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OBJECTIVE

Preclinical research implicates hypothalamic glial cell responses in the pathogen-
esis of obesity and type 2 diabetes (T2D). In the current study we sought to trans-
late such findings to humans by testing whether radiologic markers of gliosis in
the mediobasal hypothalamus (MBH) were greater in individuals with obesity
and impaired glucose homeostasis or T2D.

RESEARCH DESIGN AND METHODS

Using cross-sectional and prospective cohort study designs, we applied a vali-
dated quantitative MRI approach to assess gliosis in 67 adults with obesity and
normal glucose tolerance, impaired glucose tolerance (IGT), or T2D. Assessments
of glucose homeostasis were conducted via oral glucose tolerance tests (OGTT)
and b-cell modeling.

RESULTS

We found significantly greater T2 relaxation times (a marker of gliosis by MRI),
that were independent of adiposity, in the groups with IGT and T2D as compared
with the group with normal glucose tolerance. Findings were present in the MBH,
but not control regions. Moreover, positive linear associations were present in
the MBH but not control regions between T2 relaxation time and glucose area
under the curve during an OGTT, fasting glucose concentrations, hemoglobin A1c,
and visceral adipose tissue mass, whereas negative linear relationships were pre-
sent in the MBH for markers of insulin sensitivity and b-cell function. In a pro-
spective cohort study, greater MBH T2 relaxation times predicted declining
insulin sensitivity over 1 year.

CONCLUSIONS

Findings support a role for hypothalamic gliosis in the progression of insulin resis-
tance in obesity and thus T2D pathogenesis in humans.

The brain plays an increasingly recognized role in metabolic control, and therefore
impairments in glucoregulatory action at the level of the brain might contribute to
the pathophysiology of type 2 diabetes (T2D) (1,2). A growing literature derived
from animal models reveals that inflammation in the hypothalamus promotes both
obesity and abnormal glucose metabolism (3–6). Located in the mediobasal hypo-
thalamus (MBH), the arcuate nucleus is primarily implicated in this pathophysiologic
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process. It contains neuronal populations,
including proopiomelanocortin cells, that
are critical to energy and glucose homeo-
stasis, in part because they transduce
input from afferent signals, such as leptin
and insulin (7), but also because they
interact with local glial cells to modulate
circulating glucose levels (8–10). In
rodents, a high-fat diet rapidly triggers
inflammation, neuronal injury, and a
reactive gliosis in the arcuate nucleus
(4,11,12). In addition, prolonged dietary
insults have been found to reduce proo-
piomelanocortin cell numbers (4). The
resulting disruption of arcuate nucleus
signaling pathways might impair central
nervous system (CNS) glucose regula-
tion or promote increasing adiposity.
Thus, hypothalamic gliosis might either
directly or indirectly facilitate progression
to type 2 diabetes.
MRI techniques documented the first

evidence for hypothalamic gliosis in
humans with obesity (4). These findings
have since been replicated (13–15) and
expanded to show evidence of hypotha-
lamic gliosis in children with obesity
(16,17) and postmortem specimens from
adults with obesity (18). Additionally,
subjects with metabolic syndrome and
T2D also show evidence of hypothalamic
inflammation and gliosis (15,19). Data
are inconsistent though as to whether
subclinical insulin resistance is related to
hypothalamic gliosis. While in one study
radiologic markers of MBH gliosis were
positively associated with fasting insulin
concentrations and HOMA of insulin
resistance (14), investigators in a second
study found no association (13). Both
studies were limited by a cross-sectional
approach, with only fasting measures
examined. Moreover, visceral adiposity,
with its concomitant elevated metabolic
risk, appears to increase in direct propor-
tion to the extent of MBH gliosis by MRI
(17,20). Human studies of hypothalamic
gliosis have yet to test relationships with
impaired glucose tolerance (IGT) or
b-cell responses, and prospective longi-
tudinal data are not available for assess-
ment of change over time in measures
of glucose homeostasis.
In the current study we implemented

a validated (12,14) quantitative MRI
technique for the assessment of gliosis
in the hypothalamus and applied this
technique to establish the relationship
of MBH gliosis with impaired glucose
homeostasis in humans. In a cross-

sectional approach, we first tested for
increased evidence of gliosis within the
MBH versus control brain regions among
adults with obesity and IGT or T2D com-
pared with those with normal glucose tol-
erance (NGT), as determined by an oral
glucose tolerance test (OGTT). Second,
using a prospective longitudinal cohort
study approach limited to participants
with obesity but not T2D, we tested
whether greater radiologic evidence of
MBH gliosis at baseline was a risk factor
for deterioration in measures of glucose
homeostasis and adiposity over 1 year of
observational follow-up. Finally, we deter-
mined whether findings were indepen-
dent of adiposity to assess whether
hypothalamic gliosis and impaired glucose
homeostasis could be directly related in
humans as opposed to indirectly linked
through adiposity.

RESEARCH DESIGN AND METHODS

Participants
A total of 69 individuals ages 25–60
years with obesity were recruited from
the Seattle area with flyers, advertise-
ments, mailed invitations, the UW Med-
icine Diabetes Institute Community of
Volunteers Engaged in Research to End
Diabetes (COVERED) Registry, and a dia-
betes registry maintained by the Veter-
ans Affairs–based Diabetes Research
Group. Exclusion criteria included a his-
tory of bariatric surgery, poorly con-
trolled hypertension, coronary artery
disease, type 1 diabetes, or other chronic
disease. Participants with T2D needed to
have a hemoglobin A1c between 6.5 and
8.0%, be <10 years from diagnosis, and
not take insulin. Additional exclusion cri-
teria were use of weight loss medica-
tions or other medications known to
impact body weight including glucagon-
like peptide 1 agonists, dipeptidyl pepti-
dase 4 inhibitors, and thiazolidinediones;
use of metformin in a participant with-
out diabetes; contraindications to MRI
including weight >330 lb; current smok-
ing; and heavy alcohol use. Per protocol,
cross-sectional analyses included all par-
ticipants with complete outcome data
(N = 2 were excluded due to MRI arti-
fact, resulting in N = 67). Longitudinal
analyses included all participants without
diabetes with complete MRI and OGTT
data (N = 38) (Supplementary Fig. 1).
Participants provided signed informed

consent. Procedures were approved by
the UW Institutional Review Board.

Study group assignment for participants
without T2D was determined by plasma
glucose values measured at the baseline
visit: NGT (N = 29), 2-h glucose <140
mg/dL (7.8 mmol/L), and IGT (N = 21), 2-h
glucose 140–200 mg/dL (7.8–11.1 mmol/
L). The T2D group (N = 17) included three
participants without a prior diagnosis who
were reclassified due to 2-h glucose >200
mg/dL (11.1 mmol/L) or fasting glucose
>126 mg/dL (7.0 mmol/L).

Study Procedures
Participants fasted overnight for $12 h
and held diabetes medications for 72 h
prior to study visits. Weight and height
were measured in duplicate and the val-
ues were averaged. Only participants
with a fasting blood glucose <200 mg/
dL underwent OGTT. Body composition
was measured in the fasted state with
DEXA (iDXA; GE Healthcare, Madison,
WI), and abdominal visceral adipose tis-
sue (VAT) mass was determined with
use of enCORE software (platform ver-
sion 16.2; GE Healthcare). After 12
months, participants with NGT or IGT
returned and study procedures, exclud-
ing MRI, were repeated.

OGTT

Blood draws were completed via intra-
venous catheter at �15, �5, 0, 10, 20,
30, 60, 90, and 120 min relative to the
consumption (T = 0) of 75 g glucose
solution over a maximum of 5 min. Glu-
cose, insulin, and C-peptide from time
points 0 through 120 min (n = 7) were
used for area under the curve (AUC) cal-
culations and b-cell modeling.

MRI Image Acquisition and Analysis
Methodology for the acquisition and
analysis of MRI images has previously
been published (14,16). In brief, MRI
images were captured with an Achieva
3T scanner (version 5.1.7; Philips Medi-
cal Systems), a 32-channel head radio-
frequency coil, and a quantitative multi-
slice/multiecho T2-weighted sequence
with 16 echoes (interecho spacing 10
ms). Images spanned from the optic chi-
asm to the mammillary bodies with a
slice thickness of 2.0 mm (no gap). As
previously implemented and validated
(14,17,20), images were analyzed with
OsiriX DICOM Viewer. The coronal slice
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representing the rostral arcuate nucleus
was identified as the slice immediately
posterior to the visual split of the optic
chiasm. With use of anatomical land-
marks (21), the MBH—located adjacent
to the 3rd ventricle and superior to the
median eminence—and control regions
in white matter and gray matter (puta-
men and amygdala) were identified (Fig.
1D). Regions of interest were placed bilat-
erally on high-resolution images and then
transferred to T2 parametric maps, from
which mean T2 relaxation time from indi-
vidual regions of interest was extracted.

Laboratory Assays
Blood samples taken during the OGTT
were collected in EDTA tubes and

immediately placed on ice. Samples
were centrifuged at 4�C, aliquoted, and
stored at �80�C until assayed for glu-
cose, insulin, and C-peptide. During the
baseline visit, additional blood samples
were collected in NaF tubes at times 0
and 120 min, analyzed immediately for
glucose concentration via automated
chemistry, and used to determine partici-
pant group assignment. ALT and AST
were measured by automated chemistry.
IL-6 was run on a one-step immunoenzy-
matic assay. C-reactive protein was mea-
sured with a high-sensitivity assay.
Cholesterol was measured with choles-
terol dehydrogenase assay, triglycerides
were measured with microbial lipase, and
HDL was measured with a two-reagent

homogenous system, and LDL was calcu-
lated. Leptin, C-peptide, and insulin con-
centrations were measured with ELISA.
Glucose concentrations during the OGTT
were measured with a YSI analyzer sys-
tem (YSI Inc., Yellow Springs, OH).

Calculations and b-Cell Modeling
Total AUC was calculated with the trape-
zoidal method; incremental AUC (iAUC)
was calculated with the trapezoidal
method accounting for each participant’s
time 0 value. The insulinogenic index
was calculated as the ratio of early-phase
iAUC insulin to glucose from 0 to 30 min
(iAUCins0–30/iAUCglu0–30), the C-peptide
index was calculated as (iAUC-C-pep-
tide0–30/iAUCglu0–30, and the disposition

Figure 1—OGTT curves and MRI image acquisition and results by brain region of interest among participants with NGT, IGT, or T2D. A: The T2D
group had significantly greater excursion of glucose throughout the OGTT compared with both IGT and NGT groups. The IGT group had significantly
higher plasma glucose at 90 and 120 min compared with NGT. T2D and IGT groups had higher plasma insulin (B) and C-peptide (C) values 2 h after
consumption of a glucose load compared with NGT. D: MRI image acquisition: upper left illustrates section of acquired coronal slices (between
green lines) anteriorly from the optic chiasm extending posteriorly to the mammillary bodies in the sagittal plane (T1-weighted image). Serial
images are T2-weighted coronal slices at echo time 110 ms with the slice of interest encompassing the MBH identified with gold border. Anatomic
landmarks are identified with colored arrows (red, optic chiasm; blue, optic tract; yellow, mammillary body). Lower right shows representative T2-
weighted coronal image with the MBH with control regions of interest identified. T2-weighted high-resolution images allow for visualization of ana-
tomic landmarks and placement of regions of interest that are then transferred to a parametric map (not shown) from which T2 relaxation times
are extracted.White scale bar represents 6 mm. E: A significant interaction indicated that group differences in T2 relaxation times varied by region
of interest. Participants with IGT had longer mean MBH T2 relaxation time compared with participants with NGT, whereas participants with T2D
had significantly longer mean MBH T2 relaxation time compared with both IGT and NGT groups. There were no group differences within gray
(amygdala, putamen) or white matter control regions. P values by unadjusted generalized estimating equations with an interaction term (A–C)
(group * time, Pinteraction [Pint]) or by linear mixed model with adjustment for age with an interaction term (E) (group * region, Pinteraction), followed
by formal post hoc testing for group differences. In A–C, *P < 0.01 vs. NGT, †P < 0.05 vs. IGT; in E, *P = 0.008,
**P< 0.0001. N = 29 (NGT), N = 21 (IGT), N = 17 (T2D). Missing data include N = 2 T2D in A–C.
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index was calculated as follows: insulino-
genic index * (1 / fasting insulin). We
estimated b-cell glucose sensitivity by
modeling glucose and C-peptide data.
The model, in part, describes the relation-
ship between insulin secretion (expressed
in pmol � min�1 � m�2) and glucose con-
centration (22,23), with the slope of the
dose-response function relating these
variables referred to as b-cell glucose
sensitivity. The model parameters were
estimated from glucose and C-peptide
concentrations (with use of C-peptide
deconvolution [24]) as previously described
(22). A measure of insulin sensitivity (oral
glucose insulin sensitivity [OGIS]) was
obtained in accordance with prior work
(25) using glucose and insulin data from
the OGTT.

Statistical Analysis
Data are means ± SD unless otherwise
indicated. Group differences for descrip-
tive variables were assessed with x2

test (categorical variables), one-way
ANOVA followed by Bonferroni-cor-
rected posttest as appropriate (normally
distributed), and Kruskal-Wallis rank
test followed by Wilcoxon-Mann-
Whitney test as appropriate (nonnor-
mally distributed). A linear mixed
model with restricted maximum like-
lihood estimation and an interaction
term tested group-by-region differ-
ences for mean T2 relaxation time,
followed by formal post hoc analyses
when a significant interaction was
present. Inferential analyses were adj-
usted for age unless otherwise noted.
Generalized estimating equations models
were used to assess the time course of
plasma measures during the OGTT,
included an interaction term for group
by time, and were followed by group
comparisons with formal posttests given
all interaction terms were significant.
Generalized estimating equations models
tested associations between predictors
and outcome of T2 relaxation time
(including all brain regions) and included
an interaction term (predictor * region)
followed by posttests of linear associa-
tions within the MBH. Planned subgroup
analyses were completed with the T2D
group excluded. All statistics were com-
pleted in STATA (version 16), and graph-
ing was completed in GraphPad Prism
(version 8.4.3).

RESULTS

Participant Characteristics
Mean ± SD age was 48 ± 11 years, and
72% of participants were female. Mean
BMI at study entry was 36 ± 4 kg/m2.
The mean duration of diabetes in the
T2D group was 4.4 ± 3.4 years (range
0–10) and mean hemoglobin A1c was
6.6 ± 0.7%. NGT, IGT, and T2D groups
were well balanced by sex, race, and
ethnicity and did not differ in liver func-
tion tests, plasma inflammatory
markers, cholesterol levels, fasting lep-
tin concentrations, or health behaviors
around weight management and obesity
(Table 1). The T2D group was signifi-
cantly older, had higher fasting plasma
triglycerides, and tended toward higher
blood pressures. Adiposity and body
composition as assessed based on mean
BMI, % body fat, % lean mass, and VAT
(g) did not differ between the groups.

As expected, the T2D group had signif-
icantly higher mean fasting plasma glu-
cose, worse glucose tolerance, reduced
b-cell function by disposition index and
glucose sensitivity measures, and lower
insulin sensitivity by OGIS compared with
the NGT and IGT groups (Supplementary
Table 1). The IGT group had higher mean
plasma glucose concentrations 90 and
120 min post oral glucose load than the
NGT group (Fig. 1A). Plasma insulin and
C-peptide concentrations remained signif-
icantly elevated 120 min post–glucose
load in both the IGT and T2D groups as
compared with the NGT group (Fig. 1B
and C). The IGT and NGT groups did not
significantly differ in measures of b-cell
function or insulin sensitivity (Supple-
mentary Table 1).

Group Differences in Mean Bilateral
T2 Relaxation Time
We tested whether groups differed in
the MBH versus control regions by
including a group * region interaction
term in a linear mixed model adjusted
for age, with a highly significant result
(Fig. 1E). Bonferroni-corrected compari-
sons confirmed that age-adjusted bilat-
eral mean MBH T2 relaxation times
were significantly longer in the T2D as
compared with the IGT and NGT groups
and the IGT as compared with the NGT
group (Fig. 1E). The significant group *
region interaction (x2(6) = 65.4, Pinterac-
tion <0.0001) and group differences
within the MBH persisted in a model

with adjustment for sex and percentage
of total body fat in addition to age
(NGT vs. IGT, P = 0.009; NGT vs. T2D
and IGT vs. T2D, P < 0.0001). The possi-
bility of lateralized effects was interro-
gated using a model that included a
main effect for side (right vs. left); no
lateralization was found (x2(1) = 0.06,
P = 0.81).

Cross-sectional Associations of
Measures of Glucose Homeostasis
and Adiposity With T2 Relaxation
Time
Among all participants, fasting plasma
glucose concentrations and hemoglobin
A1c were positively associated with T2
relaxation time in the MBH but not in
control regions (Fig. 2A and B), as was
plasma glucose 2-h post–glucose load
(b = 2.78 ms, P < 0.0001). Moreover,
glucose tolerance as assessed by glu-
cose iAUC was also positively related to
longer MBH T2 relaxation times (Fig.
2C). Disposition index, glucose sensitiv-
ity, and insulin sensitivity as assessed by
the OGIS index were all negatively
related to T2 relaxation time in the
MBH but not in control regions (Fig.
2D–F and Supplementary Table 2). In
contrast, variation in total-body adipos-
ity among adults with obesity was unre-
lated to MBH or control region T2
relaxation times (Fig. 2G). However, VAT
deposition was positively associated
with MBH, but not control region, T2
relaxation time (Fig. 2H).

Subgroup analyses were performed
among participants without diabetes
(Supplementary Table 2) and revealed
significant positive relationships of MBH
T2 relaxation time with hemoglobin A1c
and glucose iAUC. In addition, disposi-
tion index also remained significantly
and negatively associated, whereas
there was no longer an association with
glucose sensitivity, and relationships with
fasting glucose, OGIS, and VAT (b =
�0.05 ms, P = 0.07) were attenuated to
trends (P # 0.1).

Prospective Association of Baseline
T2 Relaxation Time With Changes in
Measures of Glucose Homeostasis
and Adiposity Over 1 Year in
Participants Without Diabetes
The average duration between baseline
and 12-month follow-up assessments
for the 38 participants with obesity and
no diabetes was 12.5 months (SD =
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1.2). On average, changes in body com-
position and glucose over 1 year were
minimal (Supplementary Table 3). There
was interindividual variability in the
magnitude and direction of change over
1 year in measures of glucose tolerance,
b-cell function, and insulin sensitivity
(Fig. 3A–D). In models with adjustment
for age, baseline MBH T2 relaxation
times were unrelated to percentage
change in glucose iAUC, disposition
index, or glucose sensitivity (Fig. 3E–G),
as were control region values (data not
shown). However, a significant negative
association was found between MBH T2
relaxation time and change in OGIS (Fig.
3H), consistent with 1-year declines in
insulin sensitivity among those with

longer MBH T2 relaxation times at base-
line. Moreover, increases in total body
fat tended to be related to baseline
MBH T2 relaxation times (b = 0.04%,
P = 0.07) and gains in VAT were signifi-
cantly associated (b = 6.2 g, P = 0.03).
For assessment of the extent to which
the association of changes in OGIS with
baseline MBH T2 relaxation time was
accounted for by intervening changes in
total body adiposity, the change in per-
centage of body fat was added to the
age-adjusted model, and it appeared to
explain a portion of the variance, as
both the b-coefficient and P value were
reduced after changes in body fat were
accounted for (adjusted b = �0.25 to
�0.16; P = 0.03 to P = 0.13).

CONCLUSIONS

The current study provides radiologic
evidence that alterations in hypotha-
lamic tissue are present in IGT and T2D
and that the magnitude of tissue-level
changes parallels progression of glucose
dysregulation in obesity. Participants
with IGT or T2D had longer mean MBH
T2 relaxation times, an MRI-derived
marker of gliosis (12,14,26), as com-
pared with those with NGT, despite all
groups having the same degree of ele-
vated body fat mass. The findings were
limited to the MBH region in which the
arcuate nucleus is located, were not
present in control regions, and were
independent of age, sex, and percent
body fat. Moreover, fasting glucose

Table 1—Participant characteristics with stratification by group

NGT (N = 29) IGT (N = 21) T2D (N = 17) Statistic P

Female sex, % 76 67 71 x2(2) = 0.52 0.77

Race, % White 82 67 59 x2(2) = 3.40 0.18

Ethnicity, % non-Hispanic 93 95 88 x2(2) = 0.69 0.71

Vitals, anthropometrics

Age, years 45 ± 12 46 ± 11 54 ± 8*† x2(2) = 8.71 0.02
Heart rate, bpm 69 ± 11 68 ± 14 76 ± 10 F(2,66) = 2.20 0.12
Systolic blood pressure, mmHg 123 ± 11 122 ± 14 131 ± 14 F(2,66) = 2.77 0.07
Diastolic blood pressure, mmHg 79 ± 9 76 ± 12 83 ± 8 F(2,66) = 2.66 0.08
Weight, kg 105 ± 13 98 ± 11 104 ± 18 F(2,66) = 2.40 0.10
Waist, cm 120 ± 12 113 ± 9 118 ± 13 F(2,66) = 2.24 0.12
BMI, kg/m2 37 ± 4.7 35 ± 3.1 37 ± 4.1 F(2,66) = 1.72 0.16
Fat, % 45 ± 7.9 45 ± 6.0 45 ± 7.3 F(2,66) = 0.01 0.99
Lean, % 55 ± 7.9 55 ± 6.0 55 ± 7.3 F(2,66) = 0.01 0.99
VAT, g 1,822 ± 936 1,601 ± 841 2,178 ± 1,147 x2(2) = 3.26 0.20

Laboratories and plasma measures

AST, units/L 21 ± 9.3 21 ± 7.6 23.2 ± 6.6 x2(2) = 2.74 0.25
ALT, units/L 22 ± 12 23 ± 12 29 ± 15 x2(2) = 2.96 0.23
IL-6, pg/mL 4.04 ± 2.88 3.90 ± 2.79 5.79 ± 6.71 x2(2) = 1.15 0.56
C-reactive protein, nmol/L 40.1 ± 37.2 43.7 ± 40.0 62.6 ± 48.2 x2(2) = 3.11 0.21
Cholesterol (total), mmol/L 4.57 ± 0.80 4.41 ± 0.69 4.46 ± 1.09 F(2,66) = 0.40 0.68
HDL, mmol/L 1.23 ± 0.24 1.25 ± 0.35 1.13 ± 0.27 F(2,66) = 0.94 0.94
LDL, mmol/L 2.83 ± 0.75 2.89 ± 0.55 2.50 ± 0.83 F(2,63) = 1.38 0.26
Triglycerides, mmol/L 1.30 ± 0.65 1.47 ± 0.72 3.02 ± 2.86* x2(2) = 7.75 0.02
Leptin, nmol/L 2.55 ± 2.01 2.33 ± 1.55 2.36 ± 1.69 x2(2) = 0.23 0.99

Behavioral measures

Weight reduced, % from maximum‡ 5.7 ± 5.2 6.8 ± 5.9 8.3 ± 5.3 x2(2) = 3.84 0.15
Currently attempting to lose weight, % yes 74 80 71 x2(2) = 0.46 0.80
Activity (moderate 1 vigorous), MET min/week§ 720 (240–1,440) 640 (210–1,760) 660 (0–1,280) x2(2) = 0.92 0.63
Cognitive restraintjj 13.0 ± 3.0 14.5 ± 2.5 13.8 ± 2.3 F(2,66) = 2.03 0.14
Uncontrolled eatingjj 19.1 ± 4.7 18.3 ± 3.3 20.4 ± 5.0 F(2,66) = 1.00 0.37
Emotional eatingjj 8.2 ± 2.6 8.0 ± 2.2 8.1 ± 2.2 F(2,66) = 0.05 0.95

Data are means ± SD or median (interquartile range) unless otherwise reported. Participants were assigned to groups at baseline based on
medical history, laboratory studies, and OGTT results. Groups were compared by x2 test for categorical variables and one-way ANOVA or
Kruskal-Wallis rank test followed by Wilcoxon-Mann-Whitney test for normally and nonnormally distributed continuous variables, respectively.
‡Percentage weight reduced from maximum was calculated from self-report of lifetime maximum weight. §Activity was assessed by self-report
via the International Physical Activity Questionnaire (N = 20 IGT and N = 16 T2D). jjSubscales of eating behavior were assessed with the
Three-Factor Eating Questionnaire Revised 18-item version (TFEQ-R18). Missing data include VAT N = 1 (T2D), LDL N = 3 (T2D), attempting to
lose weight N = 2 (NGT), N = 1 (IGT). *P < 0.05 vs. NGT; †P < 0.05 vs. IGT. Significant P values are in boldface.
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concentrations, glucose excursions dur-
ing an OGTT, and hemoglobin A1c were
positively associated with longer MBH
T2 relaxation times, whereas indices of
b-cell function and insulin sensitivity
declined as MBH T2 relaxation times
increased. Several of these relationships
persisted when the sample was res-
tricted to participants without T2D, indi-
cating that early metabolic abnormali-
ties including rising hemoglobin A1c
concentrations, glucose intolerance, and
lower disposition index are related to
evidence of gliosis prior to the develop-
ment of clinically significant elevations
in blood glucose. Finally, MBH T2 relaxa-
tion times at baseline were related to
worsening insulin sensitivity over 1 year
of observational follow-up among par-
ticipants with NGT or IGT. Collectively,
the results provide novel evidence that
both the degree and progression of
metabolic dysregulation in humans are
related to structural changes within
hypothalamic tissue.

Prior human studies consistently dem-
onstrate hypothalamic tissue alterations
consistent with inflammation or gliosis in
association with overweight or obesity
through diverse methodologies including
diffusion MRI (27), immunohistochemis-
try in postmortem samples (13,18), quan-
titative water content mapping (19), and
quantitative T2 (4,13–17), as used in the
current study. While evidence of inflam-
mation in lateral hypothalamus (19) and
fornix (19,28) has been observed, most
studies focused on the mediobasal region.
Given mounting evidence of MBH gliosis
in obesity in humans and rodent models
with diet-induced obesity, as well as the
neuronal and glial cell populations resid-
ing in the MBH that control peripheral
glucose levels (9,10,29), the current study
specifically tested the MBH in relation to
metabolic impairments among individuals
with obesity. Previous neuroimaging stud-
ies of MBH gliosis and insulin resistance
provided mixed results (13,14), but the
current findings are robust and consistent

across multiple measures indicative of
insulin resistance.

The current study extends prior work
through measurement of insulin sensitiv-
ity and b-cell function using a glucose
modeling approach (22) that correlates
with clamp-derived measures of insulin
sensitivity (25). We found not only that
insulin sensitivity is lower when the extent
of evidence of MBH gliosis is greater but
also that the degree of MBH gliosis pre-
sages future deterioration in insulin sensi-
tivity. The latter finding was modestly
attenuated after changes in body fat were
accounted for, suggesting that gains or
losses in adiposity explain some, but not
all, of this prospective association. More-
over, the oral disposition index, a measure
of early b-cell response that predicts
future T2D onset (30), was significantly
related to MBH T2 relaxation times
among people with obesity but no diabe-
tes. In contrast, the association of glucose
sensitivity, an assessment of b-cell sensi-
tivity to glucose, with MRI measures did
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Figure 2—Age-adjusted cross-sectional associations of T2 relaxation time with measures of glycemia, glucose tolerance, b-cell function, insulin sen-
sitivity, and adiposity among all participants, stratified by brain region. Positive linear associations of MBH T2 relaxation time (filled gold circles)
were present for fasting plasma glucose (A), hemoglobin A1c (B), and glucose iAUC (C). Negative linear associations were present with MBH T2
relaxation time and the disposition index (insulinogenic index * [1 / fasting insulin]) (D), glucose sensitivity (E), and OGIS index (F). MBH T2 relaxa-
tion time was not related to total body fat mass percentage (G) but was positively associated with VATmass (H). There were no associations within
any control regions (open symbols) for any measure. Generalized estimating equation models included outcome data from all brain regions, an
interaction term (predictor * region), and a covariate for age (age-adjusted data shown). P values reported on graphs derived from model posttests
of linear association for the MBH region. N = 67. Missing data include: fasting glucose, glucose iAUC, insulin iAUC, glucose sensitivity, OGIS (N = 2),
VAT (N = 1).
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not persist when participants with T2D
were excluded from analyses. It may be
that insulin sensitivity and early insulin
response are more closely related to the
presence and degree of hypothalamic
gliosis than b-cell dose-response to glu-
cose, but further study is required. The
results also provide novel evidence of
relationships between MBH gliosis and
fasting glucose concentrations, glucose
intolerance, and hemoglobin A1c. Finally,
marked elevations in MBH T2 signal were
observed in participants with T2D, reaf-
firming prior research in clinical popula-
tions with T2D and metabolic syndrome
(15,19). Taken as a whole, these results
advance our understanding that not only
is hypothalamic gliosis present in obesity
but also its severity may have implications
for the development of metabolic dysre-
gulation and comorbidities.

The results also suggest that MBH
gliosis may be more closely correlated to
the degree of metabolic dysregulation
than variability in adiposity in adults with
obesity. Investigators in prior neuroimag-
ing studies observed positive linear rela-
tionships between MRI-derived markers
and body adiposity (4,14,17,19,20,27).
However, these studies included subjects
with BMIs in the normal and overweight
ranges. Taken together, available findings
suggest that MBH gliosis contributes
both to obesity development and, once
obesity is established, to progressive
metabolic impairment. Consistent with

this hypothesis, we found that MBH glio-
sis positively correlated with visceral fat
mass, echoing prior findings (17,19,20)
and implicating MBH gliosis in a shift
toward deposition of metabolically
unhealthy fat.

The quantitative T2 technique used
in this study assesses tissue composition
as a whole. The cellular mechanisms
underlying the findings therefore cannot
be verified, but prior literature and pre-
clinical studies provide insight into how
disruption of function of specific cell
types within the MBH might impact
peripheral glucose regulation. First, neu-
ron populations might be reduced as
seen in chronic high-fat diet feeding (4),
with implications for glucose regulation
(29). In humans, one study of the left
hypothalamus by MRS saw no evidence
of altered neuronal cell counts (13);
however, the spatial resolution of this
technique is low, and reduced cell popu-
lations within specific nuclei or subre-
gions cannot be ruled out. Second, the
function of key neuron populations or
their neuron-glia interactions might be
altered. Moreover, normal processes such
as hypothalamic neurogenesis, which is
impaired in diet-induced obesity (31), and
synaptic plasticity, which is known to be
leptin inducible in the arcuate nucleus
(32) and is dependent on coresident
microglial populations (33), might also be
impaired. Finally, glial cells are increas-
ingly recognized as having independent

roles in orchestrating the CNS response
to energy availability (10) including hypo-
thalamic glucose sensing (8), satiety sig-
naling in the hindbrain (34), and
sustained remission of hyperglycemia by
injection of fibroblast growth factor 1 (9).
In postmortem studies, microglial dystro-
phy (18) and astrocyte proliferation (14)
were present in humans with obesity and
longer MBH T2 relaxation times, respec-
tively. These data provide translational
evidence that glial cell morphology—at
minimum—is altered in the MBH of
humans with obesity and has potential
negative consequences for glial cells’ par-
ticipation in maintenance of normal
peripheral glucose homeostasis. In sum,
although human data remain sparse and
are limited by the anatomic resolution of
in vivo imaging techniques and reliance
on postmortem histology, existing data
support the relevance of an expanding
basic science literature regarding the
important role of glial cells and neuron-
glia interactions in obesity and T2D
pathogenesis.

The current findings were bilateral
and robust, in contrast to prior findings
that were lateralized to one or the other
side of the hypothalamus (4,13). Addi-
tional strengths of the study include the
clinically meaningful group definitions,
matching of the groups for adiposity,
and inclusion of prospective analyses.
Conclusions are limited by the cross-sec-
tional nature of some analyses and the
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Figure 3—Prospective association of baseline MBH gliosis with 1-year change in response to OGTT among participants with obesity and IGT or NGT
at baseline. A–D: Waterfall plots depicting individual percentage change from baseline over 1 year in results of a 2-h, 75-g OGTT, with stratification
by NGT and IGT at baseline. Age-adjusted linear associations of baseline MBH T2 relaxation time were absent for percentage change from baseline
in glucose iAUC (E), disposition index (F), and glucose sensitivity (G), but a negative association was present with OGIS index (H). Generalized esti-
mating equation models included outcome data from all brain regions, an interaction term (predictor * region), and a covariate for age (age-
adjusted data shown). P values reported on graphs derived from model posttests of linear association for the MBH region. N = 38.
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relatively smaller sample size available
for the longitudinal component. Partici-
pants were predominantly female, but
the sex distribution was consistent across
groups and effects persisted in models
with adjustment for sex. Nonetheless,
rodent studies have shown sex-related
variability; therefore, further studies
powered to detect effect modification by
sex would be useful. Moreover, we inter-
pret the findings as consistent with
hypothalamic gliosis based on prior
rodent and postmortem human studies
correlating longer MBH T2 relaxation
times on a multiecho T2 acquisition with
reactive astrocytosis on ex vivo histologic
examination (12,14). Despite these and
other histopathologic studies associating
gliosis with high T2 signal (26,35,36),
MRI is an indirect measure. We cannot
exclude edema, infection, or tumor as
explanations for the findings, although
these seem unlikely in this neurologically
healthy sample, and we cannot state
definitively that findings were within the
arcuate. The ventromedial nucleus is in
close proximity, and portions could have
been sampled within the MBH region of
interest. Additionally, we used OGIS to
estimate insulin sensitivity, whereas clamps
are the gold standard. Finally, 1 year may
have been too brief a period of follow-up
to detect changes in glucose tolerance or
b-cell function.
In conclusion, these translational find-

ings support a role for the CNS in T2D
pathogenesis. Specifically, MBH gliosis
may represent a shared pathogenic pro-
cess that contributes to both obesity
and impaired glucose homeostasis through
its effects on their integrated neurocircui-
try (37). Preclinical mechanistic studies will
be required to test this hypothesis and
resolve areas of uncertainty between over-
lapping factors such as overnutrition and
impaired metabolic function that are diffi-
cult to disentangle in human studies.
When chronic, gliosis is a form of perma-
nent scarring (38); thus, its long-term clini-
cal implications require additional study.
Structural remodeling of the hypothalamus
would fit with the clinical presentations of
obesity and T2D as chronic conditions that
remit but do not resolve with current ther-
apies—with the notable exception of bar-
iatric surgery, which potentially modifies
MBH gliosis (15). In rodents, dietary factors
trigger hypothalamic inflammation and
gliosis (39), theoretically as an adaptive
response to short-term overnutrition (6),

and reversion to chow diet ameliorates
gliosis (11). Further studies to ascertain
dietary determinants in humans are
needed, as are tests of nutritional strate-
gies to prevent or reverse gliosis. Resolu-
tion of these outstanding questions is
critical to progress the field toward identi-
fying novel CNS targets for prevention and
treatment of T2D.
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