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Abstract

Background: The Treatment Options for type 2 Diabetes in Adolescent and Youth study, a
randomized clinical trial of three treatments for type 2 diabetes (T2DM) in youth, demonstrated
treatment failure (defined as sustained HbAlc =8%, or inability to wean insulin after 3 months
after acute metabolic decomposition) in over half of the participants. Given that binding of
mononuclear cells to vascular endothelium, initiated by cellular adhesion molecules and
chemokines, is an early step in vascular injury, we sought to evaluate (a) changes in cellular
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adhesion molecule levels during the trial; (b) effect of diabetes treatment; and (c) association of
markers with HbAlc, hypertension, hypercholesterolemia, nephropathy, and retinopathy.

Methods: Participants (n = 515 of 699) that had baseline assessment of adhesion molecules
(monocyte chemoattractant protein-1 [MCP-1], vascular cell adhesion marker [VCAM],
intercellular adhesion marker [ICAM], and E-Selectin) and at least one other assessment,
measured at month 12, 24, or 36, were included.

Results: Over 1 to 3 years, significant increases in MCP-1 and decreases in VCAM (both P
<.0001) concentrations were found; however, no significant interactions were identified with
treatment group for any molecule. For every 1% increase in HbAlc, ICAM increased by 1.8%,
VCAM by 1.5%, and E-selectin by 6.8% (all < .0001). E-selectin increased by 3.7% and 4.2%
for every 10 mm Hg increase in systolic and diastolic blood pressure, respectively (both P
<.0001). ICAM was 10.2% higher and E-selectin was 15.5% higher in participants with
microalbuminuria (both £<.01). There was no significant association of adhesion molecule levels
with retinopathy.

Conclusion: Concentrations of cellular adhesion molecules rise with increasing HbAlc in youth
with T2DM, and are associated with blood pressure and microalbuminuria, markers of vascular
injury.

Keywords
adhesion molecules; HbAlc; microvascular complications; type 2 diabetes

1| INTRODUCTION

Binding of mononuclear cells to vascular endothelium is an early step in the atherosclerotic
process and is initiated by cellular adhesion molecules and chemokines,! which play a key
role in endothelial dysfunction and resultant plaque formation.2 Cellular adhesion molecules
function in interactions between cells and extracellular membrane proteins to attract immune
cells to the site of inflammation.® Adhesion molecules include four broad classes: cadherins,
integrins, selectins, and immunoglobulin family members.3 E-selectin, present on activated
endothelial cells, belongs to the class of selectins and is the most integral to recruitment of
leukocytes to areas of inflammation due to its ability to upregulate after interleukin 1-beta
and tumor necrosis factor alpha (TNF-a.) stimulation.* Both vascular cell adhesion marker
(VCAM) and intercellular adhesion marker (ICAM) belong to the immunoglobulin family,
which bind to the integrins, modulating the interaction between the endothelial cells and
leukocytes, and have increased cell surface expression upon exposure to TNF-a..3 Finally,
monocyte chemoattractant protein-1 (MCP-1) is a key chemokine regulating inflammatory
monocyte migration and infiltration and has a critical role in obesity-induced adipose tissue
inflammation and endothelial dysfunction.®

As children with type 2 diabetes (T2DM) and obesity exhibit a chronic inflammatory state,
6.7 the inflammatory effects of adhesion molecules on the endothelium is presumed to be
accelerated, but has not been well studied in pediatric populations. In adults, soluble levels
of adhesion molecules, including VCAM, ICAM, and E-selectin, have been shown to predict
future cardiovascular events and correlate with the inflammatory markers interleukin 6 and
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C-reactive protein, as well as risk factors, such as hypertension, insulin resistance, T2DM,
low high-density lipoprotein-cholesterol, and hypercholesterolemia.8-19 VCAM, ICAM, and
E-selectin have also been identified as biomarkers predicting onset or progression of diabetic
nephropathy and retinopathy,1-12 whereas circulating levels of MCP-1 have been shown to
predict progression of diabetic nephropathy and retinopathy.13.14

The Treatment Options for type 2 Diabetes in Adolescent and Youth (TODAY) study
demonstrated that metformin with the addition of rosiglitazone, but not the lifestyle
intervention program, was superior to metformin alone in achieving durable glycemic
control in youth newly diagnosed with T2DM.1° Overall, over half of the participants
demonstrated treatment failure, defined as sustained HbA1c=8%, or inability to wean from
insulin after 3 months after acute metabolic decomposition.® By the end of the randomized
controlled trial, 34% had hypertension, 11% had an elevated LDL cholesterol, 17% had
microalbuminuria, and 14% had retinopathy.1’

Circulating levels of adhesion molecules have been correlated with both micro- and
macrovascular complications in adults with diabetes but have not been studied in youth with
T2DM.18-22 |n the current study, we used a well-phenotyped cohort of adolescent
participants with T2DM to evaluate: (a) the changes in circulating levels of ICAM, VCAM,
E-selectin, and MCP-1 over time during the trial; (b) the effects of diabetes treatment; and
(c) the association of these adhesion molecule blood levels and chemokines with HbAlc,
hypertension, low-density lipoprotein (LDL) dyslipidemia, nephropathy, and retinopathy.

2| METHODS
2.1| TODAY study participants and study design

The TODAY study has been previously described in detail.1> Briefly, the TODAY study
enrolled participants aged 10 to 17 with a diagnosis of T2DM for less than 2 years, body
mass index (BMI) =85th percentile, and an absence of diabetes-related autoimmunity.
Participants were randomized to one of three treatment arms and followed longitudinally for
2 to 6 years: metformin alone, metformin with rosiglitazone, or metformin plus a lifestyle
intervention program. The primary outcome of the trial was time to treatment failure,
defined as a persistently elevated HbAlc (=8%) over a period of 6 months or inability to
wean from insulin after metabolic decompensation. After an average of 3.86 years of follow-
up, 319 (45.6%) participants reached the primary outcome. Rates of failure were 51.7%,
46.6%, and 38.6% for metformin alone, metformin plus lifestyle intervention, and
metformin plus rosiglitazone, respectively. Participants in the metformin plus rosiglitazone
group demonstrated a significantly lower rate of treatment failure than participants in the
metformin alone group, (38.6% vs 51.7%), £=.006.1°

For the following analyses, we present data from TODAY at baseline (randomization) and at
months 12, 24, and 36. As previously described, 16 participants had assessments of
anthropometric measures (including weight, height, and BMI), blood pressure, and fasting
laboratory studies at each study visit.
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Laboratory measurements

Measurements of lipids, HbAlc, glucose, insulin, c-peptide, and adhesion molecules and
chemokines (ICAM, VCAM, E-selectin, and MCP-1) were performed centrally at The
Northwest Lipid Research Laboratory at the University of Washington, Seattle, WA
according to standardized procedures. Adhesion molecules levels were measured in plasma
as part of a 9-plex assay using reagents from R&D Systems (Minneapolis, MN), on a
BioRad Bioplex-100 analyzer. The limit for detection of the assay was 87.9 pg/mL, 238
pg/mL, 18.8 pg/mL, and 9.9 pg/mL for ICAM, VCAM, E-selectin, and MCP-1, respectively.
The intra- and inter-assay coefficients of variation for ICAM were 9.06% and 13.93%,
respectively, for VCAM were 4.01% and 11.05%, for E-selectin were 9.04% and 10.98%,
and for MCP-1 were 6.46% and 9.81%.

Assessment of complications

Hypertension was defined as an average systolic or diastolic blood pressure=130/80 mm Hg
or=95th percentile for age, sex, and height measured on at least two consecutive study
visits23 or on an antihypertensive medication. LDL dyslipidemia was defined as an LDL
cholesterol =130 mg/dL sustained over at least two consecutive study visits or on lipid-
lowering medication.

Urine microalbumin was measured and glomerular filtration rate (eGFR) was calculated at
baseline and annually. Microalbuminuria was defined as an albumin-to-creatinine ratio of
>30 mg/G creatinine on two of three urine samples collected over a 3 month minimal period.
24 eGFR was estimated by the full-age-spectrum combined creatinine and cystatin C
equation and hyperfiltration was defined as an eGFR =135 mL/min/1.73 m? sustained over
two or more consecutive visits.2>

Retinopathy evaluations were completed in the last year of the TODAY study. Digital fundus
photographs of seven standard stereoscopic fields that were readable in at least one eye were
reviewed and scored centrally by The Fundus Photograph Reading Center at the University
of Wisconsin, Madison, WI according to an abbreviated and modified version of the Early
Treatment Diabetic Retinopathy Study Final Retinopathy Severity Scale for Persons.26 The
scale has 17 steps, ranging from no retinopathy in either eye to high-risk proliferative
retinopathy in both eyes. Very mild non-proliferative retinopathy or worse was defined as a
score of =2. There were no participants at the end of TODAY with more than mild scores
(4-5).

Statistical Considerations

Separate generalized linear mixed models were used to evaluate the effects of original
treatment group assignment or primary outcome status on the mean of each adhesion
molecule over repeated time points. The models assumed an unstructured covariance
structure. Similar models were constructed to evaluate the association of HbAlc,
hypertension, LDL dyslipidemia, nephropathy, and retinopathy with adhesion molecules
over repeated time points, adjusting for age, sex, and concurrent BMI. Glycemic variables
and comorbidities were measured repeatedly over time and entered the models as time-
dependent covariates. Adhesion molecule variables were log-transformed and the percent
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change in each molecule per unit change in predictor is shown by [100(eP-1)], where B is
the beta estimate coefficient from the mixed model. For binary comorbidities, the percent
difference in mean adhesion molecules between groups (comorbidity present vs absent) is
presented (Trial Registration: clinicaltrials.gov NCT00081328).

3| RESULTS

3.1| Baseline characteristics

There were 515 TODAY participants with a baseline measurement and at least one other
annual assessment of adhesion molecule levels, measured at month 12, 24, or 36. The
majority of participants (57%) had measurements at all four time points, 33% at three time
points, and 9% at two time points. At baseline, participants averaged 13.9 + 2.0 years of age,
33% black non-Hispanic, 43% Hispanic, 20% white non-Hispanic, with a median duration
of diabetes of 5 months (Q1,Q3: 4,10), and average BMI 34.4 + 7.5 kg/m2. There were no
differences in any of the anthropometric or biochemical measurements at TODAY baseline
between the original cohort of 699 participants and the sub-cohort of 515 participants with
>2 adhesion molecule measurements. (Table 1).

3.2 | Longitudinal changes over time

Separately for ICAM, VCAM, E-selectin, and MCP-1, the within-person correlation of the
biomarker values overtime was moderate to high (intraclass correlation: 0.93, 0.72, 0.78, and
0.69, respectively). There was a significant increase in MCP-1 (£< .0001) as well as a
significant decrease in VCAM (P < .0001) concentrations over the duration of the study.
However, there were no significant treatment group differences overtime (Figure 1).
Participants who reached the primary outcome of glycemic failure by the end of TODAY
had significantly higher E-selectin compared to participants who maintained glycemic
control across throughout the study (P < .0001, Figure 2). There were no significant
differences in the circulating levels of ICAM, VCAM, or MCP-1 related to treatment failure.

3.3 | Longitudinal association with glycemic control and comorbidities

At the start of the TODAY study, mean HbAlc was 6.0 £ 0.7%, and mean systolic and
diastolic blood pressure were 112.7 £ 11.1 and 66.4 £ 8.2 mm Hg, respectively.
Additionally, 19% of participants had hypertension, 3% had LDL dyslipidemia, 8% had
microalbuminuria, and 13% had hyperfiltration. Table 2 presents the longitudinal association
of each adhesion molecule with glycemia, as assessed by HbAlc, and comorbidities. ICAM,
VCAM, and E-selectin were all positively correlated with increasing HbAlc overtime.
ICAM increased by 1.8% and VCAM by 1.5% for every 1% increase (eg, 7% to 8% or 9%
to 10%) in HbAlc, while E-selectin increased by 6.8% for every 1% increase in HbAlc (all
P<.0001) (Table 2).

E-selectin was associated with blood pressure overtime and increased by 3.7% and 4.2% for
every 10 mm Hg increase in systolic and diastolic blood pressure (both £<.0001),
respectively. There were no significant relationships overtime between the presence of
study-defined hypertension, LDL dyslipidemia, or hyperfiltration and any of the adhesion
molecules (Table 2). ICAM was 10.2% higher and E-selectin was 15.5% higher in
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participants with microalbuminuria compared to those without (= .0014 and £<.0001,
respectively). For example, a 10.2% mean difference in ICAM was equivalent to 347.6
ng/mL in those with microalbuminuria vs 315.5 ng/mL in those without; and a 15.5% mean
difference in E-selectin was equivalent to 44.9 ng/mL for those with microalbuminuria vs
38.8 ng/mL in those without.

Among the 515 participants included in this analysis, 427 had readable retinopathy
evaluations at the end of the TODAY study. Among them, 60 (14%) participants had non-
proliferative diabetic retinopathy. There were no significant relationships overtime with the
presence of mild retinopathy for any of the adhesion molecules.

4| DISCUSSION

In the present analysis, serial measurements of circulating adhesion molecules in youth with
T2DM demonstrated relationships with glycemic control and diabetes complications.
MCP-1 levels increased while VCAM levels decreased overtime. ICAM, VCAM, and E-
selection were all positively correlated with increasing HbAlc, and E-selectin was higher in
the subgroup of participants who did not maintain glycemic control during TODAY
compared to those who had stable control. Additionally, E-selectin was positively associated
with blood pressure and both ICAM and E-selectin were associated with microalbuminuria.
There were no significant differences in adhesion molecule levels overtime in relationship to
the presence of mild retinopathy.

To our knowledge, circulating levels of adhesion molecules have not been previously
reported in youth with T2DM. However, higher levels of these markers have been reported
in youth with obesity and metabolic syndrome. Kapiotis and colleagues found that
circulating E-selectin levels were higher in obese compared to lean youth, whereas no
difference was observed for ICAM or VCAM.8 We demonstrate that in the TODAY cohort
of youth with T2DM, MCP-1 levels increased overtime, whereas VCAM levels decreased
over time. These changes may be associated with changes in glycemic control.

We observed that VCAM levels were correlated positively with dysglycemia, yet showed a
longitudinal trend of decreasing levels overtime that was unexpected. Marfella and
colleagues found that VCAM-1 levels were not different in adults with short duration of
T2DM as compared to non-diabetic controls, and did not increase with hyperglycemia in a
clamp model.2” Our cohort also had a relatively short duration of T2DM; however, in our
study higher VCAM levels were associated with hyperglycemia. Insulin has been shown to
increase VCAM and E-selectin expression, and in the setting of insulin resistance
downstream of the insulin receptor, cellular adhesion molecules increase.2® However, in a
euglycemic-hyperinsulinemic clamp study by Targher and colleagues, VCAM-1 was not
associated with insulin sensitivity.29 A decrease in VCAM might be expected if insulin
resistance were improving across this time period; however, our previous analyses
demonstrated that insulin sensitivity was only improved in the group that received
rosiglitazone, with no change in the other two groups.3° Overall, the relationships between
VCAM and diabetes and glycemic control are complex, and may vary in adult vs pediatric
populations.
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In an adult population with T2DM, ICAM was positively associated with increasing
HbA1c3! similar to what we observed in youth with T2DM (Table 2). Marfella and
colleagues have shown in a hyperglycemic clamp experiment that ICAM is increased by
hyperglycemia, and this increase may be altered by nitric oxide bioavailability.2” Targher
and colleagues assessed the relationship of insulin sensitivity to circulating adhesion
molecules and found that although initially ICAM and E-selectin were negatively correlated
with insulin sensitivity, this relationship disappeared in a multiple regression model
controlling for BMI.2°

MCP-1 has a well-established association with T2DM32 and positively correlates with
HbAZ1c in adult cohorts.33:34 In obese children, MCP-1 levels were predictive of insulin
resistance.3° In our cohort, ICAM, VCAM, and E-selectin, but surprisingly not MCP-1,
were positively associated with HbAlc. Although data in pediatric T2DM are lacking, a
study in youth with type 1 diabetes (T1DM) demonstrated no association of circulating

MCP-1 levels with HbAlc, though levels were higher in those with multiple complications.
36

Hypertension is a comorbidity of obesity and T2DM that was present in over 30% of the
cohort at the end of TODAY. In adults with essential hypertension, but no diabetes, ICAM
and VCAM have been shown to be higher than in patients who are normotensive.3’ E-
selectin and VCAM have been shown to correlate with systolic and diastolic blood pressure
in hypertensive and normotensive adults.38 Ciobanu and colleagues found that ICAM and
VCAM were significantly elevated in adults with T2DM and uncontrolled blood pressure.39
In a study of youth with TLDM, E-selectin was found to be positively correlated with
diastolic blood pressure.0 Similar to these studies in adults with hypertension and youth
with T1DM, E-selectin was correlated with both systolic and diastolic blood pressure in
TODAY.

In adults with T2DM, vascular adhesion molecules were associated with increase in urinary
albumin excretion over a 10 year period, independent of blood pressure or glucose control.21
Unsurprisingly, given the key role of inflammation and endothelial dysfunction in the
process, adhesion molecules are also implicated in diabetic nephropathy. ICAM, VCAM,
and MCP-1 were all found to be increased in adults with T2DM who also had
microalbuminuria.204142 We found, similar to the studies of adults, that ICAM is increased
in participants with microalbuminuria. In addition, E-selectin is also increased in these
participants, which may suggest that E-selectin is also associated with microvascular disease
in youth.

In a study of adults with T2DM conducted by Blum and colleagues, VCAM and E-selectin
increased across the retinopathy spectrum from no retinopathy to proliferative retinopathy.43
Nowak and colleagues found that VCAM and ICAM were increased in patients with T2DM
and any level of retinopathy.** In a young adult cohort with T2DM and retinopathy, MCP-1
was demonstrated to be increased in those with proliferative diabetic retinopathy.*®> Most
studies evaluating the difference in circulating adhesion molecules only demonstrated
significant findings at the stage of proliferative retinopathy. No TODAY participants had
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proliferative retinopathy, which may explain the lack of association with the adhesion
molecules in the current study.

Diabetic therapies have effects on circulation adhesion molecules. In adults,
thiazolidinedione treatment is associated with reduced levels of VCAM, E-selection, and
MCP-1.%6 In the present study, circulating levels of adhesion molecules did not differ by
treatment arm. While the addition of rosiglitazone was associated with improved glycemic
control, the duration of therapy may not have been long enough to appreciate changes in
vascular adhesion molecule levels. Also, in adults with T2DM, the addition of insulin
therapy has been associated with decrease in E-selectin in proportion to the improvement in
glycemic control 3347 This is consistent with our findings that participants who did not
maintain glycemic control had higher E-selectin levels than those who did maintain
glycemic control. MCP-1 levels also reduce with insulin therapy; in our cohort, this
phenomenon may obscure the relationship of MCP-1 to glycemic control, 48 as participants
with poor control had insulin therapy initiated per study protocol.

This study does have limitations. The measurement of circulating adhesion molecule levels
was a secondary analysis performed on stored samples; therefore, some of the analyses have
reduced sample size. While significant associations were still found, we may be
underpowered to determine all possible associations and changes. The longitudinal analysis
thus far only includes 3 years. As the study continues, additional longitudinal data will be
available, providing more insight into the associations of the circulating adhesion molecules
with glycemic control and future complications.

In conclusion, we have demonstrated that in youth with T2DM, circulating adhesion
molecules levels change over time with an increase in MCP-1 and decrease in VCAM. E-
selectin, ICAM, and VCAM were related to glycemic control and E-selectin was related to
blood pressure. Further studies will be needed to determine if the circulating adhesion
molecules could be used to predict risk for micro-and macrovascular disease in youth onset
T2DM.

Supplementary Material
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Geometric mean + SD adhesion molecule levels by treatment group (M = black, M + R =
gray, M + L = dark gray) over 36 months, for intracellular adhesion marker, vascular cell
adhesion marker (VCAM), E-Selectin, and monocyte chemoattractant protein-1 (MCP-1).
There was a significant increase in MCP-1 (£< .0001) as well as a significant decrease in
VCAM (P<.0001) over the duration of the study. However, there were no significant

treatment group differences over time
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Geometric mean + SD adhesion molecule levels by primary outcome (PO, glycemic failure)
status (No PO = black, PO = gray) over 36 months for intracellular adhesion marker
(ICAM), vascular cell adhesion marker (VCAM), E-Selectin, and monocyte chemoattractant
protein-1 (MCP-1). Participants who reached the PO of glycemic failure by the end of
Treatment Options for type 2 Diabetes in Adolescent and Youth (TODAY) had significantly
higher E-selectin compared with participants who maintained glycemic control across
throughout the study (P < .0001). There were no significant differences in the circulating
levels of ICAM, VCAM, or MCP-1 related to treatment failure
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