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Abstract

Background: Type 2 diabetes (T2DM) and obesity are characterized by altered
insulin metabolism and action. Reduced hepatic insulin clearance is increasingly
recognized as a key contributor to hyperinsulinemia and insulin resistance.
CEACAMI1 promotes hepatic insulin clearance, and its loss in hepatocytes is
associated with reduced insulin clearance in mice and men. This study examines
whether CEACAM1 circulating levels reflect compromised insulin metabolism
and resistance in the PREVADIAB2 cohort.

Methods: A total of 1019 individuals from the PREVADIAB2 cohort were
evaluated for diabetes by 75 g-OGTT and classified according to WHO 2019 criteria.
CEACAM1 circulating levels were measured by ELISA, and insulin metabolism
parameters were calculated. Hierarchical clustering of insulin metabolic indices
and CEACAM1 levels was performed. Statistical significance was assessed using
Kruskal-Wallis and Wilcoxon-Mann-Whitney tests.
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Results: BMI, insulin resistance (HOMA-IR), and hepatic steatosis progressively
increased with disease severity. Insulin secretion rose and its clearance declined
in parallel to circulating CEACAMI levels in prediabetes and T2DM, indicating
compensatory hyperinsulinemia. Hierarchical metabolic clustering identified
four clusters with distinct patterns and further showed that insulin clearance
positively correlated with circulating CEACAMI, especially in individuals with
normoglycemia, lower obesity and hepatic steatosis. This suggests that circulating
CEACAM1 can reflect the status of hepatic insulin clearance.

Conclusions: This study demonstrates a progressive increase in insulin
resistance and hyperinsulinemia in parallel to elevated BMI and hepatic steatosis
prevalence, accompanied by declining circulating CEACAM1 levels. Cluster
analysis further linked reduced insulin clearance to lower circulating CEACAM1
levels, suggesting its potential usefulness as a biomarker for metabolic disease

progression.

KEYWORDS

1 | INTRODUCTION

Type 2 diabetes mellitus (T2DM) is characterized by p-
cell dysfunction' and insulin resistance that is marked
by chronic hyperinsulinemia.” The role of impaired he-
patic insulin clearance in hyperinsulinemia and in the
pathogenesis of T2DM has attracted interest.>> Whereas
it is commonly known to compensate for insulin re-
sistance together with increased insulin secretion,* it
has been increasingly recognized as a primary cause of
hyperinsulinemia-driven hepatic insulin resistance.>””’
In obese adolescents, the decline in insulin sensitivity
was found to be associated with reduced baseline hepatic
insulin clearance preceding a progressive decline in p-
cell function.® Moreover, impaired insulin clearance has
emerged as a risk factor for metabolic syndrome in several
ethnic groups.”'

Carcinoembryonic antigen-related cell adhesion mol-
ecule 1 (CEACAM1) is a surface membrane glycoprotein
that belongs to the immunoglobulin superfamily. In the
liver, it is predominantly produced in hepatocytes and to
a lower extent in liver endothelial, stellate, and Kupffer
cells. It is expressed as two alternatively spliced isoforms
with the long one, localized to the sinusoidal domain
of hepatocytes,!* undergoing phosphorylation by the
insulin receptor tyrosine kinase in response to pulses
of insulin to promote its cellular receptor-mediated
endocytosis and extraction.” This regulatory role of
hepatic CEACAM1 is bolstered by the observation
that chronic hyperinsulinemia develops secondarily to

CEACAM]I, diabetes, hepatic steatosis, hyperinsulinemia, insulin clearance, insulin resistance

reduced hepatic insulin clearance in L-SACC1'? and
AlbuminCre + Cc mice>'® with liver-specific inacti-
vation and deletion of CEACAM], respectively. Chronic
hyperinsulinemia causes downregulation of the insulin
receptor and increases de novo lipogenesis to trigger
hepatic insulin resistance and steatosis, respectively.
This is followed by increased redistribution of VLDL-
triglycerides to white adipose tissue and resultant vis-
ceral obesity. Further emphasizing the critical role of
hepatic CEACAMI is the restoration of insulin clear-
ance, insulin sensitivity, and the normal metabolic phe-
notype in Cc1™~ null mice with exclusive reconstitution
of CEACAM1 expression in hepatocytes.'*

In humans, several studies proposed that reduced in-
sulin clearance plays a primary role in hyperinsulinemia
in obese Chinese adults'® and children with Metabolic-
Associated Steatotic Liver Disease (MASLD)' in the
absence of changes to insulin secretion. Likewise, hy-
perinsulinemia in American'’ and Japanese'® subjects
with MASLD was mainly attributed to reduced he-
patic insulin clearance. Potential alterations in hepatic
CEACAM1 have been associated with insulin resistance
in human disease. For instance, reduction of hepatic
CEACAML1 levels was linked to insulin resistance in
~30% of obese South Korean subjects with hepatic ste-
atosis independently of diabetes."” Few studies have
examined the relationship between plasma CEACAM1
levels and T2DM. A recent study showed a positive as-
sociation between circulating CEACAM1 levels and in-
sulin sensitivity in patients with gestational diabetes,*
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whereas another showed lower CEACAMI1 in these pa-
tients or those with T2DM relative to subjects with nor-
mal glucose tolerance.”

To address this gap in knowledge, we herein an-
alysed the relationship between circulating levels of
CEACAMI1 and insulin metabolism and resistance in
participants of the Portugal PREVADIAB2 diabetes
prevalence study.?**

2 | METHODS

2.1 | Ethics statement

All participants in this study were consented informed vol-
unteers. The Ethics Committee of Associacdo Protectora
dos Diabéticos de Portugal (APDP) approved the protocol.
The study adhered to the guidelines of the Declaration of
Helsinki and was authorized by the Autoridade Nacional
de Protecdo de Dados (3228/2013).

2.2 | Population

The study population is from participants from
PREVADIAB2, a continuation of Portugal's origi-
nal diabetes prevalence study, PREVADIAB1.%%%
Between 2008 and 2009, 5167 individuals accessing the
Portuguese healthcare system were screened for predi-
abetes and T2DM using an oral glucose tolerance test
(OGTT). In 2014, 1084 individuals from PREVADIAB1
were randomly selected for the follow-up study, exclud-
ing 54 who have been diagnosed with T2DM and have
been treated with diabetes medications. Additionally,
11 participants were excluded due to a lack of available
samples. Consequently, our final study population con-
sists of 1019 individuals.

2.3 | Inclusion criteria

Participants were subjected to a 75g oral glucose chal-
lenge, with venous blood samples collected after a 12-h
fasting period (baseline) and at 30 and 120min post-
glucose administration. This allowed the classification of
the subjects as having prediabetes or T2DM, based on the
2019 WHO criteria (https://www.who.int/publications/i/
item/classification-of-diabetes-mellitus accessed August
27th, 2024). As such, this study involved 58 patients newly
diagnosed with T2DM, 226 participants classified with
prediabetes due to impaired fasting glucose (IFG) and/
or impaired glucose tolerance (IGT), and 735 subjects
had normal glucose tolerance. Moreover, the 30-min time

WILEY- 2™

point was selected, as it allows for the assessment of maxi-
mal insulin clearance suppression, typically observed in
healthy individuals at this time point.*

2.4 | CEACAMI quantification

Sera CEACAMI1 protein levels were assessed using an
ELISA kit. Anti-CEACAMI1 specific monoclonal anti-
body (B3-17, 5pg/mL in PBS, LeukoCom GmbH, Essen,
Germany) was used to coat 96-well plates for 2h at room
temperature (RT). Excess coating antibody was removed,
and the wells were blocked with a 1% (w/v) BSA in PBS
solution for 4h at RT and washed with PBS. Then, sera
samples were added and left overnight at 4°C. Following
another wash with PBS, rabbit anti-human CEACAM1-Fc
detection antibody (5 pg/mL in PBS-0.5% BSA, LeukoCom
GmbH) was added and left at RT for 2h and washed with
PBS. Goat anti-rabbit HRP polyclonal antibody (25 ng/mL,
DAKO P0448, Agilent Technologies, Glostrup, Denmark)
was then added and left at RT for 1.5h. Following a PBS
wash, the chemical reaction was initiated using the chro-
mogenic substrate 3,3',5,5'-Tetramethylbenzidine (Santa
Clara, California, USA). The plate was kept in the dark,
shaking gently at RT for 15-30 min before being stopped
with 0.2M sulfuric acid. Optical density (OD) was meas-
ured at 450 and 620 nm as the reference wavelength using
a BioTek Synergy HT plate reader. An average of the trip-
licate readings for each standard (0.625, 1.25, 2.5, 5, 10,
15 and 20ng/mL), internal control and unknown samples
was performed. The average of zero standard OD was sub-
tracted from each value. A standard curve was created for
each 96-well plate with CEACAM1 standards on the y-
axis and absorbance (OD450nm-OD620nm) on the x-axis.
A polynomial trend curve was drawn through the points,
and the concentration of each unknown sample was deter-
mined. Reproducibility within the assay was evaluated in
eleven independent experiments. Each assay was carried
outin triplicates, and the calculated overall intra-assay co-
efficient of variation was 9.4%. Assay-to-assay reproduc-
ibility was evaluated in triplicates in eleven independent
experiments, and the calculated overall inter-assay coef-
ficient of variation was 10.3%.

2.5 | Insulin metabolism indices

Insulin secretion rate at fast (fast-ISR, pmol/min) and
insulinogenic index (IGI) were used to evaluate insulin
secretion. As described,” Fast-ISR was estimated from
insulin and C-peptide levels as previously reported using
a two compartmental model with population parame-
ters?® and IGI was calculated as (Insulin 30 min — Insulin
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0min)/(Glucose 30min— Glucose 0min).*’ Fasting in-
sulin clearance (Fast-IC, 1/min) was determined as the
ratio of peripheral insulin disposal rates and circulating
insulin concentrations, as previously described,* and
Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR) was used to determine fasting insulin
resistance.”®

2.6 | Cluster analysis

Multidimensional stratification of the PREVADIAB2
population used insulin metabolic indices and circulat-
ing CEACAM1 levels. Fast-ISR was used as a measure of
insulin secretion during fasting, IGI to assess insulin se-
cretion during the first phase of the OGTT, Fast-IC to de-
termine fasting insulin clearance, and HOMA-IR served
as a measure of systemic insulin resistance. Data variables
were centered and scaled. The agglomerative hierarchi-
cal clustering algorithm used Euclidean distances and the
Ward method implemented in the Orange data mining
package (Version 3.37). The optimal number of clusters
was determined using the NbClust package in R, utilizing
the majority rule method (Figure S1).

2.7 | Statistical analyses

Group median comparisons (glycemic phenotypes and
clusters) were analysed using the Kruskal-Wallis test and
Wilcoxon-Mann-Whitney test for continuous variables.
Statistical analysis was conducted using GraphPad Prism
9 software, and results were reported as median and inter-
quartile range (IQR). A p-value <.05 was considered sta-
tistically significant. Pearson correlation (r coefficient and
p-value), regression analysis and slope 95% confidence in-
tervals were calculated and plotted using GraphPad Prism
9 software.

3 | RESULTS

3.1 | Metabolic characterization of the
PREVADIAB2 population

The PREVADIAB2 study, conducted in 2014, evaluated
glucose tolerance by a 2h-OGTT in Portuguese individu-
als from the national public healthcare system, who had
been identified without diabetes 5Syears earlier. In the pre-
sent study, we evaluated a cross-sectional sample of 1019
subjects with a median age of 62years and 60% women
(Table 1). This includes individuals with normoglycemia
(72%), prediabetes (22%) and newly diagnosed T2DM (6%)

(Table 1). As Table 1 indicates, blood glucose levels at
baseline (Omin) and at 30 and 120min post-oral glucose
challenge increased gradually as the disease progressed.

We observed substantial differences in the metabolic
profiles of participants when analysed according to their
glycemic status. As anticipated, participants with predia-
betes and with recently diagnosed T2DM exhibited several
distinct metabolic characteristics compared to those with
normoglycemia. Specifically, the body mass index (BMI)
increased with disease progression, as often associated
with increased adiposity, hepatic steatosis and insulin re-
sistance. Consistently, the prevalence of fatty liver index
(FLI) increased from 26% in subjects with normoglycemia
to 46% in subjects with prediabetes and 60% in individ-
uals with recent T2DM diagnosis (Table 1). Consistently,
HOMA-IR progressively increased together with circulat-
ing insulin levels with advanced disease, indicating the
development of systemic insulin resistance.

3.2 | Insulin secretion in the
PREVADIAB2 population

As hyperglycemia intensified and insulin resistance pro-
gressed, fasting insulin secretion (Fast-ISR) and C-peptide
levels, a marker of insulin production, increased (Table 1).
Together, this indicates a compensatory increase in insu-
lin secretion secondary to insulin resistance.

The insulinogenic index (IGI), a measure of early-
phase insulin secretion in response to a glucose stimulus,
progressively declined until it reached ~60% and ~35%
that of normoglycemic individuals in patients with pre-
diabetes and T2DM, respectively (Table 1). This suggests
that subjects with T2DM have diminished capacity for a
timely insulin release, which is a hallmark of b-cell dys-
function (Table 1).

3.3 | Circulating CEACAMI levels in the
PREVADIAB2 population

Circulating CEACAM1 levels were lower in subjects with
prediabetes and with T2DM relative to subjects with nor-
moglycemia (Figure 1 and Table 1). This was associated
with a reduction in insulin clearance, as assessed during
fasting (Fast-IC) and post-oral glucose challenge (OGTT
Insulin Clearance) in subjects with prediabetes relative to
those with normoglycemia (Table 1). In this cohort, circu-
lating CEACAM1 levels did not change during the OGTT
(Figure S2). Of note, insulin clearance was not reduced in
individuals recently diagnosed with T2DM. Collectively,
this highlights the importance of glycemic status in evalu-
ating circulating CEACAM]1 levels as well as the complex
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TABLE 1 Profiling of the
PREVADIAB2 population according to

glycemic phenotypes. Total, n (%)

Age, Years

BMI, Kg/m?

Glucose 0 min, mmol/L

Glucose 30min,
mmol/L

Glucose 120 min,
mmol/L

FLI 260, n (%)
HOMA-IR

Insulin Omin, pIU/mL

C-peptide Omin,
ng/mL

Fast-ISR, pmol/min
IGI

CEACAM1, ng/mL

Fast-IC, L/min

OGTT insulin
clearance

All Normoglycemia  Prediabetes = T2DM

1019 735 (72%) 226 (22%) 58 (6%)

62 (17) 60 (16) 66 (13) 71 (16)
a***, i

27 (6) 26 (5) 28 (6) 29 (8)
a***’ Pk

5.0 (.9) 4.9 (.7) 5.5(1.2) 6.1(1.6)
a***’ b*** C***

8.4 (2.4) 8.0 (2.0) 9.6 (2.2) 10.7 (2.3)
a***’ S ok

6.1(2.6) 5.5(1.7) 8.4 (1.4) 12.0(2.2)
a***’ b*** C**

332(33%) 192 (26%) 105 (46%) 35 (60%)

1.4 (1.4) 1.2(1.1) 1.9 (1.8) 2.5(2.9)
a***’ b***

6.2 (5.9) 5.8 (5.0) 8.5(7.2) 10.0 (10.1)
a***, b

2.1(1.0) 2.0(.9) 2.4(1.4) 2.7 (1.6)
a***’ b***

152 (86) 143 (79) 180 (111) 215 (125)
a***’ b***

.65 (.73) 73 (.81) 45 (.46) 26 (.37)
a***, Bk ok

29.2(11.5) 29.8(11.2) 26.6 (12.2) 27.3(11.1)
a***’ b*

4.0 (2.0) 4.0(1.9) 3.8(1.8) 42(2.5)
a*

.17 (.08) .17 (.08) .16 (.08) .18 (.10)
a*

Note: Parameters are reported as median and (Interquartile Range, IQR) (continuous variables) or
counts (and percent of column) for categorical variables. Comparison between glycemic phenotypes was
performed with one-way ANOVA, Kruskal-Wallis test for continuous variables. Summary statistics:
aNormoglycemia versus Prediabetes, "Normoglycemia versus Diabetes and ‘Prediabetes versus Diabetes,
where *p <.05, **p <.01, ***p <.001.

Abbreviations: HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; IC, insulin clearance;
IGI, Insulinogenic Index; ISR, insulin secretion rate; T2DM, Type 2 diabetes mellitus.

relationship between glucose and CEACAM1 in the regu-
lation of insulin turnover.

3.4 | Insulin metabolism-based
clustering including circulating
CEACAM1 levels

Next, we characterized changes to circulating
CEACAM1 levels under different conditions of insulin
metabolism/action. To this end, we introduced circu-
lating CEACAM1 levels as a feature in a multidimen-
sional analysis associated with the pathophysiology of

dysglycemia related to changes in insulin homeostasis
(insulin secretion and insulin clearance) and action
(insulin resistance). Data projection of hierarchical
clustering highlights the four predominant clusters
identified within the PREVADIAB2 cohort (Figure 2).
This visualization elucidates the underlying hetero-
geneity within the cohort. Nonetheless, it emphasizes
the closer relationship between circulating CEACAM1
levels and fasting insulin clearance (Fast-IC) rather
than insulin secretion and how this contributes to the
regulation of insulin sensitivity/resistance (HOMA-IR).
This observation recapitulates the positive relationship
between hepatic CEACAM1 and insulin clearance, as
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has been demonstrated by impairment of insulin clear-
ance causing insulin resistance in Ccl™~ mice with
global Ceacaml1 gene deletion that manifest intact in-
sulin secretion despite loss of Ceacam1 from pancreatic
p-cells.”

The distinct metabolic profiles that characterize each
cluster are summarized in Table 2. Noteworthy fast-
ing baseline glucose levels were normal ranging from
4.8 mmol/L, in Cluster 4 to 5.4 mmol/L, in Cluster 2.
Except for Cluster 4 that included predominantly sub-
jects with normoglycemia, the other clusters included
individuals with glucose intolerance and T2DM (as
indicated by >5.7-6.9mmol/L at 120min post-OGTT)

*
deskeskeok
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QO 40— oo,
! e
o —
[} 3';""' .o
20— o0 : ° :
L]
0
Normoglycemia Prediabetes T2DM

FIGURE 1 CEACAMI circulating levels in the PREVADIAB2
cohort (n=1019 subjects). Subjects with normoglycemia (green),
prediabetes (orange) and type 2 diabetes (T2DM, red). Comparison
between the three groups was performed with One-way ANOVA,
Kruskal-Wallis test, *p <.05, ****p <.0001.

CEACAM1

Insulin Clearance

y Insulinogenic Index

N
Insulin secretion rate

(Table 2). Because 51% of this cohort fell in Cluster 1
and 25% in Cluster 2, we started by comparing their
metabolic parameters that have been adjusted for sex
and age. Interestingly, these clusters were in general,
at both ends of the metabolic spectrum of all 4 clus-
ters, with Cluster 1 exhibiting the lowest and Cluster 2
the highest BMI, prevalence of elevated fatty liver index
(FLI), HOMA-IR, circulating insulin and C-peptide
levels, and Fast-ISR. In contrast, Cluster 1 exhibited
the highest insulin clearance at fasting (Fast-IC) and
during the 2h-OGTT, as opposed to Cluster 2 that ex-
hibited the lowest. Whereas circulating CEACAMI1 lev-
els were not the highest in Cluster 1, they were higher
than in Cluster 2, which exhibited the lowest circulat-
ing CEACAMLI levels in parallel to the lowest insulin
clearance (Table 2). Collectively, these data show that
in 51% of the population (as in Cluster 1), high insulin
clearance correlated with insulin sensitivity and low
obesity and fat deposition in the liver. In the absence of
insulin resistance, there is no need for a compensatory
increase in insulin secretion in this cluster. In contrast,
in 25% of the population (as in Cluster 2) that exhibited
the highest insulin resistance and BMI, insulin secre-
tion increased substantially in parallel to a reduction
in insulin clearance, likely to compensate for insulin
resistance. Together, this caused hyperinsulinemia in
individuals in Cluster 2 relative to those in Cluster 1.
Individuals in Clusters 3 and 4 exhibited a higher in-
sulin resistance than those in Cluster 1, together with
higher insulin secretion (fast-ISR) and IGI. However,
despite higher circulating CEACAMI1 levels, insulin
clearance was lower than in Cluster 1. Once again, the
increase in insulin secretion with the decrease in insulin

EHOMA FIGURE 2 CEACAMI circulating

levels as a distinctive feature in insulin
metabolism profiling. Data projection of
hierarchical clustering results using the
FreeViz tool implemented in the Orange
package (Version 3.37) and illustrating
the four major clusters within the
PREVADIAB?2 cohort, using Euclidean
distances calculated from standardize
distributions of CEACAM]1, fasting
insulin clearance, Insulinogenic index,
Insulin secretion rate, and HOMA-IR after
adjusting for age and sex as appropriate.
Cluster 1 (blue), Cluster 2 (red), Cluster 3
(green) and Cluster 4 (orange).
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TABLE 2 Profiling of the PREVADIAB 2 according to insulin metabolism clusters.

All Cluster 1 Cluster 2 Cluster 3 Cluster 4

Total, n (%) 945 480 (51%) 233 (25%) 157 (17%) 75 (8%)

Age, Years 62 (17) 62 (16) 64 (16) 62 (19) 59 (14)

BMI, Kg/m? 27(6) 26 (4) 30 (6) 27(5) 27 (6)
a***, b***, c* d***’ e***

Glucose 0 min, mmol/L 5.0 (0.8) 4.9 (.7) 5.4(.9) 5.0(.8) 4.8 (.6)
a*** d***’ e*** fk

Glucose 30 min, mmol/L 8.4(2.3) 8.1(1.9) 9.4(2.4) 8.8(2.0) 6.6 (1.4)
a***’ b***, c*** d*’ e*** fk**

Glucose 120 min, mmol/L 6.0 (2.6) 5.7(2.2) 6.9 (3.1) 6.4 (2.4) 5.1(1.8)
a***’ b*’ c*** d*’ e*** fﬁ**

FLI >60, n (%) 311 (33%) 91 (19%) 136 (58%) 61 (39%) 23 (31%)

HOMA-IR 1.4 (1.3) .97 (.5) 2.9 (1.4) 1.7 (.9) 1.8 (.9)
a***’ b***’ c*** d***’ e***

Insulin O0min, pIU/mL 6.2 (5.6) 4.4(2.2) 12.1 (5.0) 7.5(3.8) 8.7 (4.1)
a***, b***’ c*** d***, e***

C-peptide O min, ng/mL 2.1(1.0) 1.7 (.6) 3.0(1.2) 2.2(.9) 2.1(.6)
a***’ b***’ c*** d***’ e***

Fast-ISR, pmol/min 151 (84) 127 (48) 231 (106) 157 (75) 163 (64)
a***’ b***’ c*** d***’ e***

IGI .67 (.72) .57 (.49) .77 (.67) .64 (.56) 2.4 (1.1)
a***’ c*** d*’ e*** fk**

CEACAM1, ng/mL 29.0 (11.0) 27.5 (8.6) 26.3 (8.6) 41.7 (13.7) 30.0 (9.1)
a*’ b***’ c** d***, e*** fk**

Fast-IC, L/min 4.0 (2.0) 4.9 (1.9) 3.1 (1.0) 3.5 (1.4) 3.4 (1.2)
a***’ b***’ C*** d*

OGTT insulin clearance .17 (.08) .20 (.07) .13 (.05) .16 (.07) .13 (.05)
a***, b***’ c*** d*** f***

Note: Profiling parameters are reported as median and (Interquartile Range, IQR) (continuous variables) or counts (and percent of column) for categorical
parameters. In bold are the parameters use to inform the cluster analysis. Comparison between clusters was performed with one-way ANOVA, Kruskal-Wallis
test for continuous variables. Summary statistics: *Cluster 1 versus Cluster 2, PCluster 1 versus Cluster 3, “Cluster 1 versus Cluster 4, dCluster 2 versus Cluster 3,
¢Cluster 2 versus Cluster 4 and ‘Cluster 3 versus Cluster 4, where *p <.05, *p <.01, ***p <.001.

Abbreviations: FLI, Fatty Liver Index; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; IC, insulin clearance; IGI, Insulinogenic Index; ISR,

insulin secretion rate.

clearance would lead to a compensatory increase in
insulin levels by comparison to Cluster 1. Consistent
with insulin resistance, BMI was higher in parallel to
increased prevalence of hepatic steatosis in Clusters
3 and 4 than Cluster 1 subjects. Comparison between
Cluster 3 and 2 showed a similar comparison to that
between Cluster 1 and 2 insofar as BMI, the prevalence
of fatty liver index (FLI), HOMA-IR, circulating insulin
and C-peptide levels, and Fast-ISR are lower in Cluster
3 than 2 whereas CEACAM1 levels and insulin clear-
ance at fasting (Fast-IC) and during the 2h-OGTT are
higher than Cluster 2 (Table 2). Of note, Cluster 4 was
distinguished by a notably high insulinogenic index, in-
dicative of the pancreas's enhanced capacity to secrete

insulin in response to glucose. This could contribute to
the lowest glucose levels in this cluster (Table 2).

3.5 | Linear correlation between
circulating CEACAM1 levels and insulin
clearance

Insulin clearance is a critical factor in maintaining in-
sulin homeostasis and is mechanistically linked to he-
patic CEACAM1. Although circulating CEACAM1 can
originate from different cells, hepatocytes are likely to
be a major contributor. Thus, we further assessed the
relationship between insulin clearance and circulating
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CEACAM1 levels across the four clusters. The scatter
plot in Figure 3A illustrates distinct patterns of distribu-
tion within the CEACAM1/insulin clearance correlation
space across the clusters. This observation was further
supported by linear regression analysis (Figure 3B).
Notably, Clusters 1 and 3 demonstrated a more positive
correlation between insulin clearance and CEACAM1
levels relative to Clusters 2 and 4. However, as noted
above, circulating CEACAM1 levels were the lowest
in parallel to the lowest insulin clearance in Cluster 2
(Table 2).

4 | DISCUSSION
In obese individuals,®®*' chronic hyperinsulinemia
results from increased insulin secretion®* and reduced
insulin clearance,®*® to compensate for peripheral
insulin resistance. Furthermore, recent studies in humans
and animal models showed that obesity'® and MASLD"®
are characterized by reduced hepatic insulin clearance
as a cause of hyperinsulinemia,>'>'”'® and identified

(A)
100
)
E 754 o Cluster 1
(=]
£ o © Cluster2
2 07 o Cluster 3
%)
< 25 Cluster 4
o
o 1 1
0 5 10
Insulin Clearance
(B)
100 Cluster 1-r=0.324
P<0.0001
o
£ 757 Cluster 2 - r=0.004
£ P>0.05
= 50
2 /—/ Cluster 3 - r=0.284
Q P=0.0003
S 254
© r=0.153
0 +————————————r— P>0.05
0 5 10

Insulin Clearance

FIGURE 3 Correlation of circulating CEACAM1 levels and
fasting insulin clearance in insulin metabolism clusters. (A) Scatter
plot of CEACAMI circulating levels and fasting insulin clearance in
PREVADIAB2 individuals ascribed to different insulin metabolism
clusters (as described in Figure 2). (B) Cluster-wise linear fitting

of CEACAMI circulating levels and fasting insulin clearance,
indicating Spearman correlation coefficient (r) and significance
level (P).

insulin clearance as a determinant of systemic insulin
sensitivity.>'® Moreover, elevated fasting insulin levels
have recently been proposed as a predictor of MASLD
progression to T2DM.>’

Consistently, the current study revealed that after
adjusting for age and sex, participants in Portugal's
PREVADIAB?2 study who had prediabetes or were newly
diagnosed with T2DM manifested higher circulating insu-
lin levels and systemic insulin resistance relative to those
with normoglycemia. Hyperinsulinemia in these subjects
resulted from increased insulin secretion as well as reduced
insulin clearance (assessed at fasting and in response to
glucose challenge). Interestingly, BMI and the prevalence
of hepatic steatosis increased as the disease progressed
(46%-60% in prediabetes-diabetes vs. 26% in subjects with
normoglycemia). In parallel, circulating CEACAM1 levels
gradually declined with the progression of the disease. The
stronger correlation between circulating CEACAM1 lev-
els and insulin clearance in individuals with normoglyce-
mia than in subjects with glucose intolerance could stem
from the declined ability of insulin to induce CEACAM1
expression®® and its phosphorylation by the insulin re-
ceptor>® with the onset of glucose intolerance and insulin
resistance. This could lower CEACAM1-mediated seques-
tration of the insulin/insulin receptor complex and disturb
its targeting to the degradation process. In addition, im-
paired glucose tolerance is a transition state, so it is likely
that individual heterogeneity also played a role in reducing
the strength of the association. Nonetheless, the similarity
of this metabolic profile to that of mice with liver-specific
deletion of Ceacam1>*® that manifested hyperinsulinemia
and resultant insulin resistance secondarily to reduced in-
sulin clearance raises the possibility that low circulating
CEACAM1 levels reflect low hepatic CEACAMI1 content
in the PREVADIAB2 cohorts with prediabetes and T2DM.

To further address whether circulating CEACAMI1
could constitute a marker of metabolic disease pro-
gression, we conducted a hierarchical clustering of the
PREVADIAB2 cohort, using circulating CEACAM1 levels
as a feature in a multidimensional analysis associated with
insulin homeostasis and action. The analysis revealed four
distinct clusters, with a notably significant positive correla-
tion between insulin clearance and circulating CEACAM1
levels in Clusters 1 and 3, representing 51% and 17% of the
study population, respectively. Nonetheless, the degree of
correlation between circulating CEACAM1 and insulin
clearance in Clusters 1 and 3 is relatively low. This could
be due to clustering patients based on available clinical
data, from which neither the trajectory nor the duration
of the disease can be imputed. As noted above, it can also
be partly related to the heterogeneity in the compensatory
increase in insulin secretion among individuals with glu-
cose intolerance.
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The analysis also revealed that as BMI and the prev-
alence of hepatic steatosis increased, insulin resistance
and hyperinsulinemia became more pronounced, par-
ticularly in Cluster 2, with a lower degree observed in
Clusters 3 and 4. Importantly, hyperinsulinemia resulted
from increased insulin secretion and reduced insulin
clearance (fast-ISR and IC in Clusters 2, 3 and 4 rela-
tive to Cluster 1). Further emphasizing the relationship
between insulin clearance and circulating CEACAM1
levels is the lowest circulating CEACAM1 levels as well
as the lowest insulin clearance in Cluster 2 subjects who
exhibited the highest BMI and prevalence of hepatic ste-
atosis relative to the other clusters. This was observed
in parallel to the highest insulin resistance (HOMA-IR),
basal glucose levels and glucose intolerance that trig-
gered the highest compensatory insulin secretion rate in
subjects of this cluster. Given that Cluster 1 represents
51% and Cluster 2 includes 25% of the participants in
the study, the data collectively demonstrate a strong re-
lationship between circulating levels of CEACAM1 and
insulin clearance. Thus, the study indicates a reduction
of circulating CEACAM1 as a non-invasive surrogate di-
agnostic marker for reduced insulin clearance in com-
bination with high circulating fasting insulin levels,
particularly in obese patients with MASLD who are at
a high risk of developing T2DM. The findings also im-
plicate hyperinsulinemia and reduced insulin clearance
in the progression of MASLD, specially in the context
of T2DM and its advancement, as has been recently re-
ported in a study performed on 50 participants between
45 and 65years of age with a BMI distribution similar to
that of the cohort in our study.*’

4.1 | Strengths and weaknesses

The strength of this study is that it examined a large
cohort that provided a critical platform to test the hy-
pothesis that like its hepatic counterpart, low circulat-
ing CEACAM1 content is a marker of compromised
insulin clearance and the progression of insulin resist-
ance. However, few weaknesses should be noted. First,
the findings are correlative. Second, the association
between circulating CEACAM]1 and insulin clearance
differs among the four clusters. The low strength of the
observed correlation could stem partly from the poten-
tial implication of additional mechanisms that may over-
see the complex biological process of insulin clearance.
These include the involvement of insulin-degrading en-
zyme”*! and the degree of the contribution of renal in-
sulin clearance.*? Third, because this is a cross-sectional
study, it is hard to assess the temporal relationship be-
tween insulin clearance and insulin secretion changes

WILEY- 2™

in the different clusters. Fourth, our studies are limited
to a single cohort, and further validation in additional
ethnic groups will be required to test the robustness of
the findings. If the findings are reproducible in other
groups, low circulating levels of CEACAM1 could be-
come a non-invasive diagnostic tool to detect systemic
insulin resistance and predisposition to diabetes.

In conclusion, reduced insulin clearance is associ-
ated with lower circulating CEACAM]1 levels, highlight-
ing its potential use as a novel and valuable biomarker
for monitoring the progression of metabolic diseases. By
serving as an early indicator of impaired insulin metab-
olism, CEACAM1 could play a crucial role in identifying
individuals at increased risk of developing conditions
such as MASLD and T2DM. Its non-invasive nature fur-
ther strengthens its utility as a diagnostic tool in clinical
settings.
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