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Calreticulin and PDIA3, two
markers of endoplasmic
reticulum stress, are associated
with metabolic alterations and
insulin resistance in pediatric
obesity: A pilot study
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Our aim was to evaluate the markers of endoplasmic reticulum (ER) stress

among children and adolescents with obesity in relation to metabolic

alterations. Calreticulin (CALR) and PDIA3 circulating levels were assessed on

52 pediatric subjects—26 patients with obesity and 26 normal weight controls

(4–18 years)—enrolled in a pilot study. Clinical and metabolic evaluations were

performed (BMI-SDS, insulin, and glucose at fasting and during an oral glucose

tolerance test, lipid profile, blood pressure), and metabolic syndrome was

detected. PDIA3 was higher (p < 0.02) and CALR slightly higher in children

with obesity than in controls. PDIA3 was related positively to the Tanner stages.

Both PDIA3 and CALR were positively associated with insulin resistance,

cholesterol, and triglycerides and the number of criteria identifying metabolic

syndrome and negatively with fasting and post-challenge insulin sensitivity.

Our preliminary findings suggest the existence of a link between ER stress and

metabolic changes behind obesity complications even at the pediatric age.

CALR and PDIA3 could be early markers of insulin resistance and dyslipidemia-

related ER stress useful to stratify patients at high risk of further complications.
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1 Introduction

Obesity is a growing public health issue due to its prevalence

and numerous associated comorbidities in children and

adolescents (1–4). Inflammation, oxidative stress, lipotoxicity,

and endoplasmic reticulum (ER) stress are all identified as

obesity triggers for its complications (5).

Some hypotheses have been proposed in order to clarify the

mechanisms leading to proinflammatory response activation of

visceral adipose tissue (VAT) (6), considering the influence of

several mechanisms on adipose tissue, including the hypoxia-

inducible factor (HIF) activation (7, 8), the production of

reactive oxygen species (ROS) (9), the increased concentration

of free fatty acids (FFAs) leading to lipotoxicity, and the role of

proinflammatory cytokines (6). This lays the foundation for the

development of complications such as insulin resistance and

type 2 diabetes mellitus (T2DM) (10).

The excess of nutrients and the increased metabolism of

FFAs, characteristics of obesity, can lead to the involvement of

the endoplasmic reticulum (ER), since it plays a crucial role in

controlling lipid metabolism by regulating lipid synthesis,

modification, and secretion (11).

When the ER is subjected to excessive workload, it enters a

stress situation (ER stress); thus, to protect cellular functionality,

unfolded protein response (UPR) is activated, with the aim of

solving ER stress by acting on cellular metabolism, through a

process of retro-translocation in the cytoplasm, the addition of

ubiquitin, and demolition by the proteasome (11). However,

when the protein load is excessive and the ER stress is very high,

the UPR leads to the activation of cellular death mechanisms.

This situation can be observed in obesity when several chronic

conditions such as hyperglycemia, hyperinsulinemia, and

elevation of FFA plasma levels and proinflammatory cytokines

promote the activation of the cell death pathway mediated by ER

stress (12). Indeed, an increase in the expression of proteins

involved in cytoskeletal remodeling, inflammation, cellular

senescence, oxidative stress, and ER stress can be observed

particularly in those patients showing signs of metabolic

decompensation, such as insulin resistance or T2DM (13–16).

It seems that some of the proteins involved in the

abovementioned processes may represent valid markers of

“progression” of the disease and could therefore contribute to

the identification of complications at an early stage. Among

these, calreticulin (CALR) and PDIA3, two important proteins

located in the ER and involved in cellular response to ER stress,

whose increase is part of the attempt of cells to cope with some of

the deleterious effects of cell stress, such as protein misfolding

and ROS damage, are worthy of a more in-depth analysis (13–

18) (Figure 1).

CALR was initially described as an ER protein, regulating

calcium homeostasis and the folding of glycoproteins (17).

Today, CALR is recognized as a chaperone with various
Frontiers in Endocrinology 02
functions; it is involved in the regulation of cell proliferation

processes, phagocytosis, apoptosis, adhesion, and adaptive and

innate immune responses. Acting synergistically with calnexin

(CNX), another chaperone of the ER, CALR becomes part of the

quality control mechanism that monitors the state of

glycosylation and three-dimensional arrangement of proteins

transiting the ER (17, 19).

CALR functions become fundamental to resolve the

accumulation of proteins within the ER and ensure a return to

cellular homeostasis. In these conditions and following the

activation of the UPR, there is an increase in the synthesis of

this protein, and IRE-1 (an enzyme recruited as a first response)

mediates the processing and activation of XBP-1, a transcription

factor that acts on the genes of several chaperones, including

CALR and CNX themselves (19, 20). It is through this

mechanism that an increased CALR expression is observed in

tissues subjected to strong cellular stress, just like in the case of

VAT, subcutaneous adipose tissue (SAT), and the liver of obese

subjects, in which CALR is found in high concentrations (14, 21).

PDIA3 is among the genes whose transcription is promoted

by XBP-1 (19, 20). PDIA3 is present mainly but not exclusively in

the ER, where its main function is to ensure and mediate the

formation of the correct intramolecular disulfide bonds in nascent

proteins. Indeed, PDIA3 is a stress response protein aimed at

avoiding and solving situations of cellular stress (22), and its

expression is increased in these cases, especially following protein

accumulation that results in ER stress and UPR (14–16, 21).

This protein has four domains, with an active site that

provides its oxidation-reductive property, while the C-terminal

possibly enables protein retention in the ER and could act as a

nuclear localization sequence and a portion responsible for the

interaction and binding with CALR and CNX, contributing to

normal folding and proper protein glycosylation interaction

(22). PDIA3 is also involved in various functions in other

cellular compartments, with studies supporting its involvement

in signal transduction from the cell surface, the regulation of

nuclear processes such as DNA repair, and the promotion of

phagocytosis and autophagy (18).

Based on the above, we aimed to assess if an association

among CALR, PDIA3, and metabolic risk factors in pediatric

obesity exists since ER stress proteins could be precocious

markers of metabolic impairment and no data exist in this age

on these molecules.
2 Materials and methods

2.1 Population and clinical parameters

Fifty-two subjects aged between 4 and 18 were enrolled.

Twenty-six case subjects were recruited in a pilot study from

patients attending the Division of Pediatric Endocrinology of
frontiersin.org
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our hospital. As a control group, 26 normal weight age-matched

subjects were enrolled. The control group consisted of

outpatients of our hospital, joining the project “The

prevention game begins as a child” (CE 95/12). The inclusion

criteria for patients were the presence of obesity according to the

International Obesity Task Force curves (IOTF) (23). For

both groups, we excluded subjects with cardiorespiratory

diseases, endocrine diseases (hypo- or hyperthyroidism,

growth hormone deficiency, type 1 diabetes, adrenal

insufficiency, hypercortisolism), chronic diseases, and genetic

causes of obesity, as well as those under prescription drugs that

could alter glucose and/or lipid metabolism.

All patients were subjected to clinical assessment, including

Tanner criteria for pubertal development, defining puberty at

stages 2–5 (24). Weight, height, and waist circumference were

measured by the medical staff, and BMI and BMI Z-score were

calculated. Patients and controls were categorized into weight

classes according to the 2012 IOTF (23).

Blood pressure was measured and stratified by gender and

age, as suggested by the National High Blood Pressure Education

Program (NHBPEP) Working Group of the American Academy

of Pediatrics (AAP) (25).
2.2 Biochemical evaluation

Blood samples were collected at fasting in the morning. We

evaluated glucose and insulin, total cholesterol, HDL,

triglycerides, PDIA3, and CALR. All patients were subjected to
Frontiers in Endocrinology 03
an oral glucose tolerance test (OGTT), evaluating glucose and

insulin levels every 30 min for 120 min (26). From the OGTT,

the indexes regarding insulin resistance (HOMA-IR) and insulin

sensitivity (QUICKI and Matsuda index, ISI) as well as the

insulinogenic index were calculated. The formulas are reported

in our previous papers (27, 28).

LDL levels were obtained from Friedwald’s formula,

calculated for subjects with triglyceride levels below 150 mg/dl.

Patients were also evaluated for the presence of

cardiovascular risk factors considered in the definition of

metabolic syndrome using the limit values of the modified

criteria of the National Cholesterol Education Program

(NCEP) and the Adult Treatment Panel (ATP) III (>90

percentile triglycerides by sex and age; <10 percentile HDL by

sex and age; IFG/IGT) (26).
2.3 CALR and PDIA3 analysis

CALR or PDIA3 concentration was evaluated in plasma

samples using the Human CALR or PDIA3 ELISA kit

[Elabsicence (Houston, Texas, USA)]. Briefly, a 100-ml dilution
consisting of standard, blank, and sample was placed into the

appropriate wells (in duplicate). Samples were incubated for

90 min at 37°C. Liquid was decanted from each well, and 100 ml
of Biotinylated Detection Ab working solution was added to

each well immediately. The samples were incubated for 1 h at

37°C. The liquid was decanted and 350 ml of wash buffer was

added to each well and removed after 1 min (repeated three
FIGURE 1

Some of the main mechanisms underlying the relationship between obesity, insulin resistance al URP-related chaperones activity. Nutrients
intake, when is higher than cellular needs, causes an overproduction of unfolded proteins that require to be processed by ER. In these
situations, ER activates multiple mechanisms to reduce stress sources. First, Insulin resistance is provoked by the cell to reduce the insulin-
mediated protein transcription, lately being ad additional factor for the development of obesity. Secondly, ER activates UPR, increasing the
activity of several enzymes such as caspases that are responsible of apoptotic processes in addition to ROS and inflammatory cytokines
production. URP has also the role of increasing protein degradation (ERAD) and contemporarily of boosting folding capacity through oxidative
protein folding, which is partially performed by the activation of the PDIA3/Calreticulin/Calnexin chaperones complex..
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times). Then, 100 ml of HRP conjugate working solution was

added to each well, and the plate was incubated for 30 min at 37°

C. The liquid was removed and each was washed three times as

reported above. Then, 90 ml of substrate reagent was added to

each well, and the samples were incubated for about 15 min at

37°C (protected from light). Fifty microliters of stop solution

was added to each well, and optical density (OD value) was

evaluated with a microplate reader set to 450 nm [Spark

multimode microplate reader; Tecan (Seestrasse, Switzerland)].

CALR or PDIA3 concentration in each sample was

calculated through the standard curve, obtained by serial

dilution of a CALR or PDIA3 stock solution of 10 ng/ml. The

sensitivity of the kit was estimated to be 0.10 ng/ml, the

analytical range was between 0.16 and 10 ng/ml, and the

coefficient of variation was <10%.
2.4 Statistical analysis

Due to the small sample of patients, a non-parametric

approach was used. Data were expressed as median (IQR) or

percentage (%). Differences between the two groups were

analyzed using the Mann–Whitney U test. Correlation analysis

was performed using Spearman’s r.

Statistical significance was set at p <0.05. The statistical

analysis was performed using SPSS for Windows V.26.0 (SPSS

Inc., Chicago, IL, USA).
3 Results

This pilot study was carried out involving 52 subjects (26

healthy subjects and 26 with obesity) matched for sex and

pubertal stage. Six of them were excluded because of
Frontiers in Endocrinology 04
incomplete clinical information. The clinical data are reported

in Table 1. Of the children with obesity, 65.2% were obese and

34.8% were morbidly obese.

Children with obesity had a higher level of PDIA3 (0.212,

0.187–0.465 ng/ml, p < 0.05) than normal weight patients (0.188,

0.167–0.222 ng/ml), corrected by sex and age. PDIA3

significance was lost when correcting also for BMI and

pubertal stage. CALR levels, on the other hand, were

comparable between normal weight patients (0.230, 0.206–

0.273 ng/ml) and those with obesity (0.233, 0.145–0.422 ng/ml).
3.1 Metabolic features

Glucose and insulin levels at 0 min (p < 0.01) and 120 min

(p < 0.001) and HOMA-IR (p < 0.001) were higher, while HDL

(p < 0.001), QUICKI (p < 0.001), and ISI (p < 0.001) were lower

in obese subjects compared to normal weight subjects. The data

are reported in Table 2.
3.2 Correlation analysis

3.2.1 CALR
CALR was positively correlated with systolic (r = 0.329;

p < 0.05) and diastolic blood pressure (r = 0.374; p < 0.05),

acanthosis score (r = 0.684; p < 0.001), non-HDL cholesterol

(r = 0.347; p < 0.03), triglycerides (r = 0.488; p < 0.003), number

of criteria identifying metabolic syndrome (r = 0.705; p < 0.001),

fasting insulin (r = 0.415; p < 0.005), HOMA-IR (r = 0.368;

p < 0.005), and insulinogenic index (r = 0.292; p < 0.05). CALR

was, instead, negatively correlated with HDL (r = −0.390;

p < 0.01), QUICKI (r = −0.368; p < 0.01), and ISI (r = −0.421;

p < 0.02) (Table 3).
TABLE 1 Clinical characteristics of the population.

Variable Obese Normal weight p-value

Gender Male 12 (52.2%) 5 (40.3%)

Female 11 (47.8%) 18 (59.7%)

Puberty Prepubertal 8 (34.8%) 4 (17.4%)

Pubertal 15 (65.2%) 19 (82.6%)

Age (years) 11.4 (8.8; 13.4) 12.6 (9.9; 13.2)

Height (cm) 155.3 (137.8; 161) 152.5 (145; 163.1)

Weight (kg) 69.1 (52; 81.5) 40 (34; 48.2) p < 0.001

BMI (kg/m2) 28.4 (26.1; 32.4) 17 (15.7; 18.2) p < 0.001

BMI Z-score (kg/m2) 2.03 (1.9; 2.5) −0.94 (−1.32; −0.40) p < 0.001

Waist (cm) 92 (78; 99) 69 (63.5; 72.5) p < 0.001

Waist/heigh (cm) 0.58 (0.54; 0.61) 0.38 (0.01; 0.44) p < 0.001
fronti
Data are expressed as median (IQR) or percentage (%).
BMI, body mass index.
ersin.org

https://doi.org/10.3389/fendo.2022.1003919
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Antoniotti et al. 10.3389/fendo.2022.1003919
3.2.2 PDIA3
As shown in Table 3, PDIA3 levels were positively correlated

with weight (r = 0.325; p < 0.001), BMI (r = 0.303; p < 0.03) and

BMI Z-score (r = 0.378, p < 0.008), waist circumference

(r = 0.292; p < 0.05), Tanner stages (r = 0.328; p < 0.05),

acanthosis score (r = 0.342; p < 0.05), number of criteria

identifying metabolic syndrome (r = 0.485; p < 0.001), LDL

(r = 0.305; p < 0.05), non-HDL cholesterol (r = 0.438; p < 0.008),

triglycerides (r = 0.664; p < 0.001), fasting insulin (r = 0.296;

p < 0.02), and HOMA-IR (r = 0.273; p < 0.06). PDIA3 was found

to be only inversely correlated with HDL (r = −0.433; p < 0.008)

and QUICKI (r = −0.283; p < 0.06).
4 Discussion

Obesity is associated with several comorbidities, all related to

the establishment of chronic inflammation, oxidative stress,

lipotoxicity, and endoplasmic reticulum (ER) stress. Our

preliminary data suggest that CALR and PDIA3, two key

molecules of ER stress, could be related to insulin resistance

and altered lipid profile in pediatric obesity.

One of the mechanisms involved in the development of

obesity complications is ER stress, triggered by an overload of

lipids and proteins among other mechanisms. ER stress markers
Frontiers in Endocrinology 05
have been found elevated in the visceral adipose tissue of adult

patients with obesity, and it seems that these proteins could be

markers also in their circulating form. Two of the most studied

molecules are CALR and PDIA3, starting from their relation with

cancer (18, 29–32). The markers of ER stress are poorly

investigated especially at a young age. Therefore, we aimed to

explore theirmodulation in children and adolescents with obesity.

First, preliminary data from our study showed higher

circulating levels of PDIA3, but not CALR, in obese pediatric

subjects compared to those with normal weight. The correlation

of PDIA3 with BMI, weight, and waist circumference can be

explained by the release of ER stress markers in the adipose

tissue, increasing simultaneously with the increased number of

adipocytes. PDIA3 is also an important regulator of postnatal

bone and muscle growth, particularly during the pubertal

growth spurt (33), possibly explaining also the correlation of

PDIA3 with the Tanner stage. However, because our population

is mainly in the mid of puberty, the strength of the association

could be influenced by this age and puberty distribution.

Second, in our cohort, we observed associations between

circulating levels of both markers and cardiometabolic risk

factors. PDIA3 was directly correlated with a high

concentration of LDL cholesterol, and both PDIA3 and CALR

were directly correlated with non-HDL cholesterol and

triglycerides and inversely correlated with low HDL cholesterol
TABLE 2 Metabolic and biochemical characteristics of obese and normal weight individuals.

Obese
(N = 23)

Normal weight
(N = 23)

p-value

Systolic blood pressure (mmHg) 123 (112; 132) 120 (110; 125)

Systolic blood pressure (mmHg) 80 (70; 86) 80 (70; 80)

Total cholesterol (mg/dl) 141 (121; 158) 142 (127; 164.5)

HDL (mg/dl) 40 (36; 54) 60 (49; 65) p < 0.001

LDL (mg/dl) 82 (63; 100) 73 (61; 96)

Non-HDL-c (mg/dl) 97 (78; 120) 84 (72; 105.5)

TG (mg/dl) 63 (38; 91) 44 (40.5; 54) p < 0.04

AST (mg/dl) 24 (19; 28) 25 (23.5; 29)

ALT (mg/dl) 21 (18; 30) 19 (17.5; 21.5)

Glucose at 0 min (mg/dl) 89 (84; 95) 85 (75; 89.5) p < 0.01

Glucose at 120 min (mg/dl) 117 (106; 123) 91 (86.5; 108.5) p < 0.001

Insulin at 0 min (UI/ml) 16.8 (9.3; 24.6) 9.5 (6.3; 11.3) p < 0.001

Insulin at 120 min (UI/ml) 70.7 (43.7; 135.5) 24.5 (17.4; 37.4) p < 0.001

HOMA-IR 3.7 (2.2; 5.8) 2.0 (1.3; 2.3) p < 0.001

QUICKI 0.31 (0.29; 0.34) 0.34 (0.33; 0.36) p < 0.001

ISI 3.42 (1.87; 4.41) 6.14 (5.53; 8.32) p < 0.001

Insulinogenic index 1.99 (0.89; 2.93) 1.32 (1.19; 1.91)

CALR (ng/ml) 0.233 (0.145; 0.422) 0.230 (0.206; 0.273)

PDIA3 (ng/ml) 0.212 (0.187; 0.465) 0.188 (0.167; 0.222) p < 0.05
fronti
Descriptive characteristics are expressed as median (IQR).
HDL, high-density lipoprotein; LDL, low-density lipoprotein; TG, triglyceride; AST, aspartate aminotransferase; ALT, alanine aminotransferase; HOMA-IR, insulin resistance index;
QUICKI, quantitative insulin-sensitivity check index; ISI, insulin sensitivity index.
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levels. Our results are in line with recent literature, reporting an

increased lipid turnover as a cause of ER malfunction (12, 34).

Furthermore, both molecules were involved in cholesterol

assembly and turnover (35, 36).

PDIA3 and CALR were also correlated directly with insulin

levels and HOMA-IR and inversely with ISI and QUICKI,

surrogate indexes of insulin sensitivity. Also, both markers

were found to be related with acanthosis nigricans, which is

one of the clinical manifestations of insulin resistance, due to the

presence of keratinocytes and fibroblasts able to respond to

insulin through the expression of IGF1-R (37, 38). Literature

studies confirm how ER stress is directly involved in the

development of insulin resistance during obesity such as in a

pediatric population (39–41). Our results strengthen these

findings and underline how insulin resistance and ER stress are

strictly related in a precocious stage of metabolic derangement.

This was also confirmed by the direct association of CALR and

PDIA3 with the number of metabolic alterations typical of

metabolic syndrome. Our findings were in line with similar

results in adults with metabolic syndrome (42). Furthermore,

CALR expression increased during an OGTT in healthy adults,
Frontiers in Endocrinology 06
suggesting that it could be a sensible ER stress marker of chronic

and acute dysglycemia in both children and adults (42).

Furthermore, a decreased CALR expression in adipose tissue

after Roux-en-Y gastric bypass in obese adult patients has been

shown, suggesting a link with the decrease in chronic

inflammation and metabolic derangement (43).

This study has the limitation of having a small number of

samples analyzed, which is secondary to the experimental

difficulties faced in the development of the dosage of PDIA3

and CALR since their range for pediatric age is not yet known.

Because of the lack of data in the literature that correspond to the

results of our study, analysis for the expansion of the sample is

needed to confirm our preliminary findings.

In conclusion, this pilot study aimed to establish the

association between ER stress and metabolic complications in

obese children and adolescents. The results suggest the existence

of an important link between ER stress and metabolic changes

behind obesity complications even in pediatric age. CALR and

PDIA3 could be early markers of insulin resistance and

dyslipidemia-related ER stress, being useful to stratify patients

at high risk of further complications over time.
TABLE 3 Significant correlation of CALR and PDIA3.

CALR Spearman’s r p-value PDIA3 Spearman’s r p-value

Weight (kg)  0.325 0.001

BMI (kg/m2)  0.303 0.03

BMI Z-score (kg/m2)  0.378 0.008

Waist circumference (cm)  0.292 0.05

Diastolic blood pressure (mmHg)  0.329 0.05

Systolic blood pressure (mmHg)  0.317 0.05

Tanner stages  0.328 0.05

Acanthosis  0.684 0.001  0.342 0.05

LDL (mg/dl)  0.305 0.05

HDL (mg/dl) −0.390 0.01 −0.433 0.008

Non-HDL cholesterol (mg/dl)  0.347 0.03  0.438 0.008

Triglycerides (mg/dL)  0.488 0.003  0.664 0.001

Number of criteria identifying metabolic syndrome  0.705 0.001  0.485 0.001

Fasting insulin (UI/ml)  0.415 0.005  0.296 0.02

HOMA-IR  0.368 0.01  0.273 0.06

Insulinogenic index  0.292 0.05

QUICKI −0.368 0.01 −0.283 0.06

ISI −0.421 0.02
fronti
BMI, body mass index; HOMA-IR, insulin resistance index; QUICKI, quantitative insulin-sensitivity check index; ISI, insulin sensitivity index;  , positive correlation; ,

negative correlation.
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