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eLife Assessment

This article describes the comprehensive metabolic phenotype of a mouse model of Down
Syndrome, together with supporting transcriptomic, metabolomic, and biochemical data.
The evidence presented is compelling and highlights several core phenotypes including
insulin resistance, dyslipidemia, and tissue signatures indicating inflammatory and
cellular stress pathways. Similarities and differences in male and female mice are
highlighted. This important study provides essential groundwork for the further genetic
dissection of dosage-sensitive genes causing metabolic dysregulation in Down Syndrome.

https://doi.org/10.7554/eLife.110476.2.sa4

Abstract

Gene dosage imbalance resulting from an extra copy of human chromosome 21 (Hsa21)
contributes to numerous clinical features in Down syndrome (DS). While dysregulated metabolism
has long been noted in DS, the underlying cause is poorly understood and vastly understudied. To
fill this critical knowledge gap, we conducted a comprehensive metabolic analysis of Dp(16)1Yey/+
mice (abbreviated Dp16), a segmental duplication model carrying ~58% of the triplicated Hsa21
gene orthologs. Our multi-tissue transcriptomic analyses reveal shared and sex-specific increases
in expression dosage of the triplicated genes in white and brown adipose tissues, liver, skeletal
muscle, and hypothalamus. Despite sexual dimorphism in body weight, body temperature, food
intake, and physical activity, Dp16 males and females share striking core phenotypes of
pronounced insulin resistance, glucose intolerance, impaired lipid clearance, and dyslipidemia.
Functional assessments, combined with biochemical, transcriptomic, and metabolomic analyses
reveal tissue signatures of immune activation and a pro-inflammatory state, ER and oxidative
stress, fibrosis, impaired glucose and fatty acid catabolism, altered lipid and bile acid profiles, and
reduced mitochondrial respiratory capacity in Dp16 mice. These concerted changes disrupt
homeostatic mechanisms that underpin metabolic health, contributing to systemic metabolic
dysfunction. An obesogenic diet further exacerbates insulin resistance in Dp16 males and females
despite divergent weight gain. The collective phenotypes broadly reflect the metabolic profile of
DS. Our extensive molecular, biochemical, and physiological data provide an essential foundation
for genetic dissection of dosage-sensitive genes affecting glucose and lipid metabolism, and for
testing therapeutic strategies to improve metabolic outcomes in DS.
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Introduction

Down syndrome (DS) is the most common aneuploidy compatible with postnatal survival and it
affects ~1/700 live births (1, 2). The presence of an extra human chromosome 21 (Hsa21) in DS
alters the expression dosage of a large number of triplicated genes, which has major functional
impacts across many organ systems (3-7). The core clinical features of DS include cognitive
deficits, craniofacial dysmorphology, hypotonia, and the development of Alzheimer (AD)-like
pathology in mid-life (2, 8). With variable degrees of penetrance and expressivity, individuals with
DS also frequently exhibit congenital heart defects, hearing and vision loss, leukemia, reduced
bone mass, and gastrointestinal diseases (2, 8).

In the last few decades, DS research has largely been centered on understanding how trisomy 21
affects brain development and its consequences on learning and cognitive function (9). However, a
major clinical feature that has frequently been overlooked and neglected, although increasingly
appreciated, is that adolescents and adults with DS also have a much higher incidence of obesity,
insulin resistance, type 2 diabetes, and dyslipidemia (10-19). A recent large retrospective study in
the UK, spanning three decades, found that the median age at diabetes diagnosis was 15 years
earlier in individuals with DS and diabetes was more than four times more common in children
and young adults with DS than in individuals without DS (13). There was also an increased
incidence of obesity in children and young adults with DS, with rates increasing over time (13).

documented (10-12, 20, 21), the underlying cause is largely unknown.

Beyond clinical and epidemiological observations (10-13), only limited studies have been
conducted to determine the mechanistic underpinnings of DS-associated metabolic dysfunction.
Most human studies involving adolescents or adults with DS assessed the impact of trisomy 21 on
food intake, adiposity, physical activity level, and energy expenditure in adolescents or adults with
DS (22-30), with one study documenting a deficit in mitochondrial function in the skeletal muscle
(31). However, the relative contribution of genetics versus lifestyle to altered metabolic
parameters seen in DS remains challenging to untangle. At the cellular level, altered mitochondrial
morphology, dynamics, and function have been well documented in vitro in cultured cells derived
from DS (32-42); it is unclear, however, whether this translates into changes in systemic

metabolism in vivo.

To fill this critical knowledge gap, we have recently conducted a comprehensive and in-depth
analysis of changes in systemic metabolism in two trisomic DS mouse models (Ts65Dn and

to a translocation event between mouse chromosome 16 (Mmu16) and Mmu17, Ts65Dn mice carry
a freely segregating marker chromosome, Ts(171°), that contains ~59% of the gene orthologs

becomes much more apparent when mice are challenged with a high-fat diet (HFD). While obese
Ts65Dn mice of both sexes exhibit dyslipidemia, male mice also show impaired systemic insulin
sensitivity, reduced mitochondrial activity, and elevated fibrotic and inflammatory gene
signatures in the liver and adipose tissue. Our systems-level analysis also reveals major changes in
gene connectivity and pathways in liver and adipose tissues that contribute to dysregulated
glucose and lipid metabolism seen in Ts65Dn mice (44). The metabolic phenotypes of Ts65Dn mice

triplicated Hsa21 gene orthologs, Ts65Dn mice also carry an additional 41 triplicated protein-
coding genes (from the sub-centromeric region of Mmu17) unrelated to Hsa21 (50, 51). This

TcMAC21 is a recently generated transchromosomic mouse model carrying a non-mosaic Hsa21q
(54). Due to multiple deletions, TcMAC21 mice are missing ~7% of the Hsa21 genes located on the

long arm.

Chen, Saqib et al., 2026 eLife 15:RP110476. https://doi.org/10.7554/eLife.110476.2 2 of 47


https://doi.org/10.7554/eLife.110476.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/chromosomes-gene-expression
https://elifesciences.org/subjects/medicine

7 eLife

Chromosomes and Gene Expression | Medicine

Our systematic analysis of TcMAC21 mice has led to completely unexpected findings—the
TcMAC21 mice are hypermetabolic, showing a dramatic increase in mitochondrial respiration and
energy expenditure, and are markedly leaner despite consuming greater amounts of food, and are
strikingly more insulin sensitive (43). These phenotypes are inconsistent with the clinical profile of
DS. Thus, TcMAC21 mice do not model the metabolic phenotypes seen in DS. This phenomenon
may be partly caused by abnormal interactions between human and mouse proteins, including the
orthologous proteins of these two species, as well as the presence of over 400 non-coding human

genes with uncertain effects on the mouse transcriptome (43).

To overcome the caveats and limitations associated with the metabolic studies of Ts65Dn and
TcMAC21, and to help inform the selection of mouse model that best reflects the metabolic profile
of DS, we undertook a comprehensive metabolic analysis of Dp(16)1Yey/+ (abbreviated Dp16),

generated from chromosomal translocation (46, 47), the Dp16 mice were generated by
chromosomal engineering based on precise Cre/LoxP-mediated recombineering (55) and therefore
carry no extra non-Hsa21 gene orthologs. Also, unlike the TcMAC21 mice, all the triplicated Hsa21
gene orthologs in Dp16 mice are of mouse origin. The Dp16 mouse model thus allows us to address

the contribution of gene dosage imbalance to changes in systemic metabolism.

While we observed striking sex differences in various metabolic parameters, Dp16 male and
female mice also shared important metabolic deficits that are hallmarks of dysregulated systemic
metabolism; both sexes developed pronounced glucose intolerance, insulin resistance, impaired
lipid clearance, and dyslipidemia, and these phenotypes were further exacerbated by a high-fat
diet. Using a multi-omics approach, we showed that Dp16 mice displayed transcriptomic,
metabolomic, and biochemical signatures associated with tissue fibrosis, oxidative stress, a pro-
inflammatory state, impaired metabolism and mitochondrial function, and dyslipidemia. Our
pathway enrichment analyses revealed global changes in gene expression and biological pathways
across major metabolic tissues in Dp16 mice. These collective changes underpin and contribute to
the metabolic dysfunction seen in Dp16 mice. Collectively, our data suggest that dosage imbalance
arising from the triplication of Hsa21 gene orthologs, along with its cascading effects across tissue
transcriptomes and metabolomes, are causally linked to insulin resistance and impaired systemic
glucose and lipid metabolism. Our present study lays critical and essential groundwork for genetic
dissection of dosage-sensitive genes underpinning widespread metabolic deficits in DS.

Materials and methods

Mouse model

Dp(16)1Yey/+ (abbreviated Dp16) mice and wild-type (WT) littermate controls, on C57BL/6] genetic
background, were obtained from the Jackson Laboratory (Strain # 013530). Mice were fed a
standard chow (Envigo; 2018SX) or a high-fat diet (HFD; 60% kcal derived from fat, #D12492,
Research Diets, New Brunswick, NJ). Mice were housed in polyethylene terephthalate (PET) cages
on a 12h:12h light-dark photocycle (lights on at 6 am, lights off at 6 pm) with ad libitum access to
water and food. For the HFD-fed group, HFD was provided beginning for 26-34 weeks. At
termination of the study, all mice were fasted for 2 h and euthanized. The age of mice at the time
of tissue harvest: male and female mice fed a standard chow were 27.5 weeks old; male mice fed
an HFD were 50 weeks old (on HFD for 34.5 weeks); female mice fed an HFD were 45 weeks old
(on HFD for 26 weeks). Tissues were collected, snap-frozen in liquid nitrogen, and kept at 80°C

until analysis.

All mouse protocols were approved by the Institutional Animal Care and Use Committee of the
Johns Hopkins University School of Medicine (animal protocol # M0O22M367). All animal
experiments were conducted in accordance with the National Institute of Health guidelines and
followed the standards established by the Animal Welfare Acts.
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Body composition analysis

Body composition analyses for total fat mass, lean mass, and water content were determined using
a quantitative magnetic resonance instrument (Echo-MRI-100, Echo Medical Systems, Waco, TX) at
the Mouse Phenotyping Core facility at Johns Hopkins University School of Medicine.

Indirect calorimetry

Chow- or HFD-fed Dp16 male and female mice and WT littermates were used for simultaneous
assessments of daily body weight change, food intake (corrected for spillage), physical activity, and
whole-body metabolic profile in an open flow indirect calorimeter (Comprehensive Laboratory
Animal Monitoring System, CLAMS; Columbus Instruments, Columbus, OH) as previously
described (56). In brief, data were collected for three days to confirm mice were acclimatized to
the calorimetry chambers (indicated by stable body weights, food intakes, and diurnal metabolic
patterns), then data were analyzed for the subsequent three days. Mice were observed with ad
libitum access to food, throughout the fasting process, and in response to refeeding. Rates of
oxygen consumption (V¢),; mLkg -h™!) and carbon dioxide production (V¢gy; mLkgh™l) in each
chamber were measured every 24 min. Respiratory exchange ratio (RER =

Vcoa/Vho) was calculated by CLAMS software (version 5.18) to estimate relative oxidation of
carbohydrates (RER = 1.0) versus fats (RER = 0.7), not accounting for protein oxidation. Energy
expenditure (EE) was calculated as EE= V(5,% [3.815 + (1.232 x RER)] and normalized to lean mass.
activities (total and ambulatory) were measured by infrared beam breaks in the metabolic
chamber. Average metabolic values and summed intake and activity values were calculated per
subject and averaged across subjects for statistical analysis by Student’s t-test.

Body Temperature

Deep colonic temperature was measured by inserting a lubricated (Medline, water soluble
lubricating jelly, MDS032280) probe (Physitemp, BAT-12 Microprobe Thermometer) into the anus
of mice at a depth of 2 cm. Stable numbers were recorded in both the dark and light cycle for each
mouse.

Fecal bomb calorimetry and assessment of fecal parameters

Fecal pellet frequency and average fecal pellet weight were monitored by housing each mouse
singly in clean cages and counting the number of fecal pellets and recording their weight at the
end of a 24 h period. Fecal pellets were shipped to the University of Michigan Animal Phenotyping
Core for fecal bomb calorimetry. Briefly, fecal samples were dried overnight at 50°C prior to
weighing and grinding them to powder. Each sample was mixed with wheat flour (90% wheat
flour, 10% sample) and formed into 1.0 g pellet, which was then secured into the firing platform
and surrounded by 100% oxygen. The bomb was lowered into a water reservoir and ignited to
release heat into the surrounding water. Together these data were used to calculate fecal pellet
frequency (bowel movements/day), average fecal pellet weight (g/bowel movement), fecal energy
(cal/g feces), and total fecal energy (kcal/day).

Glucose, insulin, and lipid tolerance tests

All tolerance tests were conducted as previously described (58-60). For glucose tolerance tests
(GTTs), mice were fasted for 6 h before glucose injection. Glucose (Sigma, St. Louis, MO) was
reconstituted in saline (0.9 g NaCl/L) to a final concentration of 1 g/10 mL (for the chow-fed mice)
or 2g/10 mL (for the HFD-fed mice), sterile-filtered, and injected intraperitoneally (i.p.) at 1 mg/g
body weight (i.e., 10 uL/g body weight for chow-fed mice or 5 uL/g body weight of HFD-fed mice).
Blood glucose was measured at 0, 15, 30, 60, and 120 min after glucose injection using a
glucometer (NovaMax Plus, Billerica, MA). For insulin tolerance tests (ITTs), food was removed 2 h
before insulin injection. 6.5 pL of insulin stock (4 mg/mL; Gibco) was diluted in 10 mL of saline,
sterile-filtered, and injected i.p. at 0.75 U/kg body weight (i.e., 10 uL/g body weight). Blood glucose
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was measured at 0, 15, 30, 60, and 90 min after insulin injection using a glucometer (NovaMax
Plus). For lipid tolerance tests (LTTs), mice were fasted for 12 h and then injected i.p. with 20%
emulsified Intralipid (soybean oil; Sigma; 10 pL/g of body weight). Sera were collected via tail
bleed using a Microvette® CB 300 (Sarstedt) at 0, 1, 2, 3, and 4 h post-injection. Serum triglyceride
levels were quantified using kits from Infinity Triglycerides (Thermo Scientific).

Fasting glucose, insulin, and lipid profile

Mice were fasted overnight (~16 h), beginning at 1 h before the dark cycle (around 5 pm). Clean
cages were provided before food withdrawal. Overnight fasting blood glucose levels from tail
bleed were measured using a glucometer. Serum was collected at the 16 h fast (around 10 am in
the morning) for insulin ELISA, as well as for the quantification of triglyceride, cholesterol, non-
esterified free fatty acids (NEFA), and B-hydroxybutyrate concentrations.

Blood and tissue chemistry analysis

Tail vein blood samples were allowed to clot on ice and then centrifuged for 10 min at 10,000 x g.
Serum samples were stored at -80°C until analyzed. Serum triglycerides (TG) and cholesterol were
measured according to manufacturer’s instructions using an Infinity kit (Thermo Fisher Scientific,
Middletown, VA). Non-esterified free fatty acids (NEFA) were measured using a Wako kit (Wako
Chemicals, Richmond, VA). Serum B-hydroxybutyrate (ketone) concentrations were measured with
a StanBio Liquicolor kit (StanBio Laboratory, Boerne, TX). Serum insulin (Crystal Chem, 90080), T3
(Calbiotech, T3043T-100), testosterone (Cayman, 582701), estradiol (Cayman, 501890),
corticosterone (Cayman, 501320), and alanine aminotransferase (ALT; abcam, ab282882) levels
were measured using commercial kits according to manufacturer’s instructions.

Hydroxyproline assay (Sigma Aldrich, MAK569) was used to quantify total collagen content in
liver, hypothalamus, and adipose tissues according to the manufacturer’s instructions, with
specific optimizations for each tissue type. Tissues were homogenized in deionized water using a
bead mill homogenizer. Liver, iWAT, and gWAT were homogenized to a concentration of 0.1mg
tissue/uL. Due to the small and variable tissue mass, hypothalami were homogenized in a fixed
volume of 110-120uL to yield sufficient volume for processing. All samples were hydrolyzed with
an equal volume of HCl at 120°C for 3 hours. The volume of hydrolyzed tissue samples plated for
the dehydration step was optimized for each tissue type and experimental group to ensure all
measurements fell within the linear range of the standard curve. Hydroxyproline content was
calculated based on a standard curve and normalized to tissue weight.

Lipid peroxidation levels (marker of oxidative stress) in liver, hypothalamus, and adipose tissues
were assessed by the quantification of malondialdehyde (MDA) levels via the Thiobarbituric Acid
Reactive Substances (TBARS) assay (Cayman Chemical, 700870) according to the manufacturer’s
instructions.

Serum lipoprotein-triglyceride and cholesterol analysis by FPLC

Food was removed for ~2 h (in the light cycle) prior to blood collection. Sera collected from mice
were pooled (n = 10-14/group) and sent to the Mouse Metabolism Core at Baylor College of
Medicine for fast protein liquid chromatography (FPLC) separation. A total of 45 fractions were
collected, and TG and cholesterol in each fraction were quantified.

Extraction of hepatic lipids

Lipid extraction from frozen liver samples was performed using a modified Folch method (61).
Briefly, approximately 25 mg of frozen liver tissue was weighed and homogenized in 400 uL of
cold sucrose buffer (250 mM sucrose, 10 mM Tris, 1 mM EDTA) using a bead beater (FastPrep-24,
MP Biomedical). The samples underwent three rounds of 20-second bead beating cycles. Lipids
were then extracted from the liver homogenate by adding 1.5 mL of a chloroform:methanol (2:1,
v/v) solution to the mixture. The sample was vortexed thoroughly and centrifuged at 1700 rpm for
5 minutes at 4°C to separate the phases. The lower chloroform phase, containing lipids, was

carefully transferred to a new tube and split equally into two separate tubes. Each tube was then
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dried in a speed vacuum to dehydrate samples. The dried lipid extracts were reconstituted in 50
uL of chloroform for lipid analysis and quantification by thin-layer chromatography (TLC) or in 50
uL of tert-butanol:methanol:TritonX-100 solution (3:1:1, v/v/v) for cholesterol quantification.
Reconstituted samples were either used immediately or stored at -80°C until analysis.

Separation of lipid classes and quantification by thin-layer
chromatography (TLC)

TLC was performed as described by Ring et al. (62) to separate specific classes of lipids. To separate
and quantify lipid classes from liver tissue, silica gel (Analtech, Preadsorbent Silica Gel G
UNIPLATES Channeled, 20x20cm, 250 um, Cat #P31911) plates were pre-washed in methanol, air-
dried, and then subsequently equilibrated by pre-washing in hexane:diethyl ether:acetic acid
(H:D:A) (80:20:1, v/v/v) solvent system. The plates were allowed to air-dry completely before lipid
spotting. Lipid extracts (2 yL) and lipid standards (2 pL, 5mg/mL in chloroform, Millipore Sigma,
Cat# 1787-1AMP, Supelco) were spotted onto the plates, and lipids were separated in H:D:A
(80:20:1, v/v/v) to resolve triacylglycerols (TAG) and diacylglycerols (DAG). After development, the
plates were air-dried and exposed to iodine vapor in a pre-equilibrated tank overnight to visualize
lipid spots. For quantification, the plates were imaged, and lipid spots were analyzed using Image]
software (https://imagej.net/2) to determine the intensity of each lipid spot relative to the known
lipid standards and normalized to tissue weight.

Hepatic cholesterol quantification

Following tissue extraction, total cholesterol content was quantified using the Infinity Cholesterol
Reagent kit (Thermo Fisher Scientific, Middletown, VA) according to the manufacturer’s
instructions. Quantified cholesterol values were normalized to tissue weight.

Untargeted serum and liver metabolomic analyses

Serum and liver metabolites were extracted and subjected to LC-MS/MS detection on a Q Exactive
HF-X Quadrupole-Orbitrap mass spectrometer system at Novogene (Sacramento, CA) (n = 6 mice
per genotype per sex). Data were processed using Novogene in-house analysis pipeline. In brief,
Peak extraction, alignment, and retention time correction were then performed with XCMS
software (64). The total peak area within each sample was normalized, and peaks with a missing
rate greater than 50% across sample groups were filtered out. The corrected and filtered results
were matched with the Novogene local database to obtain metabolite identification information. A
total of 4182 metabolites were identified from the 48 samples. Multivariate statistical analysis was
conducted on the metabolites, including Principal Component Analysis (PCA) and Partial Least
Squares Discriminant Analysis (PLS-DA). PLS-DA is a supervised discriminant analysis statistical
between the relative quantitative value of metabolites and the sample category to realize the
prediction of the sample category. The PLS-DA model of each comparison group was established,
and the model evaluation parameters (R2, Q2) obtained by 7-cycle cross-validation. Differential
metabolites were screened according to the criteria: VIP > 1.0, fold change (FC) > 1.2 or FC < 0.833
and P-value < 0.05. VIP refers to the variable importance in the projection of the first principal
component of the PLS-DA model, and the VIP value represents the contribution of the metabolites
to the grouping. KEGG enrichment (FDR correction by Benjamini and Hochberg method) and GSEA
analysis was performed on KEGG entries based on the changes in quantitative values of
metabolites. All metabolomics data, raw spectral files, and details of experimental protocol and
data analyses have been deposited in a public repository, the Metabolomics Workbench (66).

Mitochondrial respirometry

Respirometry was conducted on frozen tissue samples to assay for mitochondrial activity as
described previously (67, 68). Briefly, liver and brown adipose tissue (BAT) were dissected,
snapped frozen in liquid nitrogen, and stored at -80°C for later analysis. Samples were thawed in
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MAS buffer (70mM sucrose, 220 mM mannitol, 5 mM KH,PO,, 5 mM MgCl,, 1 mM EGTA, 2 mM
HEPES pH 7.4), finely minced with scissors, and then homogenized with a glass Dounce
homogenizer. The resulting homogenate was spun at 1000 g for 10 min at 4°C. The supernatant
was collected and immediately used for protein quantification by BCA assay (Thermo Scientific,
23225). Each well of the Seahorse microplate was loaded with 4 ug (BAT) or 8 ug (liver)
homogenate protein. Each biological replicate consists of three technical replicates. Samples from
all tissues were treated separately with NADH (1 mM) as a complex I substrate or Succinate (a
complex IT substrate, 5 mM) in the presence of rotenone (a complex I inhibitor, 2 uM), then with
the inhibitors rotenone (2 uM) and Antimycin A (4 uM), followed by TMPD (0.45 mM) and
Ascorbate (1 mM) to activate complex IV, and finally treated with Azide (40 mM) to assess non-
mitochondrial respiration. All mitochondrial respiration data were normalized to mitochondrial
content, quantified using MitoTracker Deep Red (MTDR, ThermoFisher, M22426) as described (67,

g for 5 min at 4°C. The supernatant was carefully removed and replaced with 1x MAS solution and
fluorescence was read with excitation and emission wavelengths of 625 and 670 nm, respectively.
To minimize non-specific background signal contribution, control wells were loaded with MTDR
and 1x MAS and subtracted from all sample values.

RNA-sequencing and bioinformatics analysis

Bulk RNA sequencing of Dp16 (n = 6) and WT (n = 6) mouse liver, gWAT, iWAT, brown adipose
tissue (BAT), skeletal muscle (gastrocnemius), pancreas, and hypothalamus were performed by
Novogene (Sacramento, California, USA) on a NovaSeq X Plus platform and pair-end reads (2 x 150
bp) were generated, with 6 G raw data per sample. One gWAT sample from the Dp16 female mice
failed the initial quality control test and was excluded from subsequent RNA sequencing.
Sequencing data was analyzed using the standard Novogene Analysis Pipeline. Sequencing reads
were aligned to Mus musculus reference genome (GRCm39/mm39). Data analysis was performed
using a combination of programs, including Fastp, Hisat2, and FeatureCounts. Differential
expressions were determined through DESeq2. The resulting P-values were adjusted using the
Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with an
adjusted P-value < 0.05 and log2(FC) > 0.5 were assigned as differentially expressed. Gene ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome
(http://www.reactome.org @) enrichment were implemented by ClusterProfiler. All volcano plots
and heat maps were generated in Graphpad Prism 10 software. All statistics were performed on
log transformed data. All heat maps were generated from column z-score transformed data. The z-
score of each column was determined by taking the column average, subtracting each sample’s
individual expression value by said average then dividing that difference by the column standard
deviation. Z-score = (value - column average)/column standard deviation. High-throughput
sequencing data from this study have been submitted to the NCBI Sequence Read Archive (SRA)
under accession number # PRINA1160420.

Statistical analyses

All results are expressed as mean + standard error of the mean (SEM). Statistical analysis was
performed with GraphPad Prism 10 software (GraphPad Software, San Diego, CA). Data were
analyzed with two-tailed Student’s t-tests or by repeated measures ANOVA. For two-way ANOVA,
we performed Sidek or Bonferroni post hoc tests. P < 0.05 was considered statistically significant.

Results

Increased gene expression dosage of the triplicated Hsa21 gene
orthologs across major metabolic tissues

wanted to establish which among the 115 triplicated Hsa21 gene orthologs on Mmu16 are
expressed in six major metabolic tissues: gonadal white adipose tissue (§WAT; visceral fat),
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inguinal white adipose tissue (iWAT; subcutaneous fat), brown adipose tissue (BAT), skeletal
muscle (gastrocnemius), and hypothalamus. Bulk RNA-sequencing showed that the majority of the
triplicated genes are indeed expressed at the expected higher dosage (1.5-fold or higher) across
tissues and their expression are regulated in a tissue- and sex-specific manner (Fig. 1B,C(2).
Interestingly, female gWAT is the only tissue with 8 triplicated Hsa21 gene orthologs (Rbm11,
Chodl, Cldn8, Sh3bgr, Igsf5, Itgbh21, Pcp4 and Tmprss2) whose expressions are significantly

suppressed relative to WT controls (Fig. 1B (@). Except female gWAT, we observed little evidence of

hypothalamus expresses the largest number of triplicated Hsa21 gene orthologs, as well as the
largest number of shared triplicated genes between males and females (Fig. 1C(%). Visceral fat
(gWAT) and skeletal muscle (gastrocnemius) have the lowest number of shared differentially
expressed triplicated genes between sexes, with females expressing a significantly higher number
of triplicated genes compared to males (Fig. 1C(%2). Together, these data indicate increased
expression dosage of many triplicated Hsa21 gene orthologs across major metabolic tissues in

Dp16 mice, with sex differences noted.

Sexual dimorphism in body weight, food intake, physical activity,
and body temperature in Dp16 mice

We next determined the impact of gene dosage imbalance on systemic metabolism under the basal
state when mice were fed a standard chow. The body weights of Dp16 male mice from 7 to 16
weeks old were not different from WT controls (Fig. 2A). Body composition analysis by NMR

weights of visceral (gWAT) and subcutaneous (iWAT) fat, liver, and heart were not different
between genotypes in male mice (Figure 2 - figure supplement 1%). The absolute and relative
weights of the kidney, however, were significantly higher in Dp16 male mice. Female body weights
were similar between genotypes from 6 to 8 weeks of age; however, Dp16 females gained
markedly more weight compared to WT controls from 9 weeks of age onward (Fig. 2C(%).

weeks of age, body weights and the absolute weights of gWAT and iWAT were significantly higher
in Dp16 females compared to WT controls (Figure 2 - figure supplement 1 ). The absolute and
relative weights of liver, heart, and kidney were not different between genotypes in female mice.

We performed indirect calorimetry analysis to determine food intake, physical activity level,
metabolic rate (VO,), and energy expenditure across the circadian cycle (light and dark phase) and
metabolic states (ad libitum fed, fasted, and refed). None of the parameters measured were
different between genotypes in male mice (Fig. 2E(2). In females, however, food intake was
significantly higher in Dp16 mice compared to WT controls in the ad libitum fed state and during
the refeeding period following a fast (Fig. 2F%). Physical activity levels were also higher in Dp16

females during the refed period. Energy expenditure (normalized to lean mass), however, was not
different between Dp16 females and WT controls across the circadian cycles and metabolic states

expenditure between genotypes of either sex across the circadian cycles and metabolic states
(Figure 2 - figure supplement 2 (@).

To account for any potential differences in nutrient absorption in the intestine, we measured fecal
output, frequency, and weight, as well as the fecal energy content by fecal bomb calorimetry. None
of the fecal parameters were significantly different between genotypes of either sex (Fig. 2G-H®).

to assess whether Dp16 mice have altered mitochondrial function in brown adipose tissue (BAT), a
major thermogenic tissue. Despite differences in body temperature, both Dp16 males and females
had reduced maximal mitochondrial respiratory capacity in BAT, an effect more pronounced in
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Figure 1. Increased gene expression dosage of the triplicated Hsa21 gene orthologs on mouse chromosome
16 (Mmu16) across tissues.

A) Graphical representation of human chromosome 21 (Hsa21) and the syntenic Mmu16 segment that is duplicated in Dp16
mice. B) Global view of the expression of 108 triplicated Hsa21 gene orthologs on Mmu16 in gonadal white adipose tissue
(gWAT), inguinal white adipose tissue (iWAT), interscapular brown adipose tissue (BAT), skeletal muscle (gastrocnemius), and
hypothalamus. Red denotes transcript that is expressed at 21.5-fold the WT level, whereas blue denotes transcript that is
expressed at significantly lower level compared to WT control. The Ktrap gene cluster (23 Ktrap genes) located between Cldn8
and Tiam1is not shown. C) Overlap analysis showing differentially expressed Hsa21 gene orthologs that are shared between
males and females across six tissues. The criteria for differentially expressed genes (DEGs) is log2(FC) > 0 with padj < 0.05. n =
6 RNA samples per genotype per sex per tissue-type. Chow-fed WT and Dp16 mice were at 27.5 weeks of age at the time of
tissue collection.
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Figure 2. Sexually dimorphism in body weight, body temperature, food intake, and physical activity in
chow-fed Dp16 mice.

A) Body weight of chow-fed male Dp16 and WT mice over time. B) absolute and relative (% of body weight) fat and lean mass
in male mice (WT = 15; Dp16 = 12). C) Body weight of chow-fed female Dp16 and WT mice over time. D) absolute and relative
(% of body weight) fat and lean mass in female mice (WT = 15; Dp16 = 15). E-F) Food intake, total physical activity level, and
energy expenditure of male (E) and female (F) Dp16 and WT mice across the circadian cycle (light and dark) and metabolic
states (ad libitum fed, fast, refeed). Sample size for male (WT = 10-12; Dp16 = 11-12) and female (WT = 13-15; Dp16 = 5-6) mice.
G-H) fecal frequency, average fecal weight, and fecal energy content (per gram and total) in male (G) and female (H) Dp16
and WT mice. Sample size for male (WT = 6; Dp16 = 6) and female (WT = 6; Dp16 = 6) mice. I-J) Body temperature in the light
and dark cycle of male (I) and female (J) Dp16 and WT mice. Sample size for male (WT = 10; Dp16 = 10) and female (WT = 15;
Dp16 = 15) mice. All data are presented as mean + SEM. * P<0.05; *** P<0.001; **** P<0.0001. For body weight over time,
data were analyzed by 2-way ANOVA with Sidek post hoc tests.
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males (Figure 2 - figure supplement 3 @). Circulating Triiodothyronine (T3) levels, a hormone that

figure supplement 42 ). We measured serum levels of sex and stress hormones, as these could
contribute to sex differences in metabolic outcomes. Corticosterone levels were not different
between genotypes of either sex. Testosterone levels in males were variable and not significantly
different between genotypes, whereas estradiol levels were higher in Dp16 females (Figure 2 -
figure supplement 4(3), possibly contributing to greater physical activity (71, 72) and lower body
temperature (73, 74). Our results suggest that lower body temperature, coupled with higher food
intake, likely contributes to greater weight gain over time in Dp16 females. Together, these data
reveal striking sex differences in body weight, food intake, physical activity, and body temperature
in Dp16 mice.

Glucose intolerance, insulin resistance, impaired lipid clearance, and dyslipidemia in Dp16
mice Type 2 diabetes and altered lipid profile are well documented in DS population (10-19). To
determine baseline insulin, glucose, and lipid profiles, we measured blood glucose, serum insulin,
triglyceride (TG), cholesterol, non-esterified free fatty acids (NEFA), and f-hydroxybutyrate (BHB;
ketone) in overnight fasted (16 h) mice. The Dp16 males fed a standard chow had significantly
fasting blood glucose seen in Dp16 male mice. Serum TG and NEFA levels were also significantly
higher in Dp16 males compared to WT controls, suggesting enhanced fat mobilization in the fasted
state. Serum B-hydroxybutyrate (ketone) levels were not different between genotypes whereas
serum cholesterol levels were markedly lower in Dp16 male mice (Fig. 3A(?). Like the males, Dp16
females also had significantly higher fasting serum insulin levels (Fi 7). Unlike the males,
blood glucose, triglycerides, cholesterol, and ketone levels were not different between genotypes
in females. Also, different from the males, Dp16 females had lower NEFA levels relative to WT
controls.

Higher fasting insulin levels in Dp16 males and females suggest insulin resistance. To further
assess glucose metabolism in these mice, we performed glucose and insulin tolerance tests to
determine the rate of glucose clearance in response to glucose or insulin injection. Both Dp16
males and females showed impaired glucose clearance after glucose loading (Fig. 3C,E(%). To
confirm that Dp16 mice have impaired insulin action, we directly assessed insulin sensitivity via
insulin tolerance test (ITT). The rate of glucose clearance in response to insulin injection was
markedly impaired in both Dp16 males and females (Fig. 3D,F (3 ). Impaired insulin action, glucose

intolerance, and fasting hyperinsulinemia strongly indicate an insulin resistance phenotype in
Dp16 mice.

We next assessed whether Dp16 mice have altered lipid handling capacity by performing a lipid
tolerance test. The rate of triglyceride clearance in response to an acute lipid load was significantly
impaired in Dp16 mice of either sex, with Dp16 females showing a much more striking deficit in
lipid clearance (Fig. 3G,H ). To determine whether Dp16 mice have altered lipoprotein profiles,

we subjected pooled sera to FPLC fractionation followed by the quantification of triglyceride and
cholesterol levels in each fraction.

Dp16 males had lower triglyceride and cholesterol levels in the LDL/IDL and HDL fractions (Fig.

fractions, as well as higher triglyceride levels in the HDL fractions. Since liver is a key organ in
lipid and lipoprotein synthesis and export, we measured hepatic triglyceride (TG), diacylglycerol
figure supplement 1@). Dp16 males had lower maximal liver mitochondrial respiratd.rl'-s../"(.:gﬁécity
though not significant; and this was not different between genotypes in females (Fig. 3 - figure

pronounced insulin resistance, glucose intolerance, dyslipidemia, and impaired lipid clearance.
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Figure 3. Glucose intolerance, insulin resistance, and impaired lipid clearance in chow-fed Dp16 mice.

A-B) Overnight fasting insulin, blood glucose, serum triglyceride, cholesterol, non-esterified free fatty acids (NEFA), and B-
hydroxybutyrate (ketone) in male (A) and female (B) Dp16 and WT mice. Sample size for male mice (WT = 15; Dp16 = 12) and
female mice (WT = 14; Dp16 = 15). C-F) Impaired glucose tolerance as determined by the glucose tolerance test (GTT) in male
(C) and female (E) Dp16 mice compared to WT controls. Impaired insulin sensitivity as determined by the insulin tolerance
test (ITT) in male (D) and female (F) Dp16 compared to WT controls. Sample size for male mice (WT = 15; Dp16 = 12) and
female mice (WT = 14; Dp16 = 15). G-H) Impaired triglyceride clearance in response to lipid gavage as determined by the lipid
tolerance test (LTT) in male (G) and female (H) Dp16 relative to WT controls. Sample size for male mice (WT = 10; Dp16 = 14)
and female mice (WT = 15; Dp16 = 15). I-J) Pooled mouse sera from male (I) and female (J) Dp16 and WT mice were
fractionated by fast protein liquid chromatography (FPLC), and the triglyceride and cholesterol content of each fraction was
quantified. Fractions corresponding to very-low density lipoprotein (VLDL), low-density lipoprotein (LDL), intermediate-
density lipoprotein (IDL), and high-density lipoprotein (HDL) are indicated. All data are presented as mean + SEM. * P<0.05;
** P<0.01; *** P<0.001; **** P<0.0001. For all tolerance tests, data were analyzed by 2-way ANOVA with Sidek post hoc tests.
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Altered hepatic and serum metabolome in Dp16 mice

Since Dp16 mice showed profound disturbances in systemic energy metabolism, we performed
untargeted metabolomic analyses to assess possible changes in liver and serum metabolome. A
total of 4182 metabolites were identified from the 48 serum and liver samples. Partial Least
Square Discriminant Analysis (PLS-DA) indicated that liver and serum metabolome of Dp16 males
and females are clearly distinguishable from that of their corresponding WT controls (Fi
In male and female liver, we observed 319 and 337 differential metabolites, respectively,
mice vs WT controls (Fig. 4 - figure supplement 1 2 ; Fig. 4 2 - source data 1-4). In Dp16 male and
female serum samples, we observed 422 and 835 differential metabolites, respectively (Fig. 4 -
figure supplement 1@). When comparing the differential metabolites found in liver and serum,
7). Major sex
differences were seen in the differential metabolites found in liver and serum. There were 32
differential metabolites shared between Dp16 male and female liver, and 155 differential serum

metabolites shared between the sexes (Fig. 4D (2). The majority of differential metabolites found

As shown by KEGG classification, differential metabolites related to global, as well as lipid and
amino acid, metabolism accounted for the major differences seen in liver and serum of Dp16
males and females (Fig. 4 - figure supplement 2 and 3(2). In Dp16 female serum, KEGG
enrichment analysis indicated altered metabolic pathways related to bile secretion, steroid
hormone biosynthesis, nucleotide metabolism, and ABC transporters (Fig. 4E(%). In female and
male liver, as well as male serum, KEGG enrichment analyses did not yie
false discovery rate less than 0.05.

To provide greater detail, we highlighted some of the differential metabolites found in Dp16 male
and female mice (Table 12 and 2). Consistent with recent findings (75), we also observed changes
in hepatic bile acids content in both sexes, with most of the bile acids showing a reduced level in
Dp16 mice. In contrast to the liver, we observed a more extensive changes in circulating bile acids,
all of them except two were elevated in Dp16 mice of both sexes. Many bile acids serve as ligands
for nuclear hormone receptors (e.g., FXR and TGR5) that control various aspects of glucose and
lipid metabolism (76, 77), and extensive changes in circulating bile acids may potentially
contribute, at least in part, to the systemic metabolic phenotypes in Dp16 mice. In addition to bile
acids, circulating levels of many phospholipids (e.g., LysoPC, LysoPA, LysoPE), some with signaling
roles (78), were also altered. In both liver and serum, multiple acyl-carnitines (intermediates in fat
oxidation) were elevated in liver and serum, suggesting impaired fatty acid catabolism in Dp16
mice; this phenotype is further supported by our transcriptomic data indicating reduced

expression of fat oxidation genes in liver and BAT (data are discussed further below).

The levels of multiple eicosanoids, a class of lipids with pro- and anti-inflammatory roles (79),
were also changed in Dp16 mice. For example, several pro-inflammatory eicosanoids (e.g., 11-
dehydro-thromboxane B2, prostaglandin B1, prostaglandin D2, 20-hydroxy-leukotriene E4) were
elevated while some anti-inflammatory eicosanoids (e.g., 13,14-dihydro-15-keto-PGA2, 15(S)-
HETrE) were reduced. In addition to eicosanoids, we observed lower levels of several fatty acids
with anti-inflammatory and/or anti-diabetic roles (e.g., FAHFA, resolvin D1, all-trans-4-oxoretinoic
acid) (80-82) and a concomitant increase in fatty acids with pro-inflammatory roles (e.g.,
icosadienoic acid, sphingosine) (83, 84). The general pro-inflammatory state in Dp16 mice,
reflected by the metabolite data, parallel our transcriptomic data in BAT, liver, muscle, and
hypothalamus showing a pro-inflammatory and heightened immune activation state (data are

discussed further below).

We also would like to highlight that a crucial biomarker for oxidative stress, 8-Isoprostaglandin

reduced. Further, N-palmitoyl glutamine, a recently discovered acylated amino acid that
stimulates mitochondrial biogenesis and efficiency (87), was also reduced in Dp16 female serum.
Interestingly, 19-Nor-deoxycorticosterone (19-nor-DOC), a powerful mineralocorticoid hormone
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MAP00140 STEROID HORMONE BIOSYNTHESIS 0.0340 0.1060 26 0.4977918 1.5744902
MAP00240 PYRIMIDINE METABOLISM 0.0000 0.0090 16 -0.6979423 -1.8498274
MAP01232 NUCLEOTIDE METABOLISM 0.0016 0.0068 17 -0.7079331 -1.8390757
MAP02010 ABC TRANSPORTERS 0.0047 0.0247 30 -0.56541324 -1.6985672
MAP01100 METABOLIC PATHWAYS 0.0013 0.1112 311 -0.3431012 -1.5009166

Figure 4. Altered liver and serum metabolome in Dp16 male and female mice.

(A-B) Partial least squares discrimination analysis (PLS-DA) of liver and serum metabolites of Dp16 and WT males and
females. N = 6 samples per genotype per sex. (C) Venn diagram of differential metabolites shared between liver and serum in
Dp16 male or female mice. (D) Venn diagram of differential liver or serum metabolites shared between Dp16 males and
females. (E) KEGG enrichment showing altered metabolic processes in Dp16 female serum. ES, enrichment score; NES,

normalized enrichment score.
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Name Class log2FC | P-value | VIP | Up.Down
Liver
Chenodeoxycholylmethionine Bile acids 0.906 0.0003 | 1.23 up
23-Nordeoxycholic acid Bile acids -0.958 0.0066 1.08 down
Taurolithocholate sulfate Bile acids -0.796 0.0490 | 2.11 down
7a,12a-Dihydroxy-cholestene-3-one (DHCHO) Cholestane steroids 3.771 0.0123 | 2.17 up
Undecanedioylcarnitine acylcarnitine 1.016 0.0217 1.68 up
(6E)-Tridec-6-enedioylcarnitine acylcarnitine 0.803 0.0303 | 1.88 up
(2E,5Z,7E)-Decatrienoylcarnitine acylcarnitine -2.315 0.0212 | 1.05 down
(9Z,11E,132)-Octadeca-9,11,13-
trienoylcarnitine acylcarnitine -1.277 0.0349 1.44 down
Fatty acids and
Icosadienoic acid conjugates 2.030 0.0042 | 2.80 up
Fatty acids and
12-HHTrE conjugates -0.679 0.0402 | 1.56 down
LysoPC(18:4(62,92,12Z,152)/0:0) Glycerophosphocholines 0.994 0.0214 1.48 up
Lipoyllysine Lipoamides -1.226 0.0440 | 1.54 down
all-trans-4-Oxoretinoic acid Retinoids -1.065 0.0254 1.88 down
Sphingosine (d17:1) Amines 2.643 0.0148 | 1.70 up
Serum
hyocholic acid Bile acids 2.493 0.0030 | 3.06 up
Taurolithocholate sulfate Bile acids 1.516 0.0109 | 3.29 up
Apocholic acid Bile acids 1.837 0.0173 | 3.29 up
Methyl cholate Bile acids 1.417 0.0182 | 3.29 up
Taurochenodeoxycholic acid (TCDCA) Bile acids 2.049 0.0195 | 2.55 up
Tauro-omega-muricholic acid Bile acids 1.597 0.0201 | 2.91 up
(3b,5b,7a,12a)-3,7,12-trihydroxy-Cholan-24-
oic acid Bile acids 2.315 0.0209 | 2.50 up
Glycohyocholic acid (GHCA) Bile acids 1.709 0.0210 | 3.26 up
3beta-Glycocholic acid Bile acids 1.764 0.0256 | 3.01 up
7-Ketodeoxycholic acid (7-keto DCA) Bile acids 1.635 0.0340 | 2.51 up
6,7-Diketolithocholic acid (6,7-diketo LCA) Bile acids 2.171 0.0400 | 2.18 up
7,12-diketolithocholic acid (7,12-diketo LCA) Bile acids 2.068 0.0414 1.75 up
Glycoursodeoxycholic acid (GUDCA) Bile acids -1.308 0.0403 | 1.60 down
23-Nordeoxycholic acid (23-nor- DCA) Bile acids -1.190 0.0032 | 1.18 down
Table 1. Selective differential metabolites in the liver and serum of Dp16 male mice
. Metabolites are considered significantly different if fold change (FC) > 1.2 or < 0.833, P-value < 0.05, and the variable
importance in projection (VIP) score is > 1. Sample size: WT (n = 6) and Dp16 (n = 6)
Chen, Saqib et al., 2026 eLife 15:RP110476. https://doi.org/10.7554/eLife.110476.2 15 of 47
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6,15-diketo-13,14-dihydro Prostaglandin
Flalpha Eicosanoids 1.173 0.0008 | 2.20 up
Prostaglandin B1 Eicosanoids 2.094 0.0020 | 1.89 up
Prostaglandin D2 Eicosanoids 1.157 0.0041 | 1.28 up
11-Dehydro-thromboxane B2 Eicosanoids 1.181 0.0116 | 1.08 up
8-Isoprostaglandin F2a Eicosanoids 0.916 0.0237 | 1.10 up
Non-7-enoylcarnitine Acyl-carnitine -1.563 0.0007 1.79 down
3,6-Dihydroxydecanoylcarnitine Acyl-carnitine -2.095 0.0008 1.83 down
(6E)-Tridec-6-enedioylcarnitine Acyl-carnitine 0.553 0.0221 | 1.16 up
trans-2-Dodecenoylcarnitine Acyl-carnitine 0.501 0.0276 | 1.24 up
0O-dodecanedioylcarnitine Acyl-carnitine 0.663 0.0263 | 1.46 up
7-Keto-dehydroepiandrosterone Androstane steroids 1.122 0.0005 1.70 up
Testosterone Androstane steroids 1.984 0.0081 | 2.99 up
Dehydroepiandrosterone (DHEA) Androstane steroids 2.470 0.0256 | 3.12 up
5Alpha-Androstan-17-Beta-0l-3-One (DHT) Androstane steroids 1.544 0.0368 | 3.48 up
19-Hydroxyandrost-4-ene-3,17-dione Androstane steroids 1.781 0.0404 | 2.10 up
Androstenedione Androstane steroids 0.441 0.0486 | 1.49 up
FAHFA(22:6(42,72,102,132,162,192)/14-0- Fatty acids and
22:6(42,72,102,132,16Z,192)) conjugates -1.123 0.0305 1.99 down
PC(20:4(6Z,8E,10E,142)-20H(5S,12R)/2:0) phospholipid 2.498 0.0005 1.75 up
LysoP(C(22:4(72,10Z,13Z,162)/0:0) phospholipid 0.766 0.0008 | 1.89 up
LysoP(C(18:4(6Z,92,12Z,152)/0:0) phospholipid 1.590 0.0138 | 3.04 up
PC(MonoMe(11,3)/MonoMe(11,3)) phospholipid 2.072 0.0228 | 3.07 up
1,2-Dilauroyl-sn-glycero-3-phosphocholine phospholipid -1.042 0.0055 1.31 down
LysoPE(0:0/15:0) phospholipid -1.353 0.0087 | 1.72 down
1-heptadecanoyl-glycero-3-
phosphoethanolamine phospholipid -0.950 0.0116 | 1.64 down
LysoPE(20:5(52,87,117,147,177)/0:0) phospholipid -1.087 0.0478 | 1.89 down
19-Nordeoxycorticosterone Hydroxysteroids 1.447 0.0043 1.01 up
Lipoamide Lipoamides -1.707 0.0162 1.31 down
Table 1. (continued)
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Name Class log2FC | P-value VIP Up.Down
Liver
23-Norcholic acid (23-NCA) Bile acids -4.557 | 0.000008 | 4.86 down
6,7-Diketolithocholic acid Bile acids -2.049 0.0086 1.56 down
3-0Ox0-7-hydroxychol-4-enoic acid Bile acids -1.817 0.0159 1.21 down
Apocholic acid Bile acids -2.577 0.0186 1.31 down
23-Nordeoxycholic acid (23-NDCA) Bile acids -2.563 0.0350 2.72 down
(3b,5b,7a,12a)-3,7,12-trihydroxy-Cholan-24-oic
acid Bile acids -3.375 0.0425 2.05 down
20-Hydroxy-leukotriene E4 Eicosanoids 1.214 0.0261 2.66 up
6-Keto-prostaglandin E1 Eicosanoids 0.886 0.0282 1 up
Prostaglandin E1 Eicosanoids 0.822 0.0356 1.56 up
Prostaglandin Al Eicosanoids 0.721 0.0382 1.16 up
4-Hydroxydecanedioylcarnitine Acyl-carnitine 1.690 0.0003 1.41 up
3-Oxobutanoylcarnitine Acyl-carnitine 0.788 0.0100 1.1 up
4-Hydroxyhexanoycarnitine Acyl-carnitine 0.701 0.0182 2.29 up
(3E)-Glutaconylcarnitin Acyl-carnitine 1.654 0.0204 1.27 up
0-(17-Carboxyheptadecanoyl)carnitine Acyl-carnitine 1.722 0.0262 1.55 up
(6E)-Tridec-6-enedioylcarnitine Acyl-carnitine 0.663 0.0278 1.61 up
LysoPE(22:5(72,10Z,132,162,192)/0:0) Phospholipid 1.792 0.0151 2.61 up
PC(MonoMe(11,3)/MonoMe(11,3)) Phospholipid -5.980 0.0054 2.17 down
TG(20:3n6/0-18:0/18:3(92,122,15Z)) Triacylglycerols 1.293 0.0008 1.68 up
Serum
3-0x0-7-hydroxychol-4-enoic acid (7-HOCA) Bile acids 5.645 1.7E-07 2.84 up
3beta-Glycocholic acid Bile acids 3.727 1.8E-06 2.46 up
Taurochenodeoxycholic acid (TCDCA) Bile acids 5.069 4.0E-06 2.75 up
Tauro-omega-muricholic acid Bile acids 5.682 6.9E-06 2.72 up
Glycohyocholic acid (GHCA) Bile acids 3.525 1.2E-05 2.46 up
Taurolithocholic acid (TLCA) Bile acids 6.759 2.6E-05 3.26 up
lithocholic acid (LCA) Bile acids 3.436 2.8E-04 2.49 up
Cholan-24-oic acid, 12-hydroxy-3-(sulfooxy)-,
disodium salt, (3alpha,5beta,12alpha)- (9Cl) Bile acids 1.948 9.3E-04 1.98 up
3beta-Hydroxy-5-cholestenoic acid Bile acids 2.044 9.0E-03 1.54 up
3alpha,7alpha-Dihydroxy-12-oxo-5beta-
cholanate Bile acids 1.725 1.1E-02 1.46 up
Glycochenodeoxycholate-3-sulfate (GCDCA-S) Bile acids 1.989 1.2E-02 2.19 up
(3b,5b,7a,12a)-3,7,12-trihydroxy-Cholan-24-oic
acid Bile acids 3.245 1.7E-02 1.47 up
Beta-Hyodeoxycholic acid (B-HDCA) Bile acids 3.311 2.9E-02 1.86 up
hyocholic acid (HCA) Bile acids 1.800 3.8E-02 1.66 up
23-Norcholic acid (23-NCA) Bile acids -2.306 3.5E-03 1.82 down
23-Nordeoxycholic acid (23-NDCA) Bile acids -1.923 4.0E-02 1.58 down
Biliverdin Bilirubins 0.885 1.9E-02 2.64 up

Table 2. Selective differential metabolites in the liver and serum of Dp16 female mice

. Metabolites are considered significantly different if fold change (FC) > 1.2 or < 0.833, P-value < 0.05, and the variable
importance in projection (VIP) score is > 1. Sample size: WT (n = 6) and Dp16 (n = 6)
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5,6-Dihydroxyprostaglandin Fla Eicosanoids 0.924 2.5E-03 1.06 up
2-glyceryl-11,12-EET Eicosanoids 1.295 1.1E-02 1.39 up
11-Dehydro-thromboxane B2 Eicosanoids 1.654 3.9E-02 1.38 up
13,14-dihydro-15-keto-PGA2 Eicosanoids -1.304 1.4E-04 2.18 down
15(S)-HETrE Eicosanoids -1.517 5.0E-04 2.63 down
THROMBOXANE B2 Eicosanoids -1.040 3.0E-03 1.03 down
FAHFA(22:6(42,72,10Z,13Z,16Z,192)/14-0O- Fatty acids and
22:6(4Z,72,10Z,13Z,16Z,192)) conjugates -2.148 2.7E-05 2.92 down
Fatty acids and
FAHFA 38:5 conjugates -2.415 3.1E-05 1.62 down
Fatty acids and
Arachidonic acid conjugates -0.928 2.8E-04 2 down
Fatty acids and
N-Palmitoyl Glutamine conjugates -1.304 5.2E-03 1.33 down
Fatty acids and
Resolvin D1 conjugates -0.876 9.8E-03 1.44 down
LysoPC(22:4(72,102,13Z,16Z)/0:0) Phospholipid 0.951 1.9E-04 1.96 up
LysoPC(22:5(72,10Z,13Z,16Z,192)/0:0) Phospholipid 0.762 | 1.0E-03 | 1.56 up
LysoPC(22:5(4Z,72,10Z,132,162)/0:0) Phospholipid 0.654 | 2.9-03 | 1.28 up
PC(MonoMe(11,3)/MonoMe(11,3)) Phospholipid 6.452 8.6E-03 19 up
1-O-Palmitoyl-2-O-acetyl-sn-glycero-3-
phosphorylcholine Phospholipid 0.816 3.2E-02 1.2 up
LysoPC(18:4(6Z,92,127,152)/0:0) Phospholipid 1.148 | 3.7E-02 | 1.47 up
LysoPA(20:3(82,117,147)/0:0) Phospholipid -0.934 | 4.3E-03 2.15 down
LysoPC(0:0/18:1(92)) Phospholipid -1.494 1.5E-03 1.14 down
PC(20:3(82,11Z,147)/18:3(9,12Z,152)) Phospholipid -0.868 | 7.3E-03 | 1.54 down
LysoPE(P-18:1(92)/0:0) Phospholipid -1.305 9.8E-04 1.18 down
Glycerophospho-N-Oleoyl Ethanolamine Phospholipid -1.189 1.7E-03 1.32 down
1-heptadecanoyl-glycero-3-
phosphoethanolamine Phospholipid -1.071 2.4E-03 1.57 down
LPE(14:0) Phospholipid -1.001 | 7.4-03 | 1.01 down
LysoPE(20:3(82,117,147)/0:0) Phospholipid -0.987 | 9.4E-03 | 1.07 down
LysoPE(20:5(52,87,117,147,172)/0:0) Phospholipid -1.067 | 9.9-03 | 1.55 down
Pregnenolone Pregnane steroids -1.031 5.7E-04 1.18 down
17alpha-Hydroxyprogesterone Pregnane steroids -0.807 3.9E-03 2 down
Dehydroepiandrosterone sulfate (DHEAS) Sulfated steroids -1.334 | 4.6E-04 1.31 down
Table 2. (continued)
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altered blood pressure in these animals. In Dp16 female serum, we also observed elevated
biliverdin (precursor of bilirubin), suggesting potential liver injury, which was confirmed by an
increase in serum alanine transaminase (ALT) levels (Figure 4 - figure supplement 4 (%).

We showed using an ELISA method that estradiol levels are significantly higher in females and
testosterone levels in males exhibited high variations (Figure 2 - figure supplement 5 ). Our
metabolite data, however, indicated that six androstane steroids, including testosterone, were
significantly elevated in Dp16 male serum, whereas the precursors of female sex hormones (e.g.,
pregnenolone and 17a-hydroxyprogesterone) were reduced in female serum, presumably due to
its greater conversion to estradiol. Given the pleiotropic systemic metabolic effects of testosterone
and estradiol (90, 91), changes in circulating sex hormones in Dp16 mice are likely contributing, at
least in part, to the sex differences in metabolic phenotypes. Taken together, our metabolomic
analyses reveal major sex-dependent and independent changes in liver and serum metabolites

likely contributing to the systemic metabolic deficits in Dp16 mice.

Transcriptomic signatures of immune activation, fibrosis, ER
stress, and impaired metabolic processes in Dp16 mice

To address the molecular underpinnings of the metabolic phenotypes seen in chow-fed Dp16 mice,
we performed bulk RNA sequencing to assess global changes in the transcriptome and biological
pathways across six metabolic tissues (Fig. 5% — source data 1-24). Except the liver, females have

the highest number of DEGs, with skeletal muscle having the least DEGs. All tissues except gWAT
have more upregulated than downregulated DEGs. Overlap analysis in males and females indicate
and liver have the highest number of shared DEGs across sex, with skeletal muscle havmgthe
least shared DEGs. iWAT, gWAT and BAT have the highest number of DEGs that are female-specific,
whereas liver and BAT having the highest number of DEGs that are male-specific (Fig. 5B (2).

We performed gene ontology (GO) analysis to reveal which major biological pathways are altered
in Dp16 mice that could contribute to their metabolic phenotypes. Among the top biological
pathways upregulated in female mice are ER stress (§WAT, iWAT), immune activation (iWAT, BAT,
liver, and muscle), fibrosis G(WAT and hypothalamus), and the top downregulated pathways are
ATP synthesis and cellular respiration (BAT and skeletal muscle) and lipid metabolism (liver) (Fig.

iWAT), immune activation (BAT, liver, and hypothalamus), lipid metabolism (BAT), and receptor
signaling (skeletal muscle), and the down-regulated pathways include glucose and lipid
metabolism (iWAT, BAT, and liver) and cellular respiration (BAT and liver) (Fugscrﬁ) We
highlighted some of the DEGs involved in immune activation, ER stress, fibrosis, glucose and lipid
metabolism, fat oxidation, mitochondrial respiration, and signaling in iWAT, BAT, liver, skeletal
muscle, and hypothalamus (Figure 5 - figure supplement 1-5 % ). These transcriptomic changes
parallel our metabolite data (Table 1 and 2 (%); both sets of data highlighted impaired lipid
metabolism, a pro-inflammatory state, reduced mitochondrial health, and oxidative stress.
Altogether, these data underscore major sex differences in tissue transcriptomes, but also revealed
common and shared biological pathways affected in Dp16 males and females that underpin their
shared metabolic phenotypes. To confirm the biochemical correlates of our RNA-seq data, we
examined markers of fibrosis (hydroxyproline) and oxidative stress (malondialdehyde) in liver,
gWAT, and iWAT. Collagen content was significantly higher in Dp16 female liver and lower in male
gWAT (Figure 5 - figure supplement 6 ). Oxidative stress was significantly higher in Dp16 male
liver and lower in gWAT; in females it was lower in gWAT (Figure 5 - figure supplement 7 (%).
These results partly corroborate our transcriptomic and metabolomic data, and further indicate

that fibrosis and oxidative stress occur in Dp16 mice in a sex- and tissue-dependent manner.
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Figure 5. Transcriptomic changes and altered biological pathways across tissues in chow-fed Dp16 male
and female mice.

A) Number of differentially expressed genes (DEGs) that up or down regulated across six tissues in male and female Dp16
mice and their WT littermate controls. DEG is defined as any gene with log2(FC) > 0.5 and padj < 0.05. N = 6 per genotype per
tissue. gWAT, gonadal white adipose tissue; iWAT, inguinal white adipose tissue; BAT, brown adipose tissue. B) Overlap
analysis showing DEGs that are shared between males and females, as well as those DEGs found in males or females only,
across six tissues. C) Gene ontology highlighting some of the top biological pathways altered across six tissues in male and
female Dp16 mice.
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Sexually dimorphic response of Dp16 mice to an obesogenic diet

Since the DS population is prone to developing obesity (11, 13), we challenged the Dp16 mice with
an obesogenic high-fat diet (HFD) and assessed how they handle metabolic stress associated with
chronic high-fat feeding. There were striking sex differences in the response of Dp16 mice to an
HED. For the first five weeks on HFD, Dp16 males gained a similar amount of weight as the WT
controls. From six weeks onward, their body weight diverged, with the WT males gaining

genotypes in males, but % lean mass (wWhen normalized to body weight) was higher in Dp16 males.
In contrast to males, Dp16 females gained weight rapidly in the first six weeks on HFD, but by
seven weeks onward, the body weights of Dp16 females were no longer significantly different

could contribute to lower weight gain over time. Dp16 males had modestly higher physical activity
levels in the light cycle during fasting, but energy expenditure was not different from WT controls
across the circadian cycles and metabolic states (fed, fasted, and refed) (Fig. 6E2). In contrast to

females had consistently higher physical activity levels in the dark cycle across different metabolic
states (fed, fasted, refed). Although energy expenditure (normalized to lean mass) appeared to be
slightly higher in Dp16 females, it was only significantly different in the light cycle during the

indicated no differences in energy expenditure between genotypes of either sex across the
circadian cycles and metabolic states (Figure 6 - figure supplement 12).

Next, we determined whether there are any differences in nutrient absorption in the intestine by
quantifying fecal output and frequency, as well as fecal energy content in mice on HFD. No
differences in any of the fecal parameters were noted between genotypes of either sex (Fig. 6G-

measured the body temperature of mice on HFD. In contrast to higher body temperature of chow-
fed males, Dp16 males on HFD appeared to have slightly lower body temperature in the light cycle,
though not significant (Fig. 61%). Like the chow-fed females, Dp16 females on HFD also had lower
body temperature in both the light and dark cycles (Fig. 6] 3). We measured serum
triiodothyronine (T3) to determine whether altered thyroid hormone level contributes to lower
body temperature. Contrary to expectation, both Dp16 males and females had elevated serum T3
levels (Figure 6 - figure supplement 2 2). We also measured serum levels of sex and stress
hormones, as these could contribute to our phenotypes. Corticosterone levels were not different
between genotypes of either sex. Testosterone levels in males appeared lower but not significant;
estradiol levels, however, were higher in Dp16 females (Figure 6 - figure supplement 2 2), possibly
contributing to their lower body temperature and higher physical activity (71-74).
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Figure 6. Sexually dimorphism in body weight, body temperature, food intake, and physical activity in Dp16
mice in response to a high-fat diet (HFD).

A) Body weight of HFD-fed male Dp16 and WT mice over time. B) absolute and relative (% of body weight) fat and lean mass
in male mice (WT = 15; Dp16 = 12). C) Body weight of HFD-fed female Dp16 and WT mice over time. D) absolute and relative
(% of body weight) fat and lean mass in female mice (WT = 14; Dp16 = 14). E-F) Food intake, total physical activity level, and
energy expenditure of male (E) and female (F) Dp16 and WT mice across the circadian cycle (light and dark) and metabolic
states (ad libitum fed, fast, refeed). Sample size for male (WT = 8; Dp16 = 11) and female (WT = 12; Dp16 = 12) mice. G-H) fecal
frequency, average fecal weight, and fecal energy content (per gram and total) in male (G) and female (H) Dp16 and WT mice
on HFD. Sample size for male (WT = 6; Dp16 = 7) and female (WT = 6; Dp16 = 6) mice. I-J) Body temperature in the light and
dark cycle of male (I) and female (J) Dp16 and WT mice on HFD. Sample size for male (WT = 15; Dp16 = 12) and female (WT =
14; Dp16 = 15) mice. All data are presented as mean + SEM. * P<0.05; *** pP<0.001; **** p<0.0001. For body weight over time,
data were analyzed by 2-way ANOVA with Sidek post hoc tests.
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At termination of study, we assessed whether there are differences in tissue weight in Dp16 mice
on HFD. Tissues were collected from male mice at 50 weeks of age when they were on HFD for 34.5
weeks. At the time of termination, body weights and tissue weights of gWAT, iWAT, and liver were
significantly lower in Dp16 males relative to WT controls (Figure 6 - figure supplement 3(%).
Although the absolute weights of heart and kidney were not different between genotypes, the
relative weights (% of body weight) of heart and kidney were significantly higher in Dp16 males.
For females, tissues were collected at 45 weeks of age (on HFD for 26 weeks). Although the body
weights of Dp16 females on HFD were not different from WT controls at 35 weeks of age (on HFD

figure supplement 3(@). The absolute and relative weights of gWAT and iWAT were significantly
lower in Dp16 females. The absolute and relative weights of heart and kidney, however, were
higher in Dp16 females.

We also noted that a marker of fibrosis (hydroxyproline content) was significantly higher in Dp16
male liver, as well as in Dp16 female liver, gWAT, and iWAT. A marker of oxidative stress
(malondialdehyde content) was not significant different between genotypes of either sex in liver,
gWAT, and iWAT (Figure 6 - figure supplement 42). Taken together, these data indicate major sex
differences in the physiological response of Dp16 mice to an obesogenic diet.

High-fat diet exacerbates glucose intolerance and insulin
resistance in Dp16 mice

Since Dp16 mice on a standard chow diet developed overt insulin resistance and dyslipidemia, we
determined whether HFD would further exacerbate these phenotypes. In overnight (16 h) fasted
males, serum insulin, triglyceride, cholesterol, NEFA, and B-hydroxybutyrate (ketone) levels were
not different between genotypes (Fig. 7A%), even though Dp16 males had significantly lower body
weight and adiposity. Fasting blood glucose levels, however, were lower in Dp16 males, likely
reflecting lower adiposity. The Dp16 females appeared to have higher fasting insulin levels, though
were not different between genotypes in female mice. Serum NEFA and -hydroxybutyrate
(ketone) levels were significantly lower in Dp16 females (Fig. 7B @), suggesting lower fasting-

induced lipolysis and hepatic fat oxidation. ~

Next, we subjected Dp16 mice on HFD to glucose tolerance test. Both Dp16 males and females
showed exacerbated glucose intolerance compared to WT controls (Fig. 7C and E (2). Direct
assessment of insulin sensitivity showed that Dp16 males and females have significantly reduced
glucose clearance in response to insulin injection compared to WT controls, with Dp16 females

exhibiting a more pronounced insulin resistance phenotype (Fig. 7D and F2).

Given that Dp16 mice on a standard chow diet had marked deficit in lipid clearance, we again
performed lipid tolerance tests to assess whether Dp16 mice on HFD have worsening lipid
handling capacity. No differences were observed between genotypes in male mice, whereas Dp16
Analysis of lipoprotein profiles showed that both Dp16 males and females havehlgherVLDL-TG
and lower LDL-C compared to WT controls, with the effect more pronounced in males (Fig. 71 (2).

Taken together, these data indicate that despite divergent weight gain in response to HFD, both
Dp16 males and females show exacerbated insulin resistance and dyslipidemia.

Discussion

In this study, we show that triplication of Hsa21 gene orthologs in the Dp16 mouse model causes
profound disruption in systemic metabolism. By combining deep phenotyping with multi-omics
approaches, we show that gene dosage imbalance contributes to major changes in transcriptomes,
metabolomes, and biological pathways that link to systemic insulin resistance, glucose intolerance,
impaired lipid clearance, dyslipidemia, and exacerbate metabolic stress induced by an obesogenic
diet. Our findings provide valuable insights and plausible mechanistic explanations for the
prevalence of obesity, dyslipidemia, and diabetes in the DS population.
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Figure 7. Exacerbated glucose intolerance and insulin resistance in Dp16 mice fed a high-fat diet (HFD).
A-B) Overnight fasting insulin, blood glucose, serum triglyceride, cholesterol, non-esterified free fatty acids (NEFA), and B-
hydroxybutyrate (ketone) in male (A) and female (B) Dp16 and WT mice on HFD. Sample size for male mice (WT = 15; Dp16 =
12) and female mice (WT = 14; Dp16 = 14). C-F) Exacerbated glucose intolerance as determined by the glucose tolerance test
(GTT) in male (C) and female (E) Dp16 compared to WT controls on HFD. Exacerbated insulin resistance as determined by the
insulin tolerance test (ITT) in male (D) and female (F) Dp16 compared to WT controls. Sample size for male mice (WT = 15;
Dp16 = 12) and female mice (WT = 14; Dp16 = 14). G-H) The rate of triglyceride clearance in response to lipid gavage as
determined by the lipid tolerance test (LTT) in male (G) and female (H) Dp16 and WT mice. Sample size for male mice (WT =
15; Dp16 = 12) and female mice (WT = 14; Dp16 = 14). I-}) Pooled mouse sera from male (I) and female (J) Dp16 and WT mice
were fractionated by fast protein liquid chromatography (FPLC), and the triglyceride and cholesterol content of each fraction
was quantified. Fractions corresponding to very-low density lipoprotein (VLDL), low-density lipoprotein (LDL), intermediate-
density lipoprotein (IDL), and high-density lipoprotein (HDL) are indicated. All data are presented as mean + SEM. * P<0.05;
*% P<0.01; *** P<0.001; **** P<0.0001. For all tolerance tests, data were analyzed by 2-way ANOVA with Sidek post hoc tests.
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We show that most triplicated Hsa21 gene orthologs are expressed at the expected ~1.5-fold or
higher across six metabolic tissues, but in a striking sex- and tissue-specific manner. Variegated
overexpression of Hsa21 genes has been previously noted in individuals with DS (92). In Dp16
mice, female adipose depots exhibit the highest number of differentially expressed triplicated
genes, and this is associated with the substantial weight gain observed in Dp16 females. Males, in
contrast, have relatively stable body weight and adiposity under standard chow diet despite
having similar gene dosage imbalance. These sex differences underscore the complex interactions
between triplicated genes and sex-dependent regulatory mechanisms that influences tissue
reinforces sex as an important biological determinant of metabolic risk in DS, consistent with
documented sex differences in the susceptibility of individuals with DS to developing obesity and
metabolic impairments (13, 23, 94-97).

Although their weight trajectories diverge, both male and female Dp16 mice exhibit hallmark
features of metabolic dysfunction, including fasting hyperinsulinemia, glucose intolerance, insulin
resistance, and impaired lipid clearance. These core phenotypes shared between the sexes arise in
spite of divergent adiposity, indicating that dysregulated systemic metabolism is a primary
consequence of triplicated gene dosage imbalance rather than a secondary effect of increased fat
mass. The insulin resistance phenotype, as well as impaired triglyceride clearance and alterations
in lipoprotein profiles are consistent with the propensity of individuals with DS to developing type
2 diabetes, dyslipidemia and altered fasting lipid profiles (10-19). These parallels strengthen the
translational relevance of the Dp16 model. Future studies are needed to determine which aspects
of lipid metabolism—hepatic lipid export, adipose tissue lipolysis, lipoprotein turnover—are
dysregulated in DS. Nevertheless, our assessments of mitochondrial function and biochemical
markers of fibrosis and oxidative stress, as well as our transcriptomic, metabolomic, and pathway
enrichments analyses have provided some mechanistic insights. Our data point to a combination
of changes—impaired glucose and lipid metabolism, mitochondrial function, ER and oxidative
stress, fibrosis, and low-grade inflammation—all of which are known drivers of adverse metabolic
outcomes (98-100). These collective changes act in concert across major metabolic tissues to
disrupt local and systemic energy metabolism in Dp16 mice.

Our metabolomic analyses highlighted extensive remodeling of the metabolome of liver and
serum. Strikingly, the majority of differential metabolites are not shared between the sexes. This
once again underscores the unexpected and complex interactions of triplicated genes and
biological sex in determining phenotypic outcomes. The differential metabolites are clustered
around pathways related to lipid, amino acid, and bile acid metabolism; some of these pathways
have been previously documented in DS (75, 101). Despite sex differences, we noted that several
classes of metabolites—bile acids, acylcarnitine, eicosanoids, phospholipids, fatty acid conjugates
—are shared by Dp16 males and females and that the directionality of change is also broadly
consistent between the sexes. Altered bile acid pools, including both primary and conjugated bile
acids made in the liver (e.g., taurochenodeoxycholic acid, chenodeoxycholymethionine, hyocholic
acid, glycohyocholic acid) and secondary bile acids made by gut bacteria (e.g., lithocholic acid,
taurolithocholate sulfate, glycoursodeoxycholid acid, keto and diketo lithocholic acid), suggest
potential changes in gut-liver axis and bile-acid-regulated metabolic signaling (77, 102, 103) that
can contribute to metabolic dysfunction. The directionality of change in multiple immuno-
regulatory eicosanoids (79) and fatty acids (80-82) appears to promote a pro-inflammatory state in
Dp16 mice, a phenotype that is also supported by our multi-tissue transcriptomic data.
Interestingly, several hepatic and serum phospholipid species (e.g., Lyo-PC, Lyso-PA, Lyso-PA) are
either elevated or reduced in Dp16 mice. Given the complex signaling roles for some of these
phospholipids (78), we speculate that these changes may underline some aspects of the metabolic
deficits in Dp16 mice. Thus, remodeling of tissue and serum metabolomes, in combination with
major changes in transcriptomes across tissues, likely contributed to the pronounced metabolic

dysfunction in Dp16 mice.
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The introduction of an obesogenic diet helped us to reveal the complex interplay of gene and
environment in the context of Hsa21 gene dosage imbalance. This becomes relevant as individuals
with DS live increasingly longer lives, and can have varied lifestyles and diet. Despite opposite
weight trajectories on HFD—males gaining less and females initially gaining more—both Dp16
male and female mice develop worsened glucose intolerance and insulin resistance. This
dissociation between weight gain and metabolic impairment again point to gene dosage imbalance
as the primary cause of metabolic dysfunction rather than a secondary effect of altered adiposity.
The increased fibrosis observed in adipose tissue and liver in Dp16 mice on HFD suggests that
chronic nutritional stress exacerbates extracellular matrix remodeling, a change in tissue
architecture that is known to compromise adipose tissue and liver function (99, 104).

Although not the focus of the present study, we unexpectedly discovered that an obesogenic diet
causes heart enlargement in Dp16 mice; this phenotype was not observed in Dp16 mice fed a
standard chow. The cause of heart enlargement in response to a high-fat diet is presently
unknown. Given that congenital heart defect is frequently seen in DS (105), prior studies in DS
mouse models have been focused on the contribution of triplicated genes to developmental heart
defects (e.g., atrial or ventricular septal defect) (69, 106). Our data suggests that the complex
interactions of genetics and diet may predispose adult individuals with DS to cardiovascular

complications independent of congenital heart abnormalities.

Among the 115 Hsa21 triplicated gene orthologs located on the syntenic region of mouse
chromosome 16, several are known to affect metabolism, oxidative stress, inflammatory response,
and/or fibrosis. These include Dyrkla (107), Dscr1/Rcani (108, 109), Atp] (110), Atp50 (111), Nrip1

triplicated genes show sexually dimorphic expression in gWAT (I110rb, Cbr1, Ets2, Nrip1), iWAT
(Il110rb, Runx1, Adamts5, Tiam1, Rcanl, Ripk4, Bachl1, Nrip1, Dyrkla, Fam3b), BAT (Cbr1, Usp16,
Ets2, Atp5o, Nrip1), Liver (Tiam1, Rcanl, Bach1, Prdm15), skeletal muscle (Adamts5, Ifnar2, Rcanl,
Ets2, Atp50, Nrip1), and hypothalamus (Ripk4, Sim2); these sex-biased expression patterns may
contribute to the sex differences in Dp16 metabolic phenotypes. In striking contrast to other DS
phenotypes, normalizing the expression dosage of the interferon receptor gene locus does not
were studied in the context of trisomy; thus, it is unknown whether normalizing these triplicated
genes—individually or in combination—could reverse some or all of the metabolic phenotypes
described. Systematic genetic dissection of dosage-sensitive genes in the context of trisomy—an
approach successfully used for other DS phenotypes (69, 130-132)—are required to establish their
necessity and sufficiency in promoting metabolic dysfunction. Given the complex metabolic
phenotypes of Dp16, we anticipate that multiple dosage-sensitive genes are likely to work
additively or synergistically to disrupt systemic glucose and lipid metabolism.

Several limitations of the study, however, are noted. First, while Dp16 mouse model contains
~58% of the Hsa21 gene orthologs (55, 69), it does not contain the full complement of Hsa21 gene
orthologs. Although no single mouse model fully recapitulates all DS phenotypes (133), in light of
the impact and complex combinatorial effects of the triplicated genes on phenotypic outcomes and
tissue transcriptomes (6, 134), it is worthwhile in future studies to comprehensively examine the
metabolic phenotypes of the triple compound model (Dp16;Dp10;Dp17) carrying the full
complement of the Hsa21 gene orthologs (135). The large-scale breeding, cost, and labor associated
with generating the compound mice have been a major challenge; however, progress has recently
been made to overcome this hurdle (136). Secondly, Dp16 is a segmental duplication model and not
a trisomic model with an independently segregating chromosome. Recent studies have suggested
that the presence of an extra chromosome (i.e., trisomy) can affect phenotypes and disomic gene

dependent versus chromosome-dependent effects will be an important future direction. Thirdly,
although we observed major perturbations across tissue transcriptomes, not all changes in mRNAs
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studies incorporating proteomics data would enhance and complement our transcriptomic results.
Fourthly, while our studies were ongoing, Tolu and co-workers also reported the glucose
intolerance and insulin resistance phenotype in Dp16 mice (140). The authors also showed
reduced insulin content in the pancreatic f-cell without changes in B-cell mass. Notably, in our
study, we did not measure pancreatic insulin content. We also did not include transcriptomic data
from the pancreas, as none of the RNA samples passed the quality control needed for RNA

sequencing.

In summary, our data show that the triplication of Hsa21 gene orthologs severely disrupts
metabolic homeostasis through concerted perturbations in transcriptome, metabolome, tissue
remodeling, mitochondrial function, and glucose and lipid metabolism. Our findings provide
physiological contexts for ongoing studies aiming to understand the vulnerability of DS population
to developing metabolic disorders. The striking and extensive sex differences uncovered here
argue that metabolic studies and therapeutic strategies in DS should account for sex as an
important biological variable. Our study highlighted both shared and sex-specific mechanisms of
metabolic dysfunction in a DS mouse model, and the impact of gene dosage imbalance on altering
whole-body metabolism. The wealth of molecular, biochemical, and physiological data help lay the
crucial groundwork for genetic dissection of dosage-sensitive genes causally linked to metabolic
dysfunction, and to inform efforts at identifying actionable therapeutic targets that can mitigate
one or more aspects of metabolic deficits seen in individuals with DS.
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Peer reviews
Reviewer #1 (Public review):

[Editors' note: this version has been assessed by the Reviewing Editor without further input
from the original reviewers. The authors have addressed the comments raised in the
previous round of review.]

Summary:

Chen et al. describe metabolic phenotypes in Dp16 Down Syndrome mice, specifically the
Dp(16)1Yey/+ mice - segmental duplication model carrying a majority of the triplicated Hsa21
gene orthologs. The group has performed metabolic phenotyping data in chow and high-fat
diets, as well as undertaking a transcriptomic and metabolomic approach in tissues such as
white and brown adipose tissues, liver, skeletal muscle, and hypothalamus to reveal both
shared and sex-specific differences. The group describes sexual dimorphism in body weight,
body temperature, food intake, and physical activity. Core shared features are insulin
resistance, glucose intolerance, impaired lipid clearance, and dyslipidaemia in the Dp16 mice.
They report tissue signatures of immune activation and a pro-inflammatory state, ER and
oxidative stress, fibrosis, impaired glucose and fatty acid catabolism, altered lipid and bile
acid profiles, and reduced mitochondrial respiration in Dp16 mice.

Strengths:

Overall, this is a good study with detailed, comprehensive data from an excellent group who
have previously published on metabolic phenotyping of 2 other Down Syndrome mouse
models. Although somewhat descriptive, it does certainly add to the current field and
understanding of strengths and weaknesses of Down Syndrome mouse models, as well as
identifying new features whilst strengthening previously suggested mechanisms.

https://doi.org/10.7554/eLife.110476.2.sa3

Reviewer #2 (Public review):

Summary:

Human DS is associated with metabolic dysfunction in humans, but the precise details of this
have not been studied in detail. Here, the authors use a mouse model of DS to study systemic
metabolic and transcriptional responses in key metabolic tissues to provide a deep
understanding of the metabolic changes associated with DS. As part of his work, the authors
also aimed to help inform the selection of a mouse model that best reflects the metabolic
profile of DS, through comparison with other DS model metabolic data.

The data presented in this model will be of interest to those in the field of metabolism. The
immediate impact is unclear, but the breadth of data presented makes this a very useful
resource.

Strengths:

(1) This work builds on other comprehensive analyses that the authors have performed in
other DS mouse models.

(2) The authors note common metabolic disturbances between male and female mice (e.g.,
insulin resistance) alongside clearly sexually dimorphic phenotypes (e.g., body weight).
Studying both sexes in this context is important.
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(3) The authors have written the paper in a way that integrates a large number of
observations well. There is complex data, and a high degree of sexual dimorphism. The study
has generated a valuable and wide-ranging dataset comprising molecular, biochemical, and
physiological data that will be useful for further, more mechanistic studies of metabolism in
DS.

(4) For specific observations, like the findings of altered body temperature in male and
female mice, the authors undertake follow-up hypothesis-driven analyses of BAT
mitochondria and specific hormones. Although these analyses do not explain the change in
temperature, they ensure the study is not purely descriptive in nature.

https://doi.org/10.7554/eLife.110476.2.sa2

Reviewer #3 (Public review):

Summary:

The article by Chen et al. describes the comprehensive metabolic profiling of DP16 mice, a
Down syndrome model that carries a duplicated segment of the mouse chromosome syntenic
to human chromosome 21. The authors note that this model is superior to previously used
models, based on genetics, as ~65% of the chromosome 21 orthologues. The metabolic
phenotypes also appear to be more consistent with those observed in humans with Down
Syndrome. The study lays the groundwork for a more detailed genetic dissection of dosage-
sensitive genes that contribute to the metabolic deficits observed in Down Syndrome.

Strengths:

There is an enormous amount of data in this manuscript, and the methods are described with
adequate attention to detail. A strength of the manuscript is that both male and female mice
were analyzed, so that concordant and discordant phenotypes were identified. Both males
and females had evidence of insulin resistance. Transcriptomic and metabolomic data
revealed impaired pathways for lipid metabolism, a pro-inflammatory state, reduced
mitochondrial health and oxidative stress. Although the effects of a high-fat diet on weight
gain were divergent, this diet caused worsened insulin resistance in both males and females.

The discussion is excellent. Limitations of the study are well described. This reviewer does
not identify any critical missing data.

https://doi.org/10.7554/eLife.110476.2.sa1

Author response:

Public Reviews:

Reviewer #1 (Public review):
Summary:

Chen et al. describe metabolic phenotypes in Dp16 Down Syndrome mice, specifically the
Dp(16)1Yey/+ mice - segmental duplication model carrying a majority of the triplicated
Hsa21 gene orthologs. The group has performed metabolic phenotyping data in chow
and high-fat diets, as well as undertaking a transcriptomic and metabolomic approach
in tissues such as white and brown adipose tissues, liver, skeletal muscle, and
hypothalamus to reveal both shared and sex-specific differences. The group describes
sexual dimorphism in body weight, body temperature, food intake, and physical activity.
Core shared features are insulin resistance, glucose intolerance, impaired lipid
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clearance, and dyslipidaemia in the Dp16 mice. They report tissue signatures of immune
activation and a pro-inflammatory state, ER and oxidative stress, fibrosis, impaired
glucose and fatty acid catabolism, altered lipid and bile acid profiles, and reduced
mitochondrial respiration in Dp16 mice.

Strengths:

Overall, this is a good study with detailed, comprehensive data from an excellent group
who have previously published on metabolic phenotyping of 2 other Down Syndrome
mouse models. Although somewhat descriptive, it does certainly add to the current field
and understanding of strengths and weaknesses of Down Syndrome mouse models, as
well as identifying new features whilst strengthening previously suggested mechanisms.

Weaknesses:

Many aspects of this study have been described in other Down syndrome mouse models,
though there are certainly aspects that are new. It would be useful if the authors could
do a direct critique and comparison with previous publications in the area, utilizing the
same Down Syndrome mouse model. There are also a few limitations in the number of
animals used and the interpretation of the data that should be acknowledged.

We have cited all relevant publications using Down syndrome mouse models. Regarding the
Dp16 model, we have cited and discussed the only other study addressing metabolic aspects
beyond body weight (Reference #138; PMID: 39803786). While that study reported glucose
intolerance, insulin resistance, and defective insulin secretion, we did not measure
pancreatic insulin content in our mice. Crucially, while the previous study found no sexual
dimorphism, our study observed extensive sexual dimorphism in body weight gain, tissue-
specific gene expression, and serum and liver metabolite changes.

Regarding sample size, we used 6 mice per genotype per sex for transcriptomic and
metabolomic analyses; this is constrained by the cost of performing these omics-type
analyses. For mitochondrial respiration assays, we used 9-10 mice, and for most other in vivo
and ex vivo assays, we utilized 12-15 mice, with some assays exceeding 20. We believe these
sample sizes are robust and appropriate for this study.

Reviewer #2 (Public review):
Summary:

Human DS is associated with metabolic dysfunction in humans, but the precise details of
this have not been studied in detail. Here, the authors use a mouse model of DS to study
systemic metabolic and transcriptional responses in key metabolic tissues to provide a
deep understanding of the metabolic changes associated with DS. As part of his work, the
authors also aimed to help inform the selection of a mouse model that best reflects the
metabolic profile of DS, through comparison with other DS model metabolic data.

The data presented in this model will be of interest to those in the field of metabolism.
The immediate impact is unclear, but the breadth of data presented makes this a very
useful resource.

Strengths:

(1) This work builds on other comprehensive analyses that the authors have performed in
other DS mouse models.

(2) The authors note common metabolic disturbances between male and female mice
(e.g., insulin resistance) alongside clearly sexually dimorphic phenotypes (e.g., body
weight). Studying both sexes in this context is important.
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(3) The authors have written the paper in a way that integrates a large number of
observations well. There is complex data, and a high degree of sexual dimorphism. The
study has generated a valuable and wide-ranging dataset comprising molecular,
biochemical, and physiological data that will be useful for further, more mechanistic
studies of metabolism in DS.

(4) For specific observations, like the findings of altered body temperature in male and
female mice, the authors undertake follow-up hypothesis-driven analyses of BAT
mitochondria and specific hormones. Although these analyses do not explain the change
in temperature, they ensure the study is not purely descriptive in nature.

Weaknesses:

(1) Assessing metabolism using dynamic testing is a strength. ITT, GTT and LTTs are
included.

(2) The dosing for GTTs, ITTs and LTTs was performed per body weight. But the mice
under chow and HFD had different body weights. This may compromise the
interpretation of the data. Further, ITTs are presented as percentage change, and this
can be heavily influenced by baseline glucose measures. The changes appear quite
dramatic, so can the authors plot the raw data instead?

We have updated the ITT data plots to show raw glucose values instead of percentage change.
Regarding the dosing, we believe basing it on body weight is an appropriate approach. This
method is consistent with nearly all published rodent studies, as blood volume and metabolic
tissues such as skeletal muscle and adipose tissue scale with body weight. Adjusting for
weight prevents potentially erroneous conclusions. As for the diet groups, we compared WT
and Dp16 mice only within the same diet group (Chow or HFD) rather than across different
diets. We believe this ensures a valid and appropriate comparison for our study.

(3) In addition, throughout the manuscript, it is not clear which tissues are the most
dominant in disrupting metabolism. The ITT and GTT are composite measures across
tissues. Tissue-specific analyses using a clamp technique or isolated tissues may provide
more clarity here.

Our data suggest a systemic metabolic deficit across multiple tissues, supported by tolerance
tests, pan-tissue transcriptomic analyses, and liver and serum metabolite profiling. This is
consistent with the triplication of genes in Down syndrome, several of which have known
metabolic roles as highlighted in our discussion. We do not have evidence to support the role
of a dominant tissue that contributes to the systemic metabolic dysfunction.

Regarding the suggestion to use a clamp technique, we agree this would effectively determine
whether insulin resistance is localized in the liver or skeletal muscle. However, we do not
currently have the necessary equipment at Johns Hopkins University to perform these
experiments. Conducting this work would require sending separate cohorts of WT and Dp16
male and female mice (on both chow and HFD) to an NIH-funded Mouse Metabolic
Phenotyping Centre (MMPC). While we appreciate the value of this approach, we believe such
labor-intensive experimentation falls beyond the scope of the present study.

(4) One of the aims of the study was "to help inform the selection of mouse model that
best reflects the metabolic profile of DS". The discussion does not contain a comparison
between the previous work on different strains and relative to known human data.

We chose not to include a comparison of different mouse models in the "Discussion"” section
because we previously highlighted the widely used Down syndrome models (Ts65Dn, Tc1,
and TcMAC21) and their associated caveats in the "Introduction.” Given the significant
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limitations of those models such as hypermetabolism in TcMAC21 and the presence of 41
triplicated protein-coding genes unrelated to human chromosome 21 we focused our in-depth
metabolic analyses on the Dp16 model, which does not share these issues. We felt that
restating this information in the "Discussion” would be unnecessarily repetitive.

| (5) Data availability. Raw metabolomic data should be made available.

We have uploaded all metabolomics data, along with details regarding sample processing and
data analysis, to the Metabolomics Workbench, an NIH-funded public repository. We have
updated the "Methods" and "Data Availability" sections of the manuscript to include this
information and the corresponding access link.

Reviewer #3 (Public review):
Summary:

The article by Chen et al. describes the comprehensive metabolic profiling of DP16 mice,
a Down syndrome model that carries a duplicated segment of the mouse chromosome
syntenic to human chromosome 21. The authors note that this model is superior to
previously used models, based on genetics, as ~65% of the chromosome 21 orthologues.
The metabolic phenotypes also appear to be more consistent with those observed in
humans with Down Syndrome. The study lays the groundwork for a more detailed
genetic dissection of dosage-sensitive genes that contribute to the metabolic deficits
observed in Down Syndrome.

Strengths:

There is an enormous amount of data in this manuscript, and the methods are described
with adequate attention to detail. A strength of the manuscript is that both male and
female mice were analyzed, so that concordant and discordant phenotypes were
identified. Both males and females had evidence of insulin resistance. Transcriptomic
and metabolomic data revealed impaired pathways for lipid metabolism, a pro-
inflammatory state, reduced mitochondrial health and oxidative stress. Although the
effects of a high-fat diet on weight gain were divergent, this diet caused worsened insulin
resistance in both males and females.

The discussion is excellent. Limitations of the study are well described. This reviewer does
not identify any critical missing data.

Weaknesses:

It might have been helpful to have included blood pressure measurements, given the
differences in 19-Nor-deoxycorticosterone. The discussion references several articles that
describe sex-dependent differences in metabolic phenotypes in humans with Down
syndrome, and it might have been helpful to state more explicitly whether these
differences correlate with those observed here in mice.

We appreciate the suggestion of blood pressure measurements. While we agree this is an
important metric, given the metabolic focus of the present study and the significant volume
of data already presented, we feel that blood pressure analysis is beyond the current scope
and better suited for a follow-up study:.
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Our study highlights sex differences in metabolic phenotypes in individuals with Down
syndrome. While most published human studies focus on a limited set of parameters such as
body weight, adiposity, serum lipoprotein profile, and fasting lipid/glucose levels our mouse
data remain generally concordant with these findings. Beyond these standard measurements,
we also observed substantial sex differences in pan-tissue transcriptomes as well as serum
and liver metabolites.

Recommendations for the authors:
Reviewer #1 (Recommendations for the authors):

(1) A major question is how these findings compare to data that have previously been
published. For example, Lamantia et al. Bone 2024 and Dard et al. European journal of
Pharmacology 2025 both report no changes in body weight using the same Dp(16)1Yey
Down syndrome mouse model? There is also a recent publication on liver dysfunction in
Down Syndrome using the same mouse model. It would be useful to understand some of
the similarities and differences of what is being reported by Dunn et al. Cell Rep 2026. In
this assessment, there is an in-serum alanine transaminase (ALT) level, which was not the
case in Dunn et al?

For the Lamantia et al. Bone 2024 study, the authors only measured the body weights of Dp16
mice at 6 weeks of age. Our findings at 6 weeks align with Lamantia et al., showing no weight
differences between Dp16 and WT mice of either sex (Fig. 2A and C). For the Dard et al. 2025
study, the authors only measured the body weights of Dp16 mice at 12 weeks old (P90) and
observed no differences in body weights between genotype of either sex. At 12 weeks of age,
we also did not observe body weight differences between Dp16 male mice and WT littermates
(Fig. 2A). However, at 12 weeks of age, the Dp16 female mice clearly gained more weight
compared to WT littermates (Fig. 2C). Our study tracked weights weekly from 6 to 16 weeks,
revealing that while Dp16 females start at weights similar to WT littermates, the groups
diverge over time. The reason for the difference between our findings and the single-point
measurement by Dard et al. is unclear. Notable variables include:

Mouse Sourcing: We obtained all cohorts and littermate controls from Jackson Laboratory,
while Dard et al. bred their mice in-house.

Diet: We used Envigo standard chow (catalogue # 2018SX). Dard et al. did not specify the
chow used in their study.

It remains uncertain whether these or other environmental factors contribute to the
observed weight differences in female mice.

In the Dunn et al study (Cell Rep 2026), they also performed metabolic analyses on serum and
liver tissue in Dp16 mice. Consistent with their metabolic analyses of serum and liver tissue
in Dp16 mice, we also observed the upregulation of multiple bile acids, including
taurochenodeoxycholic, tauromuricholic, taurolithocholic, and lithocholic acids.
Furthermore, our findings align with theirs regarding the transcriptomic and biochemical
signatures of hepatic inflammation and fibrosis. However, there are two notable differences
between our studies:

(1) Liver Injury Markers: We observed an elevation in serum ALT, whereas the Dunn et al.
study did not.

(2) Sex Differences: We identified significant sex differences in the Dp16 transcriptome and
metabolome. In contrast, Dunn et al. reported minimal to no sex differences and
consequently combined male and female data for all analyses.
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Because Dunn et al. combined male and female data, a sex-stratified comparison between our
results (separated by sex) and theirs was not feasible.

(2) It would be important to understand trends in wild-type animals compared to Dp16
mice. For example, the sex specific and non-specific features - are any of these described
in obesogenic wild-type animals fed on a high-fat diet? Le., are the same features at play
and just exacerbated in Dp16, or is this a Dp16-specific feature of systemic metabolism?

Published literature indicates that WT females typically gain significantly less weight on a
high-fat diet (HFD) than WT males. However, our data suggest that the weight gain patterns
observed in Figure 6A and C are specific to the Dp16 genotype. Dp16 females gained
substantially more weight during the first six weeks of HFD before WT females caught up. In
contrast, Dp16 males showed robust initial weight gain comparable to WT controls, but their
weight plateaued after seven weeks while WT controls continued to gain, leading to a clear
divergence (Fig. 6A).

Other metabolic parameters also appear specific to the Dp16 model. On a standard chow diet,
WT mice of both sexes generally do not exhibit glucose intolerance, insulin resistance,
dysregulated lipoprotein profiles (VLDL-TG), or an impaired capacity to handle lipid loads.
We observed all of these features in our Dp16 male and female mice (Fig. 3). Furthermore,
transcriptomic analyses of Dp16 mice on standard chow revealed gene signatures of
inflammation, fibrosis, and oxidative stress that are absent in WT mice.

When challenged with HFD, while WT mice typically develop glucose intolerance and insulin
resistance, the triplicated genes in Dp16 mice significantly exacerbated this metabolic
deterioration. This is reflected in the worsening of glucose control and insulin sensitivity
observed in our tolerance tests.

In summary, most of these metabolic features are specific to Dp16 mice on a standard chow
diet and are further exacerbated when combined with a high-fat diet.

(3) Food intake data is difficult to interpret when weight has already diverged, as bigger
animals will eat more food. Hence, the higher food may be a consequence rather than a
cause of the weight gain (data in Figure 1).

The reviewer makes a valid point. Since physical activity and energy expenditure do not
differ significantly between Dp16 females and WT controls (Fig. 2F), the observed increase in
food intake may indeed contribute to the higher body weights in Dp16 female mice.

To rigorously confirm this, food intake would need to be measured between 6 and 8 weeks of
age, prior to the divergence in body weight. Unfortunately, we did not measure food intake at
that earlier time point.

(4) The n numbers seem to vary significantly. For example, the use of n=6 for metabolic
studies is generally rather small and underpowered. For the seahorse data, another
concern is the snap freezing of samples before Seahorse assessment. For example, snap
freezing of samples has been shown to increase certain metabolites. Freeze-thaw tissues
often show a significant reduction in optical redox ratio.

Regarding the transcriptomics and metabolomics studies, we utilized N=6 mice per tissue per
sex. While we agree that a larger sample size is always preferable, the high cost of OMICS
analyses covering 144 RNA-seq and 48 metabolomics samples limited our capacity to increase
this number. However, N=6 remains a robust and standard approach for these specific
assays. For the majority of our other in vivo and ex vivo data, we employed a higher sample
size of 12-15 mice per genotype per sex to ensure statistical rigour. For a few assays, we have
sample size of over 20.
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Regarding the respirometry analysis, we acknowledge the limitations of using frozen tissue.
We chose this method because it allowed us to perform Seahorse assays on multiple tissues
from 9-10 mice, which is a significant sample size for this type of analysis. The alternative
isolating mitochondria from fresh tissue would have restricted our ability to process multiple
tissues from a large number of animals on the same day due to the length of the protocol. We
believe this trade-off was necessary to maintain a high sample size across various tissues.

(5) For oestradiol measurements, were the samples taken at the same times within the
estrous cycle? This may affect the comparability of female Dp16 and WT mice?

Regarding our protocol, blood samples were collected between 11:00 AM and noon, with food
removed two hours prior. While we did not specifically monitor the oestrous cycle of the
female mice, serum samples for both the Dp16 females and WT littermates were collected on
the same day and at the same time to ensure comparability across the groups.

(6) Body weight reduction and organ size reduction on an HFD are especially interesting.
Could enhanced inflammation and fibrosis be the root cause of this? Are there other
mouse models where this is the reason?

On a high-fat diet, we observed a reduction in iWAT and gWAT fat depot weights in both male
and female Dp16 mice, which is consistent with their lower overall body weights (Fig. 6 -
figure supplement 3). Conversely, Dp16 females fed a high-fat diet showed increased heart
and kidney weights. Despite their lower adiposity, the Dp16 mice on this diet exhibited
greater insulin resistance and glucose intolerance (Fig. 7). This suggests that the worsening of
glucose control is independent of obesity. While we observed signatures of inflammation and
fibrosis, we do not yet have direct mechanistic evidence demonstrating that these factors
causally impaired glucose and lipid metabolism.

(7) The authors are circumspect throughout to avoid over-claiming, as the majority of
data is observational. One exception: "Many bile acids serve as ligands for nuclear
hormone receptors (e.g., FRX and TGR5) that control various aspects of glucose and lipid
metabolism (74, 75), and extensive changes in circulating bile acids are contributing, at
least in part, to the systemic metabolic phenotypes in Dp16 mice." The authors have not
shown a direct link between bile acids and metabolism in this model. Please edit.

We have edited the text accordingly.
Minor:

(1)"Most human studies at the whole-body level are limited to assessing the impact of
trisomy 21 on food intake, adiposity, physical activity level, and energy expenditure in
adolescents or adults with DS"

While we were uncertain of the reviewer's specific intent regarding the suggested changes,
we have rephrased the sentence for clarity.

(2) It is somewhat surprising that T3 is elevated, although there are reports of T3
elevation in visceral obesity in humans (e.g., Sun Nam et al., Obes Res Clin Pract, 2010).
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We observed that T3 levels did not differ by genotype in mice of either sex when fed a
standard chow (Fig. 2 - figure supplement 5). However, we noted elevated T3 levels in both
male and female Dp16 mice on a high-fat diet (Fig. 6 - figure supplement 2). While increased
T3 levels correlated with higher physical activity and a modest increase in metabolic rate in
Dp16 females, this was not observed in males (Fig. 6). We do not currently have a clear
explanation for these findings. Given that individuals with Down syndrome often present
with hypothyroidism and lower T3 levels, this discrepancy may reflect a species-specific
difference between humans and mice.

(3) Please can the authors clarify the percentage gene coverage, as this is quoted as
~58% of Hsa21 gene orthologs or ~65% of the Hsa21 gene orthologs, where the same
reference is used.

We apologize for the confusion. The number of triplicated genes in Dp16 mice corresponds to
~58% of Hsa21 genes (PMID: 26765563). We have corrected the typographical error in the
text.

(4) "segmental duplication model carrying a majority of the triplicated Hsa21 gene
orthologs" for this given percentage majority sounds too strong, and the use of
percentage is recommended.

We have modified the text accordingly.

(5) It is puzzling that in female gWAT with 7 triplicated Hsa21 gene orthologs (Rbm11,
Chodl, Cldn8, Sh3bgr, Igsf5, Itgb2l, and Tmprss2). Could this be a technical issue? Was
the reduced expression quantified by RT-Q-PCR?

We have examined the normalized counts in the RNA-seq data for the seven genes in
question, and the results do not appear to be an artifact. The sample size for this data is six
mice per tissue per sex. In general, we prefer utilizing raw and normalized counts from RNA
sequencing because there is a linear relationship between transcript amount and raw counts
that is independent of housekeeping genes. In contrast, RT-qPCR involves mRNA
amplification and requires expression to be normalized by one or more housekeeping genes
(such as GAPDH, B-actin, 36B4, or ubiquitin) under the assumption that their levels remain
constant.

(6) The difference in body temperature is of interest. In male Dp16 mice, there is an
increase in core temperature and a lowering of body temperature in females. In female
Dp16 mice, higher estradiol levels have been stated by the authors to contribute to lower
body temperature and higher physical activity (69-72). I am uncertain if the references
are all relevant, as some relate to ovariectomized animals. No explanation is given for
males.

We currently do not have an explanation for why Dp16 males on a chow diet exhibit higher
core body temperature, while Dp16 females show lower body temperatures. Although
elevated T3 levels can increase body temperature, we have ruled this out; our data indicates
there are no significant differences in T3 levels between genotypes for either sex on a chow
diet.

(7) The authors find a higher percentage heart weight in Dp16 mice on HFD and
comment in the discussion that this is in keeping with "high-fat diet-induced cardiac
hypertrophy". From what I can see, no histology has been performed to justify this
statement. Furthermore, it would be useful to understand which animals had congenital
heart disease in the first instance.
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We have modified the text accordingly. Unfortunately, we do not have histology data on the
heart to inform us on whether some of our mice had congenital heart disease.

Reviewer #2 (Recommendations for the authors):

(1) The authors should comment on the dosing method of glucose/insulin/lipid in the
tolerance tests to acknowledge that differences in body weight may affect these tests. In
addition, I encourage the authors to present ITT data as raw data, and not % change.

In response to the reviewer’s comments, we have updated the ITT data plots to show raw data
rather than percentage change. Regarding the dosing methodology, we maintain that basing
dosage on body weight is appropriate. This approach is consistent with the vast majority of
published rodent studies, as blood volume and metabolic tissues—such as skeletal muscle
and adipose tissue—scale with body weight. Standardizing dose independently of body
weight could lead to erroneous conclusions.

(2) It would be useful for the authors to include a discussion on the likely specific tissue
involvement in the whole-body metabolic disturbance. From my reading of the
manuscript, there seems to be data suggesting functional and transcriptional
dysfunction across most tissues, but do the authors suggest there is a dominant tissue in
this regard?

Due to the triplication of large number of genes on human chromosome 21, people with
Down syndrome exhibit deficits across most organ systems (PMID: 32029743). Metabolic
homeostasis also involves multiple tissues and cell types (adipose tissues, liver, skeletal
muscle, pancreas, gut, hypothalamus, and immune cells). Most of the triplicated genes do
express across these tissues. Our data indicate metabolic dysregulation across adipose tissues
(white and brown), liver, skeletal muscle, and hypothalamus. Given the complex genetic
perturbations of the Down syndrome mouse model, we do not think that there is a dominant
tissue that contributes disproportionately to the systemic metabolic dysfunction phenotypes
we observed in the Dp16 mice. Rather, we think that the metabolic phenotype is due to the
combined deficits across multiple organs and tissues. As we do not have data to support the
disproportionate contribution of any one tissue, we therefore did not speculate on the
dominant contribution of any single tissue in the Discussion.

(3) Related to this, muscle lipid is thought to be a major driver of muscle insulin
resistance. Do the authors have measures of muscle lipid accumulation? This might be
particularly interesting in the HFD models.

Unfortunately, we did not measure lipid content in the skeletal muscle during this study. For
the chow-fed mice, the entire gastrocnemius muscle was used for RNA isolation to perform
RNA sequencing, and no tissue remains for additional analysis. Regarding the HFD-fed group,
skeletal muscle was not collected at the termination of the study. As a result, we are unable to
provide the requested lipid analysis data.

(4) For mitochondrial analyses - do the authors have measures of total tissue
mitochondria, and might changes in mitochondria abundance be driving some of these
differences?

For all our mitochondrial respiration analyses, we normalized the data to mitochondrial
content as quantified by the MTDR assay (PMID: 32432379; PMID: 39704485). These results
indicate that for a given amount of mitochondrial content, respiration as measured by the
Seahorse assay is reduced in Dp16 mouse tissues, specifically in the BAT and liver.

(5) To broaden the scope and interest, can the authors compare the transcriptional or
metabolomic data to what has been found in non-DS insulin resistance (humans or
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mice), for example? This may help to highlight the key changes in metabolism that are
causal for specific phenotypes.

Overall, this is a comprehensive assessment of metabolism in a DS model.

We appreciate the reviewer’s suggestion. However, given the vast number of published
datasets on non-DS insulin resistance in both humans and mice, comparisons would yield
varying results depending on the specific datasets selected. Consequently, we feel that such
an analysis is beyond the scope of this study. We would like to highlight that many of the
processes dysregulated in Dp16 mice as identified through our pan-tissue transcriptomes and
metabolomes align with those frequently observed in non-DS insulin resistance. These
include signatures of chronic low-grade inflammation, fibrosis, ER and oxidative stress, and
impaired glucose and lipid metabolism.

Reviewer #3 (Recommendations for the authors):

It is slightly disconcerting that Figure 5 - Figure Supplements 2-5 are referred to in the
text before the data in Figure 5 are discussed. It might make sense to indicate that the
data are discussed further below (assuming that the authors do not wish to renumber
these figures).

We have fixed this issue raised by the reviewer.

https://doi.org/10.7554/eLife.110476.2.sa0
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