
neurological complications, such as cognitive deterioration,
cerebrovascular stroke, and cranial neuropathy, are common in
CKD patients (Hamed, 2019). Recent population-based studies
have documented an association between early stages of CKD
and impaired cognition (Elias et al., 2009; Tsai et al., 2010).
Given that the GC-IPL layer is where the retinal ganglion cell
bodies are located, we postulated that it could serve as a window
to observe CKD-related neuronal cell body loss in the CNS,
particularly in the early stages of CKD. A recent population-
based study consisting of 4464 non-glaucoma, multi-ethnic Asian
participants showed that the presence of CKD is significantly
associated with thinner GC-IPL (Tham et al., 2020). Furthermore,
a prior study (Wu et al., 2020) also confirmed that macular
thinning (GC-IPL and RNFLt) is a characteristic of retinal
neural impairment in patients with CKD and such impairment is
strongly associated with decreased eGFR. However, the definition
of CKD applied in the aforementioned studies was based
on an eGFR of <60 ml/min/1.73 m2 (CKD stages 3–5) and
failed to include earlier stages CKD patients with an eGFR
of > 60 ml/min/1.73 m2 (namely, CKD stages 1–2) using
parameters such as proteinuria or UACR to detect early renal
damage and declining renal function. Our study evaluated retinal

neural parameters in non-diabetic CKD patients of stages 1–
2 (versus health subjects) and revealed that retinal neuronal
impairment, which might even precede microvascular rarefaction
and retinal axon damage, could be detected in earlier CKD
stages than those reported in prior studies (Jung et al., 2020;
Wu et al., 2020).

On the other hand, significantly decreased RNFLt was
observed in CKD patients according to previous studies
(Demir et al., 2009; Jung et al., 2020; Wu et al., 2020).
However, our study failed to detect significantly decreased
RNFLt in either the CKD 1–2 group or the CKD 3–
5 group compared to the control group. Two possible
reasons may suffice to explain this conflicting result: firstly,
significant reduced RNFLt were detected in end-stage renal
disease patients which have been treated with dialysis in
previous studies (Demir et al., 2009; Jung et al., 2020).
But in our study, patients undergoing dialysis were excluded
because dialysis itself might exert a significant impact on the
neurovascular system. Thus, our results suggested that RNFL
thickness is not reduced in non-dialysis CKD patients. Second,
exclusion of DM patients may also play an important role.
A previous study (Wu et al., 2020) reported significantly
reduced RNFLt in CKD patients in stages 3–5. However,
diabetic patients accounted for 42% of the CKD group in
their study. It is reported that RNFLt could be significantly
reduced even in preclinical DR stages (Zeng et al., 2019),
suggesting that RNFL is highly susceptible to hyperglycemic
injury. Diabetic patients were excluded from our study to
avoid its strong impact on retinal neurovascular structures.
Taken together, it could be speculated that RNFL damage
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FIGURE 1 | Comparison of OCTA parameters among the three groups. (A–C) VD of SVP-WholeImage, DVP-WholeImage, and RPC-WholeImage among three
groups; (D–F) Thickness of RNFL-Average, RNFL-superior, and RNFL-inferior among three groups; (G) Thickness of GC-IPL among three groups; (H) Focal loss
volume of GCC among three groups; (I) Global loss volume of GCC among three groups. CKD, chronic kidney disease; VD, vessel density; SVP, superficial vascular
plexus; DVP, deep vascular plexus; RPC, retinal peripapillary capillary; RNFLt, retinal nerve fiber layer thickness; GC-IPLt, ganglion cell-inner plexiform layer
thickness; GCC, ganglion cell complex; GLV, global loss volume; FLV, focal loss volume.

might not be present in non-diabetic and non-dialytic CKD
patients. With the progression of CKD, the RNFLt might
reduce independently or secondary to GCC loss and retinal
capillary rarefaction.

Stepwise multivariate linear regression was used to figure
out independent risk factors associated with neurovascular
alterations in the CKD patients of our study. It was shown
that higher β2-M was associated with thinner GG-IPLt, and
excessive PTH was associated with increased GCC-FLV and
GCC-GLV, indicating the underlying pathophysiology of

retinal neurodegeneration in CKD patients was related to
the neurotoxic effects exerted by uremic toxins. In fact, as
CKD progresses, there is the accumulation of organic toxic
products which is considered highly associated with the
incidence and progression of neurological complications
(Hamed, 2019). Our results showed that GC-IPLt was
independently associated with β2-M, after adjusting
other confounding factors. The plasmatic level of β2-M
increases as the kidney function gets impaired. The present
study found that neuronal cell impairment in the retina
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TABLE 3 | Association between OCTA parameters and severity of CKD.

Model 1 (CKD 1–2 group vs. control group) Model 2 (CKD 1–2 group vs. CKD 3–5 group)

Crude model 1a Model 1b Crude model 2a Model 2b

OR (95% CI) p OR (95% CI) p OR (95% CI) p OR (95% CI) p

SVP-WholeImage 0.97 (0.80–1.18) 0.742 0.97 (0.77–1.23) 0.788 0.70 (0.59–0.83) <0.001 0.77 (0.63–0.92) 0.005

SVP-ParaFovea 0.93 (0.77–1.11) 0.418 0.93 (0.73–1.17) 0.526 0.75 (0.65–0.87) <0.001 0.83 (0.71–0.97) 0.022

SVP-PeriFovea 0.97 (0.80–1.18) 0.777 0.94 (0.75–1.19) 0.632 0.70 (0.59–0.83) <0.001 0.76 (0.63–0.91) 0.003

DVP-WholeImage 0.98 (0.89–1.07) 0.621 0.98 (0.87–1.11) 0.758 0.85 (0.73–0.89) <0.001 0.89 (0.81–0.98) 0.019

DVP-ParaFovea 0.98 (0.87–1.10) 0.688 0.98 (0.82–1.18) 0.865 0.81 (0.77–0.93) <0.001 0.88 (0.78–0.99) 0.037

DVP-PeriFovea 0.98 (0.90–1.07) 0.669 0.99 (0.89–1.11) 0.856 0.86 (0.80–0.93) <0.001 0.90 (0.83–0.98) 0.017

RPC-WholeImage 1.05 (0.86–1.29) 0.599 1.01 (0.79–1.31) 0.908 0.89 (0.78–1.01) 0.080 0.95 (0.81–1.12) 0.519

RPC-WholeImage-Capillary 1.08 (0.88–1.33) 0.439 1.02 (0.78–1.33) 0.876 0.95 (0.84–1.08) 0.435 0.97 (0.82–1.15) 0.736

RNFLt-Average 0.99 (0.94–1.05) 0.845 0.95 (0.89–1.02) 0.189 0.98 (0.94–1.02) 0.366 0.98 (0.93–1.03) 0.432

RNFLt-Superior 0.99 (0.94–1.04) 0.687 0.96 (0.90–1.02) 0.186 0.98 (0.95–1.01) 0.183 0.97 (0.93–1.01) 0.172

RNFLt-Inferior 0.98 (0.93–1.03) 0.385 0.94 (0.88–1.02) 0.122 0.98 (0.94–1.01) 0.223 0.98 (0.94–1.02) 0.360

GC-IPLt 0.92 (0.88–0.99) 0.016 0.92 (0.86–0.98) 0.015 0.94 (0.89–0.99) 0.017 0.94 (0.88–1.00) 0.061

GCC-FLV 2.43 (1.19–4.97) 0.015 3.51 (1.27–9.67) 0.015 1.22 (0.96–1.54) 0.109 1.21 (0.91–1.60) 0.185

GCC-GLV 2.07 (1.26–3.42) 0.004 2.48 (1.27–4.82) 0.007 1.30 (1.07–1.58) 0.009 1.35 (1.05–1.73) 0.018

OCTA, optical coherence tomography angiography; CKD, chronic kidney disease; OR, odds ratio; CI, confidence interval; SVP, superficial vascular plexus; DVP, deep
vascular plexus; RPC, retinal peripapillary capillary; RNFLt, retinal nerve fiber layer thickness; GC-IPLt, ganglion cell-inner plexiform layer thickness; GCC, ganglion cell
complex; GLV, global loss volume; FLV, focal loss volume.
Model 1: Binary logistics regression model with enter method in the control group and the CKD 1∼2 group.
Model 2: Binary logistics regression model with enter method in the CKD 1∼2 group and the CKD 3∼5 group.
Model 1b and Model 2b were adjusted for age, sex, body mass index, systolic blood pressure, diastolic blood pressure, history of smoking, history of cardiovascular
disease, glycated hemoglobulin, cholesterol, and low-density lipoprotein.
The bold values indicated statistically significant (p value < 0.05).

TABLE 4 | Partial correlation between OCTA parameters and CKD-related data (115 CKD patients).

eGFR β2-M BUN UPCR UACR PTH HGB

SVP-WholeImage (0.283, 0.003) (–0.222, 0.022) (–0.325, 0.001) (–0.066, 0.504) (–0.058, 0.557) (–0.349, <0.001) (0.212, 0.029)

SVP-ParaFovea (0.322, 0.001) (–0.188, 0.046) (–0.354, <0.001) (–0.014, 0.885) (0.008, 0.935) (–0.271, 0.005) (0.206, 0.034)

SVP-PeriFovea (0.314, 0.001) (–0.196, 0.044) (–0.348, <0.001) (–0.055, 0.577) (–0.035, 0.719) (–0.252, 0.009) (0.199, 0.04)

DVP-WholeImage (0.294, 0.002) (–0.222, 0.022) (–0.189, 0.041) (–0.002, 0.984) (0.027, 0.787) (–0.185, 0.049) (0.295, 0.002)

DVP-ParaFovea (0.355, <0.001) (–0.275, 0.004) (–0.280, 0.004) (–0.025, 0.795) (0.004, 0.965) (–0.267, 0.006) (0.283, 0.003)

DVP-PeriFovea (0.297, 0.002) (–0.233, 0.016) (–0.191, 0.050) (–0.005, 0.956) (0.019, 0.846) (–0.200, 0.04) (0.295, 0.002)

GCI-IPLt (0.222, 0.022) (–0.314, 0.001) (–0.285, 0.003) (0.016, 0.869) (0.037, 0.708) (–0.221, 0.023) (0.249, 0.01)

GCC-FLV (–0.200, 0.040) (0.252, 0.009) (0.214, 0.027) (0.264, 0.006) (0.255, 0.008) (0.254, 0.009) (–0.119, 0.226)

GCC-GLV (–0.276, 0.004) (0.344, < 0.001) (0.262, 0.007) (0.232, 0.017) (0.193, 0.047) (0.319, 0.001) (–0.181, 0.063)

OCTA, optical coherence tomography angiography; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate, β2-M, β2-microglibulin; BUN, blood urea
nitrogen; UACR, urine albumin to creatinine ratio; UPCR, urine protein to creatinine ratio; PTH, parathyroid hormone; HGB, hemoglobin; SVP, superficial vascular plexus;
DVP, deep vascular plexus; GC-IPLt, ganglion cell-inner plexiform layer thickness; GCC, ganglion cell complex; GLV, global loss volume; FLV, focal loss volume.
Partial correlation adjusted for age, sex, body mass index, history of smoking, history of cardiovascular disease, refraction error, and intraocular pressure.
The bold values indicated statistically significant (p value < 0.05).

was associated with the β2-M, which is supported by a
previous study confirming the cytotoxic activity of β2-M
on neuronal cell lines (Giorgetti et al., 2009). Excessive
PTH can increase the influx of calcium into the brain
which interferes with neurotransmission in the CNS and
induces neurotoxicity (Cogan et al., 1978); therefore,
it is considered to be neurotoxic and associated with
cognitive dysfunction in CKD patients (Craver et al., 2007).
Therefore, it is possible that GCC loss could be used as a
biomarker to indicate or even predict CNS neuronal loss
in CKD patients.

Another interesting finding is that higher UACR was
independently associated with increased GCC-FLV and GCC-
GLV. Previous studies have documented that albuminuria
was independently associated with POAG (Kim et al.,
2016), an ocular disease characterized by loss of the retinal
ganglion cells in the retina (Shin et al., 2018), suggesting
that albuminuria might be associated with retinal ganglion
cell loss. In this regard, albuminuria (as indicated by
higher UACR) might be a potential biomarker suggestive
of neuronal damage in the retina. However, no association
was found between UACR and decreased VD in SVP and
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TABLE 5 | Stepwise multivariate linear regression between OCTA parameters and CKD-related parameters (115 CKD patients).

eGFR β2-M UACR PTH

β and 95% CI p β and 95% CI p β and 95% CI p β and 95% CI p

SVP-WholeImage 0.029 (0.017∼0.041) <0.001 – – – – – –

SVP-ParaFovea 0.021 (0.002∼0.040) 0.032 – – – – – –

SVP-PeriFovea 0.029 (0.016∼0.041) <0.001 – – – – – –

DVP-WholeImage 0.033 (0.007∼0.058) 0.014 – – – – – –

DVP-ParaFovea 0.044 (0.024∼0.065) <0.001 – – – – – –

DVP-PeriFovea 0.037 (0.008∼0.066) 0.013 – – – – – –

GC-IPLt – – –0.294 (–0.469∼–0.118) 0.001 – – – –

GCC-FLV – – – – 0.003 (0.001∼0.004) 0.006 0.004 (0.002∼0.006) 0.001

GCC-GLV – – – – 0.003 (0.001∼0.006) 0.012 0.007 (0.004∼0.010) <0.001

OCTA, optical coherence tomography angiography; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; β2-M, β2-microglobulin; UACR, urine albumin
to creatinine ratio; PTH, parathyroid hormone; CI, confidence interval; SVP, superficial vascular plexus; DVP, deep vascular plexus; GC-IPLt, ganglion cell-inner plexiform
layer thickness; GCC, ganglion cell complex; FLV, focal loss volume; GLV, global loss volume.
Sex, age, BMI, history of hypertension, history of smoking, history of cardiovascular disease, eGFR, PTH, UACR, HGB, CKD duration, Hb1Ac, β2-M, and LDL were
independent variables entered into the model.
The bold values indicated statistically significant (p value < 0.05).

TABLE 6 | Correlations of retinal neurovascular parameters and BCVA (LogMAR).

BCVA (LogMAR) BCVA (LogMAR)

Microvascular parameters r P Neural parameters r p

SVP-WholeImage –0.406 <0.001 GC-IPLt –0.07 0.395

SVP-ParaFovea –0.422 <0.001 GCC-FLV 0.114 0.166

SVP-PeriFovea –0.399 <0.001 GCC-GLV 0.201 0.014

DVP-WholeImage –0.488 <0.001 RNFLt-Average –0.14 0.089

DVP-ParaFovea –0.514 <0.001 RNFLt-Superior –0.117 0.155

DVP-PeriFovea –0.418 <0.001 RNFLt-Inferior –0.072 0.384

RPC-WholeImage –0.118 0.151

RPC-WholeImage-Capillary –0.008 0.919

BCVA, best-corrected visual acuity; SVP, superficial vascular plexus; DVP, deep vascular plexus; RPC, retinal peripapillary capillary; RNFLt, retinal nerve fiber layer
thickness; GC-IPLt, ganglion cell-inner plexiform layer thickness; GCC, ganglion cell complex; GLV, global loss volume; FLV, focal loss volume.
The bold values indicated statistically significant (p value < 0.05).

DVP regions in CKD patients. In fact, the associations
between albuminuria and retinal VD are controversial.
A prior study reported that higher UACR was inversely
related to SCP VD in non-diabetic hypertensive CKD patients
(Vadala et al., 2019), while another research (Zhuang et al.,
2020) showed that increased UACR was not associated with
the VD in both SVP and DVP regions. Future studies are
required to confirm the association between albuminuria and
retinal VD alterations.

In addition, we also found that retinal VD decrease was
detected in more advanced CKD stages (stages 3–5) and was
associated with declined eGFR. This is consistent with the fact
that microangiopathy and cardiovascular complications of CKD
are also more prevalent in these patients (Houben et al., 2017).
Thus, the retinal VD could serve as a biomarker to monitor
the condition of systemic microvasculature in CKD patients and
alert the risks of cardiovascular complications (Farrah et al.,
2020). In fact, as the eGFR declining, the combination of uremia
exposure (Zoccali et al., 2017), renal anemia (Chen et al.,
2019), and impaired endothelial dysfunction compromise the

structure and function of the systemic microcirculation (Ooi
et al., 2011), which is considered a crucial pathway in the
development and progression of cardiovascular complications
of CKD (Houben et al., 2017). Our study also suggests
that non-invasive imaging of the retinal vessels may reflect
these systemic microvascular alterations, providing valuable
information for identifying patients at risk of developing CKD-
related cardiovascular complications.

There are two major implications of our findings. Firstly, strict
control of uremia and close monitoring of neuronal impairment
should be started in CKD patients at early stages (eGFR
of > 60 ml/min/1.73m2), and parameters of the retinal ganglion
cell complex layer can be used as indicators of early neuronal
damage in these patients. Secondly, once retinal neuronal damage
(such as GCC loss) is detected, the eGFR should be closely
monitored to reduce CKD-related microangiopathy and other
adverse cardiovascular complications.

There are two main strengths of our study. Firstly, by
including patients with stages 1–2 CKD without diabetes
and dialysis history, we were able to detect retinal neuronal
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impairment in early stages of CKD. Secondly, we also determine
systemic risk factors associated with retinal neuronal damage
and retinal capillary rarefaction in CKD patients. However,
there are limitations in our study. Firstly, the cross-sectional
design of our study prevented determining temporality and
causal association between retinal neuronal impairment and
microvascular hypoperfusion in CKD patients at different stages.
The temporal sequence of the reported associations is needed to
be validated in prospective cohort studies. Also, in patients with
advanced stages of CKD, retinal microvasculature disease may
be present even after kidney transplant (Ooi et al., 2015); it is
important to explore more details about retinal neurovascular
changes after renal replacement therapy. Secondly, the present
study was also limited by its relatively limited sample size and
further studies with larger sample sizes are required to confirm
the findings in our future researches. Thirdly, some of the
baseline variations, such as age and BMI, were not comparable
among the three groups. Therefore, we adjusted them using
binary logistic regression analysis to minimize the bias and made
the results more reliable during the statistical analysis. Fourthly,
we did not test the retinal function of CKD patients except visual
acuity. In further investigations, we are going to evaluate retinal
functions using multifocal electroretinogram (mfERG) in CKD
patients to clarify the relationships between retinal neurovascular
damages and retinal functions.

CONCLUSION

Retinal neuronal impairment is present in early stages of
CKD (stages 1–2) and it is associated with accumulation of
uremic toxins and higher UACR, while retinal microvascular
hypoperfusion, which is associated with worse eGFR, was only
observed in relatively advanced stages of CKD (stages 3–5).
The results highlight the importance of monitoring retinal
neurovascular impairment in different stages of CKD.
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Objective: Disturbances in the activity of the hypothalamus-pituitary-adrenal axis could
lead to functional alterations in the brain of diabetes patients. In a later perspective of
investigating the link between the activity of the hypothalamus-pituitary-adrenal axis and
the developing brain in children with diabetes, we assessed here nocturnal cortisol
metabolism in prepubertal children with type 1 diabetes mellitus (T1DM).

Methods: Prepubertal patients (aged 6–12 years) diagnosed with T1DM at least 1 year
previously were recruited, along with matched controls. Nocturnal urine samples were
collected, with saliva samples taken at awakening and 30 minutes after awakening. All
samples were collected at home over 5 consecutive days with no detectable nocturnal
hypoglycaemia. The State-Trait Anxiety Inventory (trait scale only) and Child Depression
Inventory were also completed. Glucocorticoid metabolites in the urine, salivary cortisol
(sF) and cortisone (sE) were measured by liquid chromatography–tandem mass
spectrometry. Metabolic data were analysed by logistic regression, adjusting for sex,
age, BMI and trait anxiety score.

Results: Urine glucocorticoid metabolites were significantly lower in T1DM patients
compared to controls. 11b-hydroxysteroid dehydrogenase type 1 activity was
significantly higher, while 11b-hydroxysteroid dehydrogenase type 2, 5(a+b)-reductase
and 5a-reductase levels were all lower, in T1DM patients compared to controls. There
was a significant group difference in delta sE level but not in delta sF level between the time
of awakening and 30 minutes thereafter.

Conclusions: Our findings suggest that altered nocturnal cortisol metabolism and
morning HPA axis hyperactivity in children with T1DM leads to greater cortisol
bioavailability and lower cortisol production as a compensatory effect. This altered
nocturnal glucocorticoid metabolism when cortisol production is physiologically
reduced and this HPA axis hyperactivity question their impact on brain functioning.

Keywords: 5a-Reductase, 11b-hydroxy steroid dehydrogenase-1, glucocorticoids, children, type 1 diabetes
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INTRODUCTION

It is well established that type 1 diabetes mellitus (T1DM) in
children can have a significant impact on the developing brain, as
reflected in high prevalence of depression (1) and poor
performance on certain cognitive tasks (2) along with
structural and functional changes (3). The mechanisms
underlying depression and cognitive dysfunction in diabetic
patients are complex and include factors directly related to
diabetes itself, but also to diabetes-related cardiovascular
disease and microvascular dysfunction (4). In children with
diabetes, sustained dysregulation of blood glucose is currently
considered the cause of cognitive dysfunction. However, the
extent to which acute hypoglycaemia, chronic hyperglycaemia
and/or blood sugar variations directly and indirectly affect brain
function has yet to be clarified (2). In addition to chronic
hyperglycaemia and relative insulin insufficiency, disturbances
in the activity of the hypothalamus-pituitary-adrenal (HPA) axis,
often implicated in autoimmune or pharmacological models of
diabetes mellitus, could also participate in brain alterations (5, 6).
Indeed, dysregulated glucocorticoids are well known to lead to
depression (7) or mnesic dysfunctions (8).

The effect of glucocorticoids on brain function in diabetes is
not only dependent on secretion but also bioavailability, which is
linked with 11b-hydroxysteroid dehydrogenase (11b-HSD)
cellular activity. Indeed, 11b-HSD is an important factor in
peripheral cortisol metabolism. 11b-HSD is an intracellular
enzyme that regulates the tissue response to cortisol at an
intracellular pre-receptor step by catalyzing the interconversion
of biologically active cortisol to biologically inactive cortisone.
11b-HSD type 1 (11b-HSD1) converts cortisone to cortisol
predominantly in the liver and hippocampus, whereas 11b-HSD
type 2 (11b-HSD2) inactivates cortisol to cortisone, mainly in the
kidney, thus protecting the mineralocorticoid receptor from
inappropriate stimulation by cortisol (9, 10). In animal studies,
we showed that glucocorticoid levels and 11b-HSD1 activity were
elevated in diabetic rats not treated with insulin. Subcutaneous
administration of insulin partially prevented glucocorticoid
dysregulation by decreasing 11b-HSD1 activity in the liver (11).
We also showed that insulin treatment partially rescued several
hippocampus-dependent behavioural and structural changes in
early onset insulin-deficient diabetic rats, as well as 11b-HSD1
activity in the hippocampus (12) indicating that the elevated
bioavailability of glucocorticoids may be involved in the diabetes
cognitive dysfunctions.

In humans, 11b-HSD1 can be estimated from urine samples
as the ratio of (alpha + beta) tetrahydrocortisol (THF) to
tetrahydrocortisone (THE) (13). In a previous pilot study, we
showed elevated 11b-HSD1 level in nocturnal urine samples of
diabetic children (14).

The present study aims at evaluating cortisol metabolism in
prepubertal children with T1DM to 1) validate these previous
results, 2) widen the scope of the investigation into cortisol
metabolism and 3) justify a study that will examine the
association between HPA disturbances and diabetes alterations
in the developing brain of T1DM children. This investigation
benefitted from including diabetes patients free from micro- and
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macrovascular comorbidities, which may also contribute to brain
alterations (15). Glucocorticoid metabolites were analysed in
prepubertal children under strict conditions, focusing on
repeated nocturnal excretion of glucocorticoids while also
taking anxiety levels into account. Examination of nocturnal
excretion of glucocorticoids, when glucocorticoid production is
at its lowest due to the physiological nychthemeral cycle, should
allow for the detection of subtle changes in cortisol metabolism.
MATERIALS AND METHODS

Clinical Protocol
Prepubertal patients (aged 6–12 years) diagnosed with T1DM at
least 1 year previously were routinely followed up in three
different pediatric units in France (Bordeaux, Limoges and
Bayonne), and enrolled in the present study. Forty percent of
patients were treated by insulin pump and 60% by insulin
injection. The prepubertal children in the control group were
siblings of diabetic patients followed up in the 3 units. The
exclusion criteria included any clinical signs of puberty onset, use
of oral or inhaled corticoids during the month prior to inclusion
in the study, the presence of acute infectious disease in the week
prior to inclusion in the study, and any other chronic diseases
apart from T1DM, including psychiatric disorders (and
psychiatric treatment).

At the time of inclusion, the clinical characteristics of all
participants were recorded and biological analyses were
performed to confirm the absence of diabetes in the control
group. Then, the State-Trait Anxiety Inventory (STAI) Trait
scale and Child Depression Inventory (CDI) were completed.
Only the trait scale of the STAI was used, as a measure of stable
feelings of anxiety. The glucocorticoid metabolite to creatinine
ratio was calculated based on nocturnal urine samples, which
were taken in addition to morning salivary cortisol (sF) and
cortisone (sE) samples at home over 5 consecutive days. No
nocturnal hypoglycaemia (defined as glucose < 60 mg/dL) was
detected at the time of awakening. Nocturnal urine samples were
taken in the morning (first morning void after awakening). If
hypoglycaemia occurred during the night-time or at the time of
awakening, urine and saliva sampling was postponed by 24
hours. The children were asked to collect a sample of saliva to
determine sF and sE using a Salivette® kit (Sarstedt, Nümbrecht,
Germany) upon awakening and 30 minutes thereafter. Samples
were kept frozen at home until the next visit to the hospital.

The study protocol was approved by the local medical ethics
committee and written informed consent was obtained from
both the parents and children.
Laboratory Measurements
Urine Glucocorticoid metabolites were measured by liquid
chromatography–tandem mass spectrometry (LC-MS/MS)
(ACQUITY UPLC System and TQD detector with electrospray
ionization, Waters Ltd., Elstree, Hertfordshire, UK). Briefly, 6-
alphamethylprednisolone was used as an internal standard, and
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hydrolysis with b-glucuronidase was performed before
dichloromethane extraction. The ratio of each analyte to
creatinine (analyte/cr) was determined.

Total glucocorticoid metabolites were calculated as (a+b)-
THF + THE + (a+b)-cortisol + (a+b)-cortisone. Active
metabolites included all metabolites derived from cortisol i.e.
F+ (a+b)-THF + (a+b)-cortisol. The (a+b)-THF/THE ratio was
considered a proxy for 11b-HSD1 activity. The cortisone/cortisol
ratio (E/F) was considered a proxy for 11b-HSD2 activity. (a+b)-
THF/F and a-THF/F were considered as proxies for 5(a+b)-
reductase and 5a-reductase activity, respectively (Figure 1).

sF and sE was measured by LC-MS/MS (Prominence liquid
chromatography system; Shimadzu, Nakagyo, Japan; and 5500
Qtrap detector, Sciex, Framingham, MA, USA). A liquefying
agent (Sputasol; Thermo Fisher Scientific, Waltham, MA, USA)
was added to 400 µL of saliva sample, which was then incubated
for 30 minutes at 37°C. Next, solid-phase extraction with a
hydrophilic lipophilic balance (Waters) was performed before
injecting the extract into the LC-MS/MS system. The cortisol and
cortisone concentrations were determined based on the peak
area ratio of the cortisol and cortisone transitions and the
Internal Standard (deuterated cortisol) transition.

Statistical Analysis
Analyses and graphs were performed using SAS (ver. 9.4; SAS
Institute, Cary, NC, USA), R (R Development Core Team,
Vienna, Austria), STATISTICA 6 (TIBCO Software, Palo Alto,
CA, USA) and GraphPad Prism software.

Unless otherwise stated, all values are presented as the mean ±
standard deviation and p < 0.05 was considered significant. The
significance of the differences in qualitative variables between
T1DM patients and controls was tested using a logistic regression
model. The correlation within diabetic and non-diabetic “pairs”
(siblings of the subjects) has been taken into account by a pair-
related random effect.

Dispersion was estimated by the coefficient of variation. The
homogeneity of variance was assessed using Levene’s test; the
variance in the data for all metabolites did not differ between
controls and T1DM patients (Figures 1A–E). The intraday
variability was also similar between the groups for all
metabolites; thus, results are reported as the mean of five
samples for all of the children.

Group differences in metabolic data were evaluated using a
logistic regression model adjusted for sex, age, BMI and STAI
score. Mean and 95% confidential intervals are provided.
Pearson correlation analyses were conducted to identify
associations among age, BMI, insulin dose, HbA1c and
metabolic data.
RESULTS

Description of the Study Population
The baseline characteristics of the T1DM (n = 49) and control (n =
26) groups are presented in Table 1. No significant differences in
age, sex, education level or clinical characteristics such as weight,
height, BMI, waist circumference, systolic or diastolic blood
Frontiers in Endocrinology | www.frontiersin.org 3116
pressure or Tanner score were observed between the groups. All
children were pre-pubertal. However, the STAI Trait scale score
tended to be higher in the control group (p = 0.07). No difference
was observed between the two groups in CDI score.

Urine Glucocorticoid Metabolites in
T1DM Children
No differences were observed between males and females in
levels of urine glucocorticoid metabolites. The data for each
group before and after adjustment for the STAI Trait scale score
and urine cortisol and cortisone metabolites, as well as 11b-
HSD1, 11b-HSD2, 5(a+b)-reductase and 5a-reductase
enzymatic activity, are shown in Table 2.

Due to the lower THE/cr ratio, the total glucocorticoid
metabolite level was significantly lower in T1DM patients
compared to controls. The 11b-HSD1 activity was significantly
higher, while 11b-HSD2, 5(a+b)-reductase and 5a-reductase
activities were significantly lower, in T1DM patients compared to
controls (Figures 2A–E). These differences remained after
adjusting the regression analyses for STAI trait anxiety score.

Salivary Cortisol and Cortisone on
Awakening
No difference was observed between males and females in sF and
sE levels. There was also no significant difference between the
T1DM patients and controls in sF and sE level on awakening (sF
T0 or sE T0) or 30 minutes thereafter (sF T30 or sE T30) neither in
sE/sF ratio level, including after adjusting the analyses for STAI
trait anxiety score. However, we found a significant difference in
delta sE levels between the time of awakening and 30 minutes
thereafter (sE Delta T30-T0) (Table 2 and Figure 2F).

Correlation Between Metabolic Data and
Clinical Characteristics
No significant correlation was found between 11b-HSD1 or 5a-
reductase activity and clinical characteristics: neither 11b-HSD1
nor 5a-reductase activity was significantly correlated with BMI
in the T1DM or control group, or with HbA1c or insulin levels in
the T1DM group.
DISCUSSION

Our analysis of the nocturnal urine samples of prepubertal
children, obtained over a 5-day period in the home setting,
revealed altered nocturnal cortisol metabolism (higher 11b-
HSD1 and lower 11b-HSD2 activity) in those with T1DM, in
addition to lower glucocorticoid metabolite excretion and 5a-
reductase activity. The results remained significant after
adjusting for STAI trait scale score. In addition to these
changes in nocturnal glucocorticoid metabolism, the morning
reactivity of the HPA axis, as indexed by sE Delta T30-T0 levels
upon awakening, was significantly higher in the T1DM group
than in the control group.

To later assess brain alterations in T1DM patients, we
specifically targeted prepubertal children due to the absence of
micro- and macro-vascular comorbidities in that population.
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Our results call into question sexual dimorphism in cortisol
metabolism in this age group. Finken et al. described sexual
dimorphism in cortisol metabolism in association with 5a-
reductase, but not 11b-HSD1, activity in healthy young adults
(16). In healthy children, the 24-hour excretion rate of
glucocorticoid metabolites rose markedly between the ages of 4
and 14 years in both boys and girls, in association with the body
Frontiers in Endocrinology | www.frontiersin.org 4117
fat percentage and BMI (17). No sex difference in glucocorticoid
metabolite excretion, or 11b-HSD1 and 11b-HSD2 activities, was
seen in healthy prepubertal children, unlike pubertal children
(17). Similarly, the present study found no sex difference in the
glucocorticoid metabolite excretion rate or enzymatic activity, in
either the T1DM or control group, from which individuals with
any signs of pubertal onset were excluded.
A

B

D E

C

FIGURE 1 | Five consecutive days variability of the main cortisol metabolism results. Coefficients of variation of the 5 consecutive days variability of (A) glucocorticoid
metabolites/cr; (B) 11b-HSD1 activity; (C) 11b-HSD2 activity; (D) 5(a+b) reductase activity; (E) 5a reductase activity. Data are expressed as median [25-75%
percentile: plot; 5-95% percentile: whiskers]. Points below and above the whiskers are drawn as individual points. T1DM, type 1 diabetes mellitus; cr, to creatinine.
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In a previous study, 11b-HSD2 and 11b-HSD1 activities
measured in 24 hour urine samples were similarly elevated in
children aged below 10 years diagnosed with T1DM (18) while
others found a decrease of 11b-HSD1 activity but in adults (19).
In our study, we confirmed our previous finding of elevated 11b-
HSD1 level in children with T1DM, with urine samples collected
over the course of a single night (14). However, we also found
that 11b-HSD2 activity was lower during the night. Our results
underline the importance of measuring subtle nocturnal changes
in glucocorticoid metabolism. The circadian rhythm of cortisol
secretion dictates that the rate of production of cortisol
metabolites at night is low. Changes in nocturnal 11b-HSD
type 1 and 2 activity suggest an abnormal increase in cortisol
bioavailability due to upregulated conversion of cortisone
to cortisol.

5a-reductase is responsible for the irreversible reduction of
cortisol to 5a-THF, which mainly occurs in the liver and
contributes to the clearance of cortisol. Decreased production
and metabolic clearance of cortisol, as determined by 24-hour
urine collection, has previously been described in normotensive
type 1 diabetic males with adequate glycaemic control and without
severe complications (9), as well as in children aged below 10 years
with T1DM. In our study, reductase activity was decreased, mainly
due to a lower level of 5a-reductase activity. Furthermore, we
confirmed diminished glucocorticoid production, based on the
total urinary glucocorticoid metabolite excretion. The impaired
production and metabolic clearance of cortisol are hypothesized to
be due to lower 5a-reductase activity, which could result in reduced
metabolic clearance of cortisol. Due to the comparatively longer
half-life of cortisol, this could in turn lead to a decrease in cortisol
production via a negative feedback loop (9).

Children with T1DM show relative insulin insufficiency in the
liver on subcutaneous delivery of insulin and, as a consequence, the
absence of a first hepatic pass. Higher 11b-HSD1 activity and lower
5a-reductase activity could result from this insulin insufficiency.
Frontiers in Endocrinology | www.frontiersin.org 5118
Regarding 11b-HSD1 activity, this hypothesis (proposed by
Kerstens et al.) was rejected because 11b-HSD1 activity increased
in healthy adults submitted to a hyperinsulinaemic euglycaemic
clamp (20). However, in a rodent model of insulin-deficient
diabetes, we showed that intraperitoneal insulin led to a decrease
in 11b-HSD1 activity in the liver, whereas subcutaneous insulin
did not (11). At the cellular level, results are contradictory
regarding whether glucose control (via insulin administration)
has a direct (21) or indirect inhibitory effect (22) on 11b-HSD1
transcription or activity.

The activity of 5a-reductase was shown to be increased in
association with hyperinsulinemia in patients with polycystic
ovary syndrome (23), as well as in those with type 2 diabetes (24)
or impaired glucose tolerance (25). Furthermore, Kayampilly
et al. reported dose-dependent stimulation of 5a-reductase
activity by insulin in a human granulosa cell line (26). In the
normal-weight children dependent on subcutaneous insulin
treatment included in our study, we speculate that relative
insulin deficiency was responsible for the observed increase in
11b-HSD1 activity and decrease in 5a-reductase activity, which
both contribute to greater cortisol bioavailability and
suppression of cortisol production as a compensatory effect.

Hyperactivity of the HPA axis has been well described in
adults with insulin-dependent diabetes (27, 28). In the present
study, we investigated HPA activity via repeated saliva sampling
in the home setting. We found a significant difference between
the T1DM and control groups in levels of sE Delta T30-T0, thus
indicating an increase in HPA axis reactivity. Indeed as 11b-
HSD2 is very active in saliva, cortisol is immediately converted in
cortisone which thus reflects HPA axis reactivity when cortisol
production is at its highest level (i.e. during the nychthemeral
cycle). High intragroup variability was seen in the sF and sE data;
we speculate that this was due to the difficulty that the children
had in following the instructions as they pertained to taking
repeated measurements (where the samples must be obtained on
TABLE 1 | Characteristics of the study population at enrolment.

Controls
(n = 26)

T1DM
(n = 49)

p

Age (years) 9.0 (1.7) 9.3 (1.4) 0.41
Sex (male/female) 12/14 27/22 0.46
Education level relative to children of the same age (%) 100 95.9 0.29
Onset of diabetes (years) 3.7 (2.2)
Height (cm) 133.5 (9.3) 132.4 (10.9) 0.66
Weight (kg) 28.8 (6.3) 28.9 (5.7) 0.94
BMI (kg/m²) 16.0 (1.7) 16.3 (1.3) 0.39
Systolic blood pressure (mmHg) 107.0 (9.3) 104.0 (9.0) 0.17
Diastolic blood pressure (mmHg) 64.9 (7.1) 62.0 (6.5) 0.07
Tanner stage 0.94
B1 or G1 (%) 100 100
P1 (%) 96.2 95.9
P2 (%) 3.8 4.1

Insulin dose (UI/day) 23.5 (9.5)
Glycaemia (g/l) 0.8 (0.1)
HbA1c (%) 5.3 (0.3) 7.6 (0.7) < 0.0001
Child Depression Inventory score 9.0 (6.3) 6.9 (6.0) 0.16
STAI score 33.0 (7.8) 29.7 (6.6) 0.057
December 2021 | Volume 12 | Articl
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awakening and exactly 30 minutes thereafter). Furthermore,
when interpreting our data suggesting reactivity of the HPA
axis, changes in 5a-reductase activity should be taken account.
Indeed, due to the longer half-life of corticosterone, mice
deficient in 5a-reductase type 1 show an impaired adrenal
response to adrenocorticotropic hormone (ACTH) (29).

For ethical and practical reasons, we used the siblings of
diabetic children as the control subjects. Previous studies have
shown a reassuring psychosocial effect (30) and no adverse
psychiatric disorders (31) in siblings of children with T1DM.
Because HPA axis activity could be associated with chronic
stress, anxiety or depression we measured these traits in our
Frontiers in Endocrinology | www.frontiersin.org 6119
cohort. Unexpectedly, the control group tended to show higher
STAI trait scale scores than the T1DM patients, but there was no
significant group difference in depression. Although we focused
on trait rather than state anxiety, it is possible that exposing the
siblings of the diabetic children to a hospital environment, to
which they are not accustomed, may have influenced our
findings. Finally, adjusting the analysis for STAI trait score had
little impact on the urinary metabolite data, but was useful in
confirming the absence of any differences between the two
groups in terms of the activity and reactivity of the HPA axis.

One limitation of this study was that nocturnal
hypoglycaemia was not detected using a glucose sensor.
TABLE 2 | Metabolites of cortisol and cortisone of the T1DM and control groups.

Metabolite Group Group effect Group effect adjusted for STAI score

F/cr (µg/mmol) Control 4.5 [3.8;5.3] 4.7 [3.8;5.7]
T1DM 5.2 [4.6;5.8] 5.3 [4.6;6.1]

E/cr (µg/mmol) Control 11.1 [9.5;12.6] 11.0 [9.1;12.8]
T1DM 11.2 [10.0;12.3] 11.3 [9.9;12.7]

b-THF/cr (µg/mmol) Control 111 [98;127] 107 [89;125]
T1DM 95 [84;107] 91 [78;105]

a-THF/cr (µg/mmol) Control 30.4 [25.9;34.8] 30.3 [25.2;35.4]
T1DM 25.3 [22.0;28.7] 24.2 [20.3;28.1]

THE/cr (µg/mmol) Control 355 [317;392]*** 338 [293;383]***
T1DM 256 [227;284] 261 [227;296]

a-cortol/cr (µg/mmol) Control 9.22 [7.41;11.03] 9.26 [7.76;10.76]*
T1DM 11.3 [9.98;12.71] 10.8 [9.71;11.99]

b-cortol/cr (µg/mmol) Control 24.6 [20.7:28.5]** 23.0 [18.7:27.4]**
T1DM 25.6 [22.6;28.5] 25.7 [22.4;29.0]

a-cortolone/cr (µg/mmol) Control 79.7 [70.1;89.4] 75.9 [65.2;86.5]
T1DM 78.8 [71.5;86.1] 81.2 [73.1;89.3]

b-cortolone/cr (µg/mmol) Control 58.8 [52.1;65.5] 54.5 [47.0;62.0]
T1DM 45.9 [40.8;50.9] 47.9 [42.2;53.6]

Total cortisol metabolites/cr (µg/mmol) Control 173 [146;200] 175 [152;198]
T1DM 146 [127;166] 157 [140;175]

Total glucocorticoid metabolites/cr (µg/mmol) Control 676 [606;745]* 655 [576;734]*
T1DM 564 [513;616] 560 [500;620]

(a+b)-THF/THE
Reflecting 11b-HSD1 activity

Control 0.42 [0.38;0.46]* 0.42 [0.37;0.47]*
T1DM 0.48 [0.45;0.51] 0.47 [0.43;0.50]

E/F
Reflecting 11b-HSD2 activity

Control 2.53 [2.26;2.89]* 2.38 [2.08;2.77]*
T1DM 2.17 [2.01;2.35] 2.07 [1.89;2.28]

(a+b)-THF/F
Reflecting 5(a+b) reductase activity

Control 37.4 [32.7;42.1]** 34.5 [29.4;39.7]**
T1DM 28.2 [24.7;31.8] 26.3 [22.4;30.2]

a-THF/F
Reflecting 5a reductase activity

Control 8.11 [6.95;9.27]*** 7.62 [6.43;8.81]**
T1DM 5.62 [4.76;6.47] 5.32 [4.42;6.22]

sF T0 (nmol/l) Control 3.65 [3.02;4.28] 3.61 [3.02;4.37]
T1DM 3.51 [3.03;3.98] 3.59 [2.81;4.21]

sF T30 (nmol/l) Control 4.16 [3.38;4.94] 4.36 [3.43;5.28]
T1DM 4.49 [3.92;5.05] 4.58 [3.88;5.28]

sF Delta T30-T0 (nmol/l) Control 0.30 [-0.54;1.13] 0.71 [0.34;1.66]
T1DM 1.14 [0.52;1.76] 1.00 [-0.15;1.57]

sE T0 (nmol/l) Control 15.3 [13.5;17.0] 15.0 [14.7;15.3]
T1DM 13.9 [12.5;16.0] 13.9 [13.7;14.2]

sE T30 (nmol/l) Control 16.0 [14.4;19.1] 16.7 [16.4;17.1]
T1DM 17.8 [16.0;19.5] 17.4 [17.1;17.7]

sE Delta T30-T0 (nmol/l) Control 1.42 [-0.66;3.50]* 1.63 [1.30;1.96]*
T1DM 4.42 [2.82;6.07] 4.21 [3.93;4.48]

sE/sF T0 ratio Control 5.23 [4.34;6.13] 5.05 [4.91;5.18]
T1DM 4.68 [4.17;5.19] 4.73 [4.64;4.82]

sE/sF T30 ratio Control 4.99 [4.19;5.79] 4.88 [4.76;5.00]
T1DM 4.50 [4.03;4.96] 4.58 [4.50;4.67]
Decem
Group differences in metabolic data were evaluated with a logistic regression model, adjusted for the STAI trait scale score. Data are expressed as mean [95% confidential interval].
T1DM, type 1 diabetes mellitus; F, cortisol; E, cortisone; THF, tetrahydrocortisol; THE, tetrahydrocortisone; sF, salivary cortisol; sE, salivary cortisone;/cr, to creatinine; STAI, State-Trait
Anxiety Inventory (trait scale only). *p < 0.05; **p < 0.01; ***p < 0.001.
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However, the parents were asked not to take urine samples
during periods of nocturnal or waking hypoglycaemia. Samples
were obtained over a 5-day period in all children, and differences
in the variability of metabolic data were not apparent between
the two groups; therefore, we used the mean values of these
consecutively obtained samples in the analysis. Furthermore, our
results suggested lower nocturnal production of cortisol in
Frontiers in Endocrinology | www.frontiersin.org 7120
children with T1DM. For these reasons, it is unlikely that
clinically significant nocturnal hypoglycaemia can explain our
findings. Another limitation of this study is that only morning sF
and sE have been sampled. Nocturnal sF and sE at bedtime
would be interesting measurements to underline changes in
cortisol negative feedback (32), even though bedtime is variable
between children.
A B

D

E F

C

FIGURE 2 | Whisker plots representation of the main cortisol metabolism results from the data in Table 2. Whisker plots of (A) glucocorticoid metabolites/cr;
(B) 11b-HSD1 activity; (C) 11b-HSD2 activity; (D) 5(a+b) reductase activity; (E) 5a reductase activity; (F) sE Delta T30-T0. Data are expressed as median [25-75%
percentile: plot; 5-95% percentile: whiskers]. Points below and above the whiskers are drawn as individual points. T1DM, type 1 diabetes mellitus; F, cortisol;
E, cortisone; THF, tetrahydrocortisol; THE, tetrahydrocortisone; sF, salivary cortisol; sE, salivary cortisone;/cr, to creatinine. *p < 0.05; **p < 0.01; ***p < 0.001.
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In conclusion, our findings suggested that altered nocturnal
cortisol metabolism in children with T1DM leads to greater
cortisol bioavailability due to an abnormal increase in the
conversion of cortisone to cortisol, which ultimately lowers
cortisol production as a compensatory effect. Moreover, we
objectified an increase of the morning HPA axis reactivity.
Overall, this greater availability of cortisol when cortisol
production is physiologically reduced due to the circadian
rhythm of cortisol and this higher HPA axis reactivity prompt
many questions regarding its impact on the brain. It is well
known that the activity of the HPA axis and glucocorticoid
production have an impact on brain structures involved in
cognition and mental health (33), specifically in the context of
diabetes (34). Furthermore, our results call into question the
route of insulin administration, and its ability to prevent altered
glucocorticoid metabolism in T1DM patients. A recent rat study
of early onset insulin-deficient diabetes supported this
hypothesis, by showing that subcutaneous insulin treatment
cannot completely prevent several of the hippocampal-
dependent behavioural and structural alterations linked with
an increase in local 11b-HSD1 activity (12). It also suggested
that an increase in peripheral glucocorticoid bioavailability may
be associated with a local increase in these hormones within the
hippocampus, which has central consequences. Thus, our
findings suggest that elevated 11b-HSD1 activity and lower 5a-
reductase activity should be considered as a potential factor for
cortisol-dependent brain alterations in diabetic patients.
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