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Abstract

This case reports peripheral blood mononuclear cell (PBMC) transcriptomic changes in a pair of male monozygotic pediatric twins with
metabolic syndrome (MetS) undertaking assisted weight loss. These 14-year-old boys presented with similar baseline biochemistry and body
composition. After a 16-week weight-loss intervention, percent body weight loss was similar (Twin A 12%, and Twin B 13%).MetS resolved in
Twin A but Twin B maintained elevated triglycerides after weight loss. Analysis of the PBMC transcriptome before and after weight loss
revealed very different changes in gene expression including differences in the direction of expression of genes related to immune cell acti-
vation. 48.7% of genes that were downregulated in Twin A were upregulated in Twin B. This case highlights a novel approach to report the
influence of chronic low-grade inflammation andmetabolic dysfunction on the PBMC transcriptome. It explores whether expression of genes
related to immune functionsmay underlie the differences in response to weight loss or whether transcriptomic alterations in immune cells may
precede more traditional biomarkers of chronic pro-inflammation. These monozygotic twins present an example of divergence of phenotypic
outcomes despite identical genetic background and similar treatment response.
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This case reports on a pair of adolescent male monozygotic twins
who presented to a tertiary hospital with metabolic syndrome and
obesity, seeking weight loss treatment. Upon 16 weeks of a weight-
loss intervention, metabolic syndrome resolved in one twin only,
and this was accompanied with differential changes in the periph-
eral blood mononuclear cell (PBMC) transcriptome between
twins. Ethical approval for this study was provided by Monash
Health HREC (RES-17-0000-519X), and the family provided addi-
tional written consent for this case study publication.

Case Presentation

Medical records indicated that the twins were born at 34 weeks’
gestation using forceps to assist delivery. Zygosity was self-
reported as monozygotic. Twin A had a birth weight of 2.005 kg
and Twin B had a birth weight of 2.44 kg. Twin A had an uncom-
plicated neonatal course, but Twin B required CPAP for

respiratory distress syndrome and polycythemia requiring a partial
exchange transfusion. They were raised together by their genetic
parents in the same home environment. Twin A has a history of
learning disabilities and visual impairment in the context of
macrocephaly and white matter changes of antenatal origin on
brain MRI. By the age of 10, both twins had developed significant
obesity with concurrent metabolic dysregulation that met the
criteria for metabolic syndrome (MetS) as defined in adolescents
by Zimmet et al. (2007). Both twins presented for treatment at a
tertiary teaching hospital at age 14, advanced in puberty. They
underwent a 16-week dietary protocol for weight loss in a dieti-
tian-led weight management program. Measurements were taken
at baseline and week 16 after an overnight fast. Both twins achieved
>10% bodymass loss (Twin A: 12% reduction; Twin B: 13% reduc-
tion) with concurrent reductions in waist circumference, fat mass
and blood pressure (Table 1). There were no notable differences
between twins in the reduction of fat mass (kg) or waist-to-height
ratio (WtHR), but Twin B experienced a slightly greater reduc-
tion in waist circumference (A: −13.7 cm vs. B: −16.4 cm), and
grew in stature slightly more than his brother (A:þ0.55 cm vs. B:
þ1.8 cm) during the 16 week intervention. The reduction in
fasting triglycerides was greater in Twin A (−2.0mmol/L) than
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Twin B (−0.5mmol/L), such that Twin A (but not Twin B) no
longer met the adolescent criteria for MetS.

RNA Extraction and Analysis

RNA was isolated from PBMCs collected at baseline and after
weight loss at week 16. RNA integrity (RIN) was measured using
an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, California,
United States). Samples were advanced to RNA sequencing
(Illumina NextSeq 500, Illumina, San Diego, California, United
States) with a RIN above 8; all twin samples had a RIN above 8.
For immune cell subsets within PBMC samples, enrichment scores
were calculated using SPEC (version 0.5.0; Bolen et al., 2011)
whereby the twins’ gene expression signatures were correlated with
the default package gene signatures for each cell type (T cells,
myeloid cells, monocytes and lymphocytes).

Fastq files of raw sequence reads were aligned to the human
genome (GRCh38) using the STAR aligner and read counts gen-
erated using the featureCounts package as part of the ‘RNAsiq’
pipeline (Tsyganov et al., 2018) developed by the Monash
Bioinformatics Platform (Monash University, Melbourne,
Australia). Only genes with a mean count >10 were included in
the downstream analysis. Due to the case study design, genes were
determined as differentially expressed with a log-fold change
(logFC)<-0.26 or>0.26 (Muñoz García et al., 2019), a cut-off used
in nutrition research to define differentially expressed genes, since
standard statistical testing could not be performed in this case
(N= 2). To explore the biological processes that differentially
expressed genes were associated with, these genes were mapped to

gene ontologies (GO) using the ClueGO app via the CluePedia plu-
gin for Cytoscape (version 3.8.2). GO terms were considered
enriched with an adjusted p value < .05 after Bonferroni stepped-
down correction for false discovery rate (Dunn, 1961), and at least
five included genes were mapped to the GO term. Terms were
grouped into networks using a connectivity kappa threshold of 0.4.

Results

Peripheral Blood Mononuclear Cell Subpopulations

SPEC analysis demonstrated that cell populations were compa-
rable between twins with both twin gene signatures most strongly
correlated with the T-cell gene signature both before and after the
intervention (Table 2).

Table 1. Anthropometric, body composition and biochemistry outcomes at baseline and week 16.

Baseline Week 16

Twin A Twin B Twin A Twin B

Birth weight (kg) 2.01 2.44

Weight (kg) 112.3 107.7 98.2 93.3

Height (cm) 176.9 178.25 177.45 180.05

BMI (kg/m2) 35.85 33.99 31.34 28.80

BMI Z-score (percentile) 2.49 (99) 2.37 (99) 2.17 (98) 1.94 (97)

Waist circumference (cm) 107.23 110.37 93.53 93.9

WtHR 0.61 0.62 0.53 0.52

Fat mass (kg)* 47.32 45.79 33.43 32.46

Fat free mass (kg)* 63.43 60.56 63.65 59.21

Percentage fat mass loss (%) −29.29 −29.11

Blood pressure (Systolic/Diastolic, mmHg) 120.3/72.3 114.3/72.3 119.0/66.3 111.7/69.7

Fasting glucose (mmol/L) 4.4 4.6 4.6 5.4

Fasting insulin (mIU/L) 17.9 18.9 8.0 12.3

Fasting triglycerides (mmol/L) 3.1 3.2 1.1 2.7

Fasting total cholesterol (mmol/L) 5.3 5.3 3.9 4.1

HDL (mmol/L) 0.9 1 0.9 0.9

LDL (mmol/L) 3 2.9 2.5 2

CRP (mg/L) 3.7 5 6 1.7

Metabolic syndrome (Y/N)** Y Y N Y

Note: BMI, bodymass index; WtHR, waist to height ratio; CRP, C reactive protein. *Fatmass and fat freemass asmeasured by dual X-ray absorptiometry. **Metabolic syndrome defined using the
criteria set out by the International Diabetes Federation (Zimmet et al., 2007).

Table 2. Correlation matrix between twin gene expression signatures and SPEC
PBMC subset gene signatures before and after the weight loss intervention.

Baseline Week 16

Twin A Twin B Twin A Twin B

T cells 0.74 0.60 0.67 0.64

Myeloid cells 0.26 0.19 0.35 0.27

Lymphocytes 0.56 0.39 0.46 0.57

Monocytes 0.52 0.43 −0.42 0.56
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Baseline Gene Expression

Amean count of >10 was detected in a total of 15,071 genes across
all samples. At baseline, 4369 genes (28%) were found to have a
logFC of either >0.26 (1179 genes) or <−0.26 (3189 genes)
between twins. Gene ontology analysis found 64 GO terms associ-
ated with genes that were upregulated, and 222 GO terms associ-
ated with genes that were downregulated in Twin A compared to
Twin B at baseline.

Gene Expression Following the Intervention

Following the intervention, 13,281 genes were differentially
expressed in Twin A compared to baseline, and in Twin B,
9604 genes were differentially expressed. Very few genes
(12.2% and 1.2%) were differentially expressed in the same
direction following weight loss in the twins (Figure 1). In con-
trast, following weight loss, 6463 transcripts (48.1%) were
downregulated in Twin A and upregulated in Twin B (Figure 2).
Due to the large number, only those genes with a logFC <-0.58
or >0.58 following weight loss were used in the downstream
analysis (2280 genes), which represents a more conservative
cut-off commonly used in medical research (Rapaport et al.,
2013). Ninety GO terms were enriched (adjusted p value < .05)
between the 2280 genes inversely regulated following weight
loss. Nine of the 10 top enriched terms were related to immune
cell activation, with four of these terms relating specifically to
neutrophil functions (Table 3). Nine of the top ten terms were
also enriched between genes that were upregulated in Twin A at
baseline compared to Twin B.

The majority of the top terms related to the broader ontologies
of ‘granulocyte activation’ and ‘leukocyte degranulation’; the inter-
action network between these terms is shown in Figure 1. These
terms were also enriched between genes with lower expression lev-
els in Twin B than Twin A at baseline.

Discussion

This case report presents the differential changes in the PBMC
transcriptome between adolescent monozygotic male twins before
and following a 16-week weight loss intervention. Both twins
achieved a >10% body weight reduction (Twin A: 12%, Twin B:
14%) after a 16-week dietitian-led weight management program,
with the majority comprised of fat mass loss. This level of body
composition change would be anticipated to result in optimal met-
abolic changes and resolve MetS (Look AHEAD Research Group,
2014). However, while changes in somemarkers of MetS improved
in Twin B, and indeed showed larger reductions than Twin A, the
criteria forMetS were still met in Twin B following the intervention
due to continued elevated triglycerides. These shifts in metabolic
markers following weight loss were accompanied by differences
in gene expression changes, with nearly half (48%) of the genes that
decreased in expression in Twin A, increased in Twin B. Genes
related to immune function (leukocyte degranulation and granu-
locyte activation) were upregulated at baseline but downregulated
following the intervention in Twin A compared to Twin B, sug-
gesting Twin A had a greater capacity for change in expression
of genes related to immune functions than Twin B. The baseline
discordance observed in gene expression related to immune func-
tion between the twinsmay underlie the differences in gene expres-
sion following the intervention.

Differences in whole blood and PBMC gene expression levels
have been previously identified between people with metabolically
healthy and metabolically unhealthy obesity, particularly for
genes related to lipid metabolism and some immune functions
(TRIM11, ADAMTSL2; Plaza-Florido et al., 2021), suggesting
that differences in gene expression may underlie different met-
abolic phenotypes and transcriptomic differences could, in this
case, precede differences in classical pro-inflammatory markers.
A recent review into differences in PBMC gene expression
between responders to a weight-loss intervention demonstrated

Fig. 1. Venn diagrams of gene expression changes following a 16-week lifestyle intervention in a set of monozygotic twins. A. Transcripts that were downregulated following the
intervention (12.2% overlap between twins). B. Transcripts that were upregulated following the intervention (1.2% overlap between twins). C. Transcripts that were upregulated
following the intervention in Twin A and downregulated in Twin B (8.9% overlap between twins). D. Transcripts that were downregulated following the intervention in Twin A and
upregulated following the intervention in Twin B (48.1% overlap between twins).
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consistent changes in toll-like receptor signalling between high
responders to a weight loss intervention (Day et al., 2021), which
belongs to the same broader gene ontological process of ‘activa-
tion of immune response’ as leukocyte and neutrophil activa-
tion, which were observed in the current study (Figure 2). A
study into PBMC gene expression of African American males
with obesity observed that neutrophil specific genes were upre-
gulated in obesity, suggesting a role of neutrophils in obesity and
its treatment (Xu et al., 2015).

Both genomewide association studies and twin studies have
been used to characterize the heritability of body weight and body
shape (Locke et al., 2015; Min et al., 2013; Thorleifsson et al., 2009).
Genomewide association studies have suggested that less than 1
−3% of BMI variation can be explained by differences in genotype
(Locke et al., 2015; Thorleifsson et al., 2009). Despite this, a system-
atic review of twin studies has suggested moderate heritability of
weight at birth, which increases to a maximum heritability of
79% at around 20 years of age before waning again into adulthood
(Min et al., 2013); suggesting that the genetic influence of body
weight wanes with increasing age and that environmental impacts
may accumulate over time before reaching a critical threshold to
impact phenotype. Interestingly, this places the twins reported here

close to their peak age of body weight heritability. Indeed, body
weight at baseline and follow-up were similar between twins,
despite differences in gene expression responses at both baseline
and in response to the dietary intervention. The birth weights of
the twins described here were borderline discordant (17.8% differ-
ence), compared to the criteria (≥18% difference) for assessing
birthweight-associated adverse outcomes (Breathnach et al.,
2011). In several large cohort and twin studies, low birth weight
has been associated with obesity and lower lean mass in adulthood,
independent of genetic and maternal influences (Hertfordshire
Study, 2005; Labayen et al., 2008; Loos et al., 2001). Low birth
weight is an indicator of in-utero stress, which can be caused by
multiple factors, including undernutrition (Mayer & Joseph,
2013) and multiple pregnancy (Sankilampi et al., 2013).
Multiple pregnancies may be more susceptible to fetal undernutri-
tion due to competition for maternal and placental supply, and this
competitionmay lead to differences in birth weight that can impact
upon body weight and adiposity later in life (Fox et al., 2011). In the
twins described here, the twin with a lower birth weight presented
at baseline with a higher BMI, waist circumference, and percentage
body fat, although there were no differences in the criteria
for MetS.

Fig. 2. Network connectivity map of gene ontology terms enriched for the genes downregulated in twin A and upregulated in twin B following weight loss (log-fold change >−.58
or < −0.58, 2280 genes). Terms were considered enriched with an adjusted FDR < .05 and grouped into networks with a connectivity kappa threshold of 0.4. These networks were
broadly characterised as leukocyte degranulation and granulocyte activation.
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The contrasting response of the PBMC transcriptome following
similar weight loss in these twins is particularly puzzling given the
similarity in phenotypic response. Body composition changes were
similar between twins andmost metabolic outcomes were similarly
decreased, as one would anticipate with substantial body weight
loss. Interestingly, despite very similar reductions in weight and
body fat, it was the twin with the higher birth weight who still met
the criteria for MetS following the 16-week intervention, due to min-
imal change in fasting triglycerides from baseline. Hyperlipidaemia
can lead to activation of circulating leukocytes via increased fatty acid
uptake, andmousemodels have shown thatMetS increases circulating
immune cell counts (Alipour et al., 2008; Kanneganti & Dixit, 2012)
andmay explain the persistent upregulation of immune-related genes
in Twin B compared to Twin A. Excessive fatty acid uptake in mono-
cytes leads to the establishment of foam cells, an initial step in the for-
mation of atherosclerotic plaques (Angelovich et al., 2015; Swirski
et al., 2007). We were interested to see whether CRP was reflective
of the discordance in fasting triglycerides; however, this was not
observed in this case study. CRP is a nonspecific marker of both acute
and chronic inflammation, susceptible to multiple environmental fac-
tors that influence the immune system (Sproston & Ashworth, 2018).
It is therefore probable that other factors, not measured in the current
study as such acute illness history, could have impacted mea-
sured CRP.

The divergent gene expression changes following weight loss
between these twins may be a precursor to more traditional mark-
ers of pro-inflammation and may underlie the mechanism behind
the MetS only resolving in one twin. Central obesity and the
immune system are closely linked (Hotamisligil, 2006). Many met-
abolic derangements arising from obesity, such as insulin resis-
tance and atherosclerosis, involve inappropriate activation of the
immune system. Evidence from both mouse and human studies sug-
gests that an upregulation of immune signalling genes and stress
markers on the surface of adipocytes precedes macrophage recruit-
ment to the adipose tissue microenvironment (Bai & Sun, 2015),
and the adhesion ofmonocytes to the endothelium in the initial stages
of atherosclerosis development (Wu et al., 2020). Increased expression
of the toll-like receptor and the cluster of differentiation (CD) families
of genes precedes fibrosis development in mouse adipose tissue fol-
lowing a high fat diet (Kwon et al., 2012). Additionally, individuals
with hyperlipidemia have a higher number of primed PBMCs in cir-
culation compared to healthy controls, which precedes adhesion to the

endothelium during atherosclerotic plaque formation (Mazor et al.,
2008). This suggests that changes in the expression of immune signal-
ling genes may precede metabolic dysfunction and the presence of
classical pro-inflammatory markers.

The epigenome is a key regulator of gene expression, inhibiting
access of transcriptional machinery to DNA. It has been proposed
that differences in the epigenome arise due to epigenetic drift over
the life course, and as such the culmination of environmental
impacts on gene expression and regulation can result in different
phenotypic outcomes (Poulsen et al., 2007). One of the first studies
to record this evaluated the epigenomes of 3-year-old and 50-year-
old twins and found that epigenetic differences between twin
pairs were greater in the older twins (Fraga et al., 2005). These
differences were stable over the short term (12 weeks), suggesting
long-term exposure is necessary to promote changes in the epige-
nome (Fraga et al., 2005). Obesity may also promote epigenetic
divergence (Barrès & Zierath, 2016) and has been suggested to
accelerate biological aging measured through DNA methylation
signatures (de Toro-Martín et al., 2019; Nevalainen et al., 2017)
and telomere length (Buxton et al., 2011). Differences in the epi-
genome between twins may lead to differences in gene expression
and ultimately phenotypic outcomes, suggesting that the divergent
PBMC transcriptomic response observed in the current study may
be through DNA methylation differences accumulated through
different environmental exposures, which would be an interesting
avenue for future exploration.

Monozygotic twins provide a unique model to examine the
variability in gene expression following weight loss. This case pro-
vides some evidence that changes in the transcriptome may pre-
cede the development of more traditional biomarkers of chronic
inflammation in susceptible individuals. Further exploration of
the transcriptome with weight trajectory over the life course is
needed to determine whether expression of genes relating to
immune function or alterations in the transcriptome can precede
traditionalmetabolic disease risk factors and to determine what age
or developmental stage would be optimal to intervene.

Data availability.Data is available upon reasonable request to the correspond-
ing author.

Acknowledgments. The authors would like to thank the twins and their
parents for their involvement and consent to publish this case study.

Financial support. This work has been supported by the National Health and
Medical Research Council (grant number 1128317).

Conflict of interest. None.

Ethical standards. The authors assert that all procedures contributing to this
work comply with the ethical standards of the relevant national and institutional
committees on human experimentation and with the Helsinki Declaration of
1975, as revised in 2008.

References

Alipour, A., Oostrom, A. J. H. H. M. V., Izraeljan, A., Verseyden, C.,
Collins, J. M., Frayn, K. N., Plokker, T. W. M., Elte, J. W. F., &
Cabezas, M. C. (2008). Leukocyte activation by triglyceride-rich lipopro-
teins. Arteriosclerosis, Thrombosis, and Vascular Biology, 28, 792–797.
https://doi.org/doi:10.1161/ATVBAHA.107.159749

Angelovich, T. A., Hearps, A. C., & Jaworowski, A. (2015). Inflammation-
induced foam cell formation in chronic inflammatory disease.
Immunology & Cell Biology, 93, 683–693. https://doi.org/https://doi.org/
10.1038/icb.2015.26

Table 3. The 10 most enriched gene ontology terms for the genes oppositely
regulated between the twins following weight loss. All top ten terms were
significantly enriched after Bonferroni adjusted for multiple testing (adj.p
value < .01).

GO_term Name

GO:0036230 Granulocyte activation

GO:0042119 Neutrophil activation

GO:0002274 Myeloid leukocyte activation

GO:0002283 Neutrophil activation involved in immune response

GO:0043312 Neutrophil degranulation

GO:0043299 Leukocyte degranulation

GO:0002275 Myeloid cell activation involved in immune response

GO:0002446 Neutrophil mediated immunity

GO:0006793 Phosphorus metabolic process

200 Kaitlin Day et al.

https://doi.org/10.1017/thg.2022.34 Published online by Cambridge University Press

https://doi.org/doi:10.1161/ATVBAHA.107.159749
https://doi.org/https://doi.org/10.1038/icb.2015.26
https://doi.org/https://doi.org/10.1038/icb.2015.26
https://doi.org/10.1017/thg.2022.34


Bai, Y., & Sun, Q. (2015). Macrophage recruitment in obese adipose tissue.
Obesity Reviews, 16, 127–136.

Barrès, R., & Zierath, J. R. (2016). The role of diet and exercise in the trans-
generational epigenetic landscape of T2DM. Nature Reviews Endocrinology,
12, 441–451.

Bolen, C. R., Uduman, M., & Kleinstein, S. H. (2011). Cell subset prediction
for blood genomic studies. BMC Bioinformatics, 12, 1–10.

Breathnach, F. M., McAuliffe, F. M., Geary, M., Daly, S., Higgins, J. R.,
Dornan, J., Morrison, J. J., Burke, G., Higgins, S., & Dicker, P. (2011).
Definition of intertwin birth weight discordance. Obstetrics & Gynecology,
118, 94–103.

Buxton, J. L., Walters, R. G., Visvikis-Siest, S., Meyre, D., Froguel, P., &
Blakemore, A. I. F. (2011). Childhood obesity is associated with shorter leu-
kocyte telomere length. The Journal of Clinical Endocrinology &Metabolism,
96, 1500–1505. https://doi.org/10.1210/jc.2010-2924

Day, K., Dordevic, A. L., Truby, H., Southey, M. C., Coort, S., & Murgia, C.
(2021). Transcriptomic changes in peripheral blood mononuclear cells with
weight loss: Systematic literature review and primary data synthesis.Genes &
Nutrition, 16, Article 12. https://doi.org/10.1186/s12263-021-00692-6

de Toro-Martín, J., Guénard, F., Tchernof, A., Hould, F.-S., Lebel, S., Julien,
F., Marceau, S., & Vohl, M.-C. (2019). Body mass index is associated with
epigenetic age acceleration in the visceral adipose tissue of subjects with
severe obesity. Clinical Epigenetics, 11, Article 172. https://doi.org/10.
1186/s13148-019-0754-6

Dunn, O. J. (1961). Multiple comparisons among means. Journal of the
American Statistical Association, 56, 52–64.

Fox, N. S., Rebarber, A., Klauser, C. K., Roman, A. S., & Saltzman, D. H.
(2011). Intrauterine growth restriction in twin pregnancies: Incidence and
associated risk factors. American Journal of Perinatology, 28, 267–272.

Fraga, M. F., Ballestar, E., Paz, M. F., Ropero, S., Setien, F., Ballestar, M. L.,
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Muñoz García, A., Eijssen, L. M., Kutmon, M., Sarathy, C., Cengo, A.,
Hewison,M., Evelo, C. T., Lenz,M., & Coort, S. L. (2019). A bioinformatics
workflow to decipher transcriptomic data from vitamin D studies. Journal of
Steroid Biochemistry and Molecular Biology, 189, 28–35. https://doi.org/
https://doi.org/10.1016/j.jsbmb.2019.01.003

Nevalainen, T., Kananen, L.,Marttila, S., Jylhävä, J., Mononen, N., Kähönen,
M., Raitakari, O. T., Hervonen, A., Jylhä, M., Lehtimäki, T., & Hurme, M.
(2017). Obesity accelerates epigenetic aging in middle-aged but not in elderly
individuals. Clinical Epigenetics, 9, 20. https://doi.org/10.1186/s13148-016-
0301-7

Plaza-Florido, A., Altmäe, S., Esteban, F. J., Cadenas-Sanchez, C., Aguilera,
C. M., Einarsdottir, E., Katayama, S., Krjutškov, K., Kere, J., Zaldivar, F.,
Radom-Aizik, S., & Ortega, F. B. (2021). Distinct whole-blood transcrip-
tome profile of children with metabolic healthy overweight/obesity com-
pared to metabolic unhealthy overweight/obesity. Pediatric Research, 89,
1687–1694. https://doi.org/10.1038/s41390-020-01276-7

Poulsen, P., Esteller, M., Vaag, A., & Fraga, M. F. (2007). The epigenetic basis
of twin discordance in age-related diseases. Pediatric Research, 61, 38R–42R.
https://doi.org/10.1203/pdr.0b013e31803c7b98

Rapaport, F., Khanin, R., Liang, Y., Pirun, M., Krek, A., Zumbo, P., Mason,
C. E., Socci, N. D., & Betel, D. (2013). Comprehensive evaluation of differ-
ential gene expression analysis methods for RNA-seq data. Genome Biology,
14, Article 3158. https://doi.org/10.1186/gb-2013-14-9-r95

Sankilampi, U., Hannila, M.-L., Saari, A., Gissler, M., & Dunkel, L. (2013).
New population-based references for birth weight, length, and head circum-
ference in singletons and twins from 23 to 43 gestation weeks. Annals of
Medicine, 45, 446–454.

Sproston, N. R., & Ashworth, J. J. (2018). Role of C-reactive protein at sites of
inflammation and infection. Frontiers in Immunology, 9. https://doi.org/10.
3389/fimmu.2018.00754

Swirski, F. K., Libby, P., Aikawa, E., Alcaide, P., Luscinskas, F. W.,
Weissleder, R., & Pittet, M. J. (2007). Ly-6Chi monocytes dominate hyper-
cholesterolemia-associatedmonocytosis and give rise tomacrophages in ath-
eromata. The Journal of Clinical Investigation, 117, 195–205. https://doi.org/
10.1172/JCI29950

Thorleifsson, G., Walters, G. B., Gudbjartsson, D. F., Steinthorsdottir, V.,
Sulem, P., Helgadottir, A., Styrkarsdottir, U., Gretarsdottir, S.,
Thorlacius, S., Jonsdottir, I., Jonsdottir, T., Olafsdottir, E. J.,
Olafsdottir, G. H., Jonsson, T., Jonsson, F., Borch-Johnsen, K.,
Hansen, T., Andersen, G., Jorgensen, T., Lauritzen, T., Aben, K. K.,
Verbeek, A. L. M., Roeleveld, N., Kampman, E., Yanek, L. R., Becker,
L. C., Tryggvadottir, L., Rafnar, T., Becker, D. M., Gulcher, J.,
Kiemeney, L. A., Pedersen, O., Kong, A., Thorsteinsdottir, U., &
Stefansson, K. (2009). Genome-wide association yields new sequence var-
iants at seven loci that associate with measures of obesity. Nature
Genetics, 41, 18–24. https://doi.org/10.1038/ng.274

Tsyganov, K., Perry, A. J., Archer, S. K., & Powell, D. (2018). RNAsik: A
Pipeline for complete and reproducible RNA-seq analysis that runs any-
where with speed and ease. Journal of Open Source Software, 3, 583.

Wu,Y.-W., Chang, T.-T., Chang, C.-C., &Chen, J.-W. (2020). Fatty-acid-binding
protein 4 as a novel contributor to mononuclear cell activation and endothelial
cell dysfunction in atherosclerosis. International Journal of Molecular Sciences,
21, 9245. https://www.mdpi.com/1422-0067/21/23/9245

Xu, X., Su, S., Wang, X., Barnes, V., De Miguel, C., Ownby, D., Pollock, J.,
Snieder, H., Chen, W., & Wang, X. (2015). Obesity is associated with more
activated neutrophils in African Americanmale youth. International Journal
of Obesity, 39, 26–32. https://doi.org/10.1038/ijo.2014.194

Zimmet, P., Alberti, K. G. M., Kaufman, F., Tajima, N., Silink, M.,
Arslanian, S., Wong, G., Bennett, P., Shaw, J., & Caprio, S. (2007). The
metabolic syndrome in children and adolescents ¾An IDF consensus report.
Pediatric Diabetes, 8, 299–306.

Twin Research and Human Genetics 201

https://doi.org/10.1017/thg.2022.34 Published online by Cambridge University Press

https://doi.org/10.1210/jc.2010-2924
https://doi.org/10.1186/s12263-021-00692-6
https://doi.org/10.1186/s13148-019-0754-6
https://doi.org/10.1186/s13148-019-0754-6
https://doi.org/10.1093/ajcn/82.5.980
https://doi.org/10.1093/ajcn/82.5.980
https://doi.org/10.1038/nature05485
https://doi.org/10.1186/1471-2164-13-450
https://doi.org/10.1002/oby.20662
https://doi.org/10.1038/sj.ijo.0801743
https://doi.org/10.1038/sj.ijo.0801743
https://doi.org/https://doi.org/10.1016/j.atherosclerosis.2007.08.014
https://doi.org/10.1111/obr.12065
https://doi.org/https://doi.org/10.1016/j.jsbmb.2019.01.003
https://doi.org/https://doi.org/10.1016/j.jsbmb.2019.01.003
https://doi.org/10.1186/s13148-016-0301-7
https://doi.org/10.1186/s13148-016-0301-7
https://doi.org/10.1038/s41390-020-01276-7
https://doi.org/10.1203/pdr.0b013e31803c7b98
https://doi.org/10.1186/gb-2013-14-9-r95
https://doi.org/10.3389/fimmu.2018.00754
https://doi.org/10.3389/fimmu.2018.00754
https://doi.org/10.1172/JCI29950
https://doi.org/10.1172/JCI29950
https://doi.org/10.1038/ng.274
https://www.mdpi.com/1422-0067/21/23/9245
https://doi.org/10.1038/ijo.2014.194
https://doi.org/10.1017/thg.2022.34

	Transcriptomic Differences Between Monozygotic Adolescent Twins Discordant For Metabolic Syndrome Following Weight Loss: A Case Study
	Case Presentation
	RNA Extraction and Analysis
	Results
	Peripheral Blood Mononuclear Cell Subpopulations
	Baseline Gene Expression
	Gene Expression Following the Intervention

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


