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Dietary galactose enhances systemic lipid oxidation but decreases intestinal fatty
acid oxidation in post-weaning female mice
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Abstract

Replacing part of dietary glucose with galactose in the early post-weaning diet of mice, mimicking extended breastfeeding, improves both short- and
long-term physiological and metabolic health parameters. As the primary organ for nutrient absorption, the small intestine was hypothesized to play a key
role in these effects.

Young, weaned mice underwent a 3 week dietary intervention comparing isocaloric diets with a monosaccharide fraction of galactose+glucose versus
glucose. Physiological parameters were assessed in both sexes, while metabolic analyses, transcriptomics, and immunohistochemistry of the proximal small
intestine were conducted in fed female mice.

Dietary galactose increased whole-body 24 h fatty acid oxidation (FAO), both absolute and relative to carbohydrate oxidation, without changes in body
weight or energy expenditure. Contrasting, the small intestine showed lower expression of transcripts involved in FAO, along with reduced enterocytic lipid
droplets. Carbohydrate metabolism remained unaffected, while reduced expression of NADPH-dependent and -independent antioxidant enzymes and the
pentose phosphate pathway suggested a shift in local metabolism. Despite these intestinal changes, the liver showed no alterations in lipid catabolism,
implicating other organs in the observed systemic FAO increase. In addition, Ppargcia, central regulator of mitochondrial biogenesis was upregulated, which
is in line with the known role of galactose in upregulating mitochondrial oxidative phosphorylation.

In conclusion, replacing half of post-weaning dietary glucose with galactose, mimicking prolonged lactose intake, profoundly affects substrate
metabolism at both systemic and intestinal levels. We propose that reduced intestinal FAO redirects fatty acid oxidation to extra-intestinal, extra-hepatic

tissues, driving the observed systemic metabolic benefits.
© 2025 The Authors. Published by Elsevier Inc.
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1. Introduction

During the lactation period, breast milk stands as the primary
source of nutrition for offspring, offering essential nutrients crucial
for their growth and development. As this phase transitions into
weaning, solid foods are gradually introduced into the infant’s diet,
marking a pivotal shift in nutritional intake [1,2]. The carbohydrate
fraction of the diet undergoes a substantial change around wean-
ing, with the predominantly glucose- and fructose-based weaning
foods contrasting with the predominantly lactose-based composi-
tion of breast milk and infant formula. Lactose, a disaccharide com-
prised of glucose and galactose, constitutes the primary carbohy-
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drate source in early nutrition and represents approximately 40%
energy of milk [3].

Upon consumption, lactose is enzymatically hydrolysed into
glucose and galactose by B-galactosidase on the brush border of
the intestinal enterocytes [4]. Although galactose shares the chem-
ical composition of glucose, its oxidation rate for cellular energy
production is different [5]. This can be attributed to the few addi-
tional steps that galactose must undergo to be fully oxidized, the
Leloir pathway where galactose is converted into the glycolytic in-
termediate glucose-6-phosphate [6]. Additionally, galactose can be
metabolized through alternative pathways, such as the formation
of galactitol or galactonate [7]. The metabolic significance of these
alternative pathways, especially in young individuals, is not well
understood.

The differences between oxidation of galactose and of glucose
result in marked physiological effects, especially when it comes
to energy metabolism. In cell culture models, galactose induces a
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switch from glycolysis towards mitochondrial oxidative phospho-
rylation (OXPHOS) [8]. Such a switch was also validated in vivo in
intestinal mucosa of young post-weaning female mice in the post
absorptive state [9].

The composition of diets, particularly their carbohydrate con-
tent and composition, influences the utilization of various sub-
strates. At the whole-body level, this is reflected in variations in
the respiratory exchange ratio (RER) [10]. Additionally, the uti-
lization differences of substrates likely lead to varying contribu-
tions of specific organs to the overall RER. Previously, we ob-
served a marked effect of post-weaning galactose consumption on
intestinal mucosal metabolism. In a post absorptive state, where
mice were food deprived for 2 to 5 h, we observed a marked
increase of mitochondrial oxidative metabolism, accompanied by
an upregulation of both glucose and fructose oxidation pathways
compared to the control diet that lacked galactose [9]. Here, we
aimed to further understand how galactose affects intestinal en-
ergy metabolism. For this, we executed a comparable dietary inter-
vention study but focused specifically on the fed state. We inves-
tigated body, metabolic, molecular and immunohistochemical pa-
rameters, including the proximal small intestine and the liver.

2. Materials and methods
2.1. Animals and experimental setup

All experimental procedures involving animals received ap-
proval from both national and local Animal Experimental Commit-
tees (AVD1040020171668) and adhered to the guidelines outlined
in the EU directive 2,010/63/EU. The mice were kept in Makrolon
type Il cages with bedding, cage enrichment and nesting material,
at a constant temperature of 23°C+1°C, humidity at 55+15%, under
a 12:12 light-dark cycle. The mice had unrestricted access to water
and a standard rodent chow diet (AM-II, AB Diets, Woerden, The
Netherlands). Breeding pairs (C57BL/6]JRccHsd mice) were obtained
from Envigo (Horst, The Netherlands) and were time-mated while
on the standard diet. Litters were standardized to six pups per nest
(three males and three females) on postnatal day (PN) one or two,
and redistributed over cross-fostering dams. This day was consid-
ered day PN1.

On PN21, pups were weighed and had their body composition
(fat mass (FM) and lean mass (LM)) determined using an EchoMRI
100 V (Echo Medical Systems, Houston, TX, USA). Following this,
pups were stratified by body weight (BW), housed individually, and
assigned to one of two diets for 3 weeks: a diet containing 32 en-
ergy% (en%) glucose (Glu group, n=13) or a diet containing 16 en%
glucose and 16 en% galactose (Gal group, n=13) representing a lac-
tose mimic, while all other dietary components were kept equal,
including 32 en% starches, 3 en% fructose and 20 en% fat, based on
the BIOCLAIMS diet [11] (Supplemental Table 1). Diets were pro-
vided by Ssniff (Soest, Germany) and detailed dietary compositions
are provided in Supplemental Table 1. BW, FM, LM, water intake,
and food intake were monitored weekly. Specific metabolic mea-
surements were performed between PN35-PN42 (see below).

On PN42, after measurement of BW, FM, and LM, the animals
were euthanized by decapitation between two to 5 h after the start
of the light phase. The small intestines were cut into two equal-
length parts measured from the pylorus to the ileal-caecal valve
(called proximal and distal parts). Of the proximal part and the
proximal side, the first centimeter was discarded, and the next cm
was isolated and fixed for 24 h in 4% paraformaldehyde (PFA) and
embedded in paraffin for histological analysis; of the distal side
the last cm was isolated, fixed and embedded in paraffin. The re-
maining central parts were opened, rinsed in ice-cold PBS, and the
mucosa was scraped, collected, and snap frozen. Livers were col-

lected, lobes separated, snap frozen in liquid nitrogen, and stored
at —80°C for further analysis; the right lobe was used for molecu-
lar measurements. BW, FM, LM, food intake (FI) and water intake
(WI) were measured in both sexes. Indirect calorimetry and molec-
ular analysis were performed only in females since previous stud-
ies showed larger effects of dietary galactose in female mice [12].

2.2. Indirect calorimetry

Indirect calorimetry (InCa) was performed from PN35 to PN38,
using a Phenomaster LabMaster Metabolism Research Platform
(TSE Systems GmbH, Bad Homburg, Germany) as published [13],
with the following configurational updates: 12 cages were up-
graded to 24 cages together with higher resolution physical activ-
ity frames (ActiMot 3) with beams at a distance of 5 mm each in-
stead of 15 mm, and sensors for food and drink intake. All gas sen-
sor units were duplicated to keep the same sample interval. Con-
tinuous measurements of oxygen consumption, total carbon diox-
ide production (sum of 2C0, and ¥CO, measurements), methane
(CHg), voluntarily locomotor activity, water intake, and FI were
conducted, with subsequent calculations of RER and energy expen-
diture (EE), as published [13].

The system has dual air drying units and is employed with dual
ABB (ABB Automation, Frankfurt am Main, Germany) units for gas
analysis, utilizing internal calibration cells for 12C0,, 13CO,, and
CH4, based on [14]. A single reference cage was used across both
dual systems. Measurements were recorded at intervals of 1/32”
per cage, resulting in three data points per hour for each cage. Be-
fore each run of measurements, gas sensor units were calibrated
using specific calibration gasses (Linde Gas Benelux BV, Dieren, The
Netherlands): zero (20.947% O, in N;), and span (0.5% O, in N;)
gasses.

The first day of measurements served as an acclimation period.
The data from the subsequent 24 h (covering one 12 h light phase
(LP) and one 12 h dark phase (DP)) were used for analysis. AN-
COVA analysis of EE using LM as a covariant showed no statisti-
cal difference (P=.75), i.e., only mass-dependent effects between
groups [15] and we therefore report raw EE values.

Relative carbohydrate and lipid oxidation levels were calculated
using equations 4 and 5 from [16], resp. with its basis being the
RER conversion table by Péronnet & Massicotte [17]. This novel
method allows us to accurately convert the experimentally ob-
tained RER values (VCO2/VO2) into percentages of carbohydrate
and lipid oxidation. Next, using equations 1 and 2 from [14], the
relative glucose and lipid oxidation levels were combined with the
EE obtained from our InCa system for the same animal at each and
every datapoint, which provides absolute levels of total (mg per
minute) carbohydrate oxidation and total lipid oxidation.

2.3. RNA isolation and RNA sequencing

Total RNA was isolated from the intestinal scrapings and the
liver’s right lobe using the RNeasy mini kit (Qiagen, Hilden, Ger-
many). Integrity of RNA was checked with Agilent 2,100 Tape Sta-
tion (Agilent Technologies, Santa Clara, CA). All samples passed
the integrity quality standards. Strand-specific transcriptome re-
sequencing was performed on total RNA isolated from proximal
intestine scrapings. RNA preparation, library construction and se-
quencing using DNBSEQ technology were performed at Beijing
Genomics Institute (Shenzhen, Guangdong, China). Clean and fil-
tered reads were obtained in FASTQ format, and quality check was
performed using FASTQC [18]. Reads were aligned to the mouse
genome (GRCm39.108) using STAR [19] and counts were quantified
using HTSeq [20]. Average sequencing depth was 24.1 M paired
end reads, of which at least 92% were uniquely mapped.
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2.4. RNASeq Transcriptome analysis

Data and statistical analyses were performed in R version 4.3.1.
DESeq2 version 1.42.0 [21] was used to identify differentially ex-
pressed genes (DEGs) between the Gal (n=13) and control Glu
(n=13) groups. An extra filtering step with the removal of genes
with less than a total of 10 reads per row was applied. Benjamini-
Hochberg multiple testing correction was used to obtain adjusted
P-values (p.adj) at a false discovery rate (FDR) of 5%. Heatmaps
were made using rlog transformed data, with library size correc-
tion. All data has been deposited in Gene Expression Omnibus
(GEO) with ID GSE255078. Gene Ontology (GO) enrichment anal-
ysis (enrichGO) for biological processes was performed in R using
ClusterProfiler [22]. Only significant transcripts were used for the
analysis with an adjusted P-value <.05.

2.5. Quantitative RT-PCR

Liver gene expression analysis was performed by RT-qPCR us-
ing iQ SYBR Green Supermix (Bio-Rad Laboratories Veenendaal, The
Netherlands) on a CFX96 Touch Real-Time PCR Detection System
(Bio-Rad). cDNA was synthesized using the iScript kit (Bio-Rad).
Primers were designed using NCBI Primer-BLAST, with details of
primer sequences and annealing temperatures provided in Supple-
mental Table 2. Pooled cDNA from all samples underwent serial
dilutions to create standard curves, and two negative controls (wa-
ter and a sample without reverse transcriptase) were included for
each transcript. cDNA samples were analysed at a 100-fold dilu-
tion, with both samples and standards measured in duplicate. The
RT-qPCR protocol included 3 min at 95°C, followed by 40 cycles
of 15 s at 95°C and 45 s at the specified annealing and elonga-
tion temperature, ending with a melt-curve analysis. Stable gene
expression was determined using Bio-Rad CFX Maestro software
(version 4.1; Bio-Rad), and the data were normalized to reference
genes Calnexin (Canx), Beta-2 microglobulin (B2m) and ribosomal
protein S15 (Rps15). The control Glu group was set to unity to dis-
play normalized gene expression.

2.6. Histology

The proximal small intestine fixed in 4% PFA for 24 h at 4°C
was embedded in paraffin blocks and cut into 5 m thick sections.
Sections were dewaxed in xylene and rehydrated for staining. An
epitope-specific antibody was used for the detection and quan-
tification of the lipid droplet marker Perilipin 2 (PLIN2) (1:200;
15,294-1-AP ThermoFisher, Schwerte, Germany). After rehydration,
sections were washed with tris buffered saline (TBS; TRIS-HCI pH
7.6- with 10 mM NaCl) and the antigen was retrieved using 10 mM
sodium citrate pH 6.0 for 10 min at sub-boiling temperatures in
the microwave. Sections were left to cool for 30 min at room tem-
perature (RT) and washed 5 times for 5 min each with TBS. Tissue
sections were blocked with 5% goat serum (S-1,000, Vector Lab-
oratories, Newark, CA) for 30 min at RT. The sections were then
incubated with the primary antibody against PLIN2 (1:200 in TBS
with acetylated bovine serum albumin (BSAc) 1:2,000) overnight at
4°C. After 3 washes in TBS the sections were then incubated with
the secondary antibody Alexa 594 goat antirabbit (1:200 in TBS-
BSAc; A11012; Invitrogen, Carlsbad, CA) for 1 h at RT. The nuclei
were stained with 4/,6-diamidino-2-phenylindole (DAPI; 1:10,000
in TBS-BSAc; D9564; Sigma-Aldrich, Saint Louis, MO) for 5 min at
RT; Rabbit IgG (Vector Laboratories) control was used to correct for
nonspecific binding. Sections were mounted with Fluoromount-G
(0100-01; Southern Biotech, Birmingham, AL) and dried in the dark
at 4°C overnight.

Table 1
Visual quantification of lipid droplets in liver sections.

Visual quantification Number of lipid droplets

grade

0 No lipid droplets are observed

1 Few lipid droplets are observed

2 Medium number of lipid droplets are
observed

3 High number of lipid droplets are
observed

4 Very high number of lipid droplets

are observed

2.7. Image acquisition processing and quantification

The images were taken with a Leica DM6b microscope (Leica
Micro Systems Inc.). Quantification was performed by visual exami-
nation of the whole section under the fluorescence microscope. For
each mouse (Glu n=6, Gal n=7) 1 to 3 technical replicates were an-
alyzed. In a blinded manner, two researchers independently scored
the staining according to Table 1. Technical replicate scores did not
differ in score from each other and the score from the two re-
searchers was averaged. Representative images for each score can
be found in Supplemental Fig. 1.

2.9. Serum and liver triglyceride measurement

Serum and liver obtained during sacrifice was used to measure
circulating and tissue triglycerides (TG) levels (Liquicolour kit, Hu-
man). Liver TG levels were normalized using sample weight.

2.8. Statistics

DEG and pathway analysis were done using R version 4.3.1. RER,
EE, BW, FM, LM, food and water consumption and activity were
analysed using Student’s t-test based on normal distributed data.
Statistical analysis of the histological scores was performed using
Student’s t-test for nonparametric samples (Mann-Whitney U test)
between the two dietary groups. All the aforementioned tests were
performed using Graphpad Prism 9.3.1 (Graphpad Software, San
Diego, CA). P<.05 was considered significant and indicated as fol-
lows: *P<.05, **P<.01, ***P<.001. Details on statistics regarding the
omics data can be found under 2.4 RNASeq Transcriptome analysis.

3. Results

3.1. Post-weaning galactose consumption does not affect body weight
and body composition of mice

Following the 3 weeks isocaloric dietary intervention period,
the effects of galactose (Gal: diet containing both galactose and
glucose each at 16 en% as monosaccharide fraction) versus glucose
(Glu: 32 en% as monosaccharide fraction in an otherwise identical
diet, also containing starch (Supplemental Table 1) were compared.
In the female mice, no differences were seen in the mean body
weight and body composition (lean and fat mass) between both
groups (Fig. 1A-C). In contrast, a significant increase in food and
water consumption was observed for the female Gal mice, which
is in line with previous results in female mice [13]. Male mice
showed similar patterns comparable to the female mice for BW,
body composition, and food and water intake (Supplemental Fig.
2). Further analyses were done using female mice because of the
more prominent galactose-induced programming effects previously
observed [12].
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Fig. 1. Body weight, body composition, and cumulative food and water intake in females fed control Glu diet (orange bars) or Gal diet (blue bars). (A) Body weight and (B,
C) body composition at PN42, and 3 weeks (D) cumulative food and (E) water intake. Despite similar mean body weight and composition, mean cumulative food and water
intake over the 3 weeks intervention period (PN21-PN42) was higher in the Gal versus Glu fed mice (D, E). Differences between groups were analyzed using Student’s t-test.

Values are expressed as mean+SD (n=13).
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Fig. 2. Twenty four hours energy metabolism. (A) respiratory exchange ratio (RER), (B) energy expenditure (EE), (C) mean RER over 24 hr, (D) % carbohydrate oxidation and
(E) total carbohydrate utilization, (F) % lipid oxidation, (G) total lipid oxidation, and (H) mean EE over 24 hr. Differences between groups were analyzed using Student’s t-test.

Values are expressed as mean+SD (n=13).

3.2. Post-weaning galactose consumption significantly shifts whole
body substrate utilization without changes in energy expenditure

Substrate utilization and whole-body metabolism were investi-
gated by indirect calorimetry (InCa) in female mice. The Gal fed
females showed a significant lower RER, which reflects a higher %
lipid oxidation and lower % carbohydrate oxidation. (Fig. 2A, C, D,
and F; Table 2). This decrease in mean RER was observed for the
full 24 h, as well as for the active dark phase, but not for the in-
active light phase (Table 1). However, no significant differences in
energy expenditure (EE) and activity during the 24 h period were
observed (Fig. 2B and H; Table 1). In addition, taking RER and EE
into account, in the Gal group total 24 h carbohydrate and lipid ox-
idation were also significantly reduced and increased, respectively
(Fig. 2E and G). During the 24 h InCa recording, food intake was
similar between the groups (Glu: 5.36 g+0.98; Gal: 5.21 g+1.25;
P=.7). Again, 24hr water intake was significantly higher in the Gal

animals (Glu: 5.05 ml +£1.09; Gal: 7.64 ml +2.23; P=.001), consis-
tent with the 3-weeks cumulative water intake (Fig. 1E).

3.3. Post-weaning galactose consumption downregulates proximal
small intestinal fatty acid metabolism in fed mice

The small intestine is responsible for the absorption of most di-
etary components, including galactose and glucose. Given that af-
ter ingestion monosaccharides are largely absorbed in the first part
of the small intestines (duodenum and jejunum), our study pri-
marily focused on the molecular effects within the proximal small
intestine of the female mice in the fed state. Notably, an abun-
dant amount of chyme, partially digested food from the stomach,
was observed throughout the entire length of the small intestine,
confirming that the mice were sacrificed in the fed state. Mu-
cosal scrapings from the proximal small intestine were used for
RNASeq analysis. Out of over 20,000 transcripts, 801 (adjusted P-
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Table 2
Whole body indirect calorimetry results for energy expenditure (EE), respiratory exchange ratio (RER), and activity (average beam breaks).
Parameter Glu Gal P-Value
EE LP 0.33+£0.02 0.33+0.03 .99
DP 0.41+0.02 0.41+0.03 .79
RER LP 0.85+0.05 0.82+0.03 .10
DP 0.93+0.03 0.89+0.03 .002*
24h 4,945+1,737 6,290+1,838 .06
Activity LP 2,23441,059 3,174+1,482 .07
DP 7,657+2,750 9,406+2,836 12
Values are expressed as mean+SD (n=13).
Abbreviations: DP, dark phase; LP, light phase.
** p < 0.01.
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Fig. 3. Overview of the transcriptional effects of post-weaning galactose consumption in proximal small intestinal mucosa. (A) Volcano plot of significance and Log, fold
change (FC) of all transcripts in Gal versus Glu. Dotted lines indicate absolute log,FC=0.1 and P.adjusted with a FDR=0.05. Higher expressed transcripts are shown in red, those
being lower expressed in blue. (B) Top 15 most regulated pathways based on gene ontology (GO) enrichment analysis. (C) Heatmap of all significant transcripts with the GO

term ‘fatty acid oxidation’.

values (p.adj) <.05) were significantly affected in the Gal versus
Glu group with more lower expressed transcripts than higher ex-
pressed ones in Gal (Fig. 3A). RNASeq data was validated by RT-
QPCR for two transcripts (Supplemental Fig. 3). Pathway analysis
using gene ontology (GO) enrichment showed that of the top 15
most significantly different pathways, 12 were related to fatty acid
metabolism, in particular FAO (Fig. 3B). The remaining three re-
late to redox homeostasis and modified amino acid metabolism. To
confirm the directionality and consistency of the observed effects
in FAQ, all 36 significant transcripts with the GO term “fatty acid
oxidation” were selected and plotted as heatmap (Fig. 3C).

All but two showed a significant lower expression in the Gal
group, highly supporting the downregulation of FAO in the proxi-
mal small intestines (Fig. 3C). Acyl-Coenzyme A oxidase 3 (Acox3)
and peroxisome proliferative activated receptor, gamma, coactiva-
tor 1 alpha (Ppargcla), the latter encoding the master regulator of
mitochondrial biogenesis PPARGC1A [23], were higher expressed.

Among the intestinal FAO genes that exhibited downregula-
tion following the galactose intervention was the transcription
factor Ppara. Given the central role of PPARA in regulating fatty
acid metabolism, the expression of its FAO target genes was fur-
ther analysed. Notably, all PPARA target genes involved in FAO
[24] that showed a significant regulation displayed lower expres-
sion levels in the galactose group compared to the glucose con-
trol group, ranging from mitochondrial uptake of fatty acids to
their full oxidation, and peroxisomal FAO (Fig. 4). Other PPARA

N

PPARA

Acaal
Acoxt | Hsdi2

Ech1 | Ehhadh
Hsd17b4

Acot1
Acot11

Cypdat0

Fig. 4. Schematic representation of PPAR«’s targets involved in FA metabolism in
proximal small intestinal enterocytes. All the displayed transcripts (red) were sig-
nificantly lower expressed in the galactose group, and no PPAR«x targets were up-
regulated. Orange organelle: peroxisome; yellow organelle: mitochondrion.

targets involved in microsomal (w-hydroxylation) or ketone body
metabolism also showed a consistent significant lower expression
in the Gal fed mice. Simultaneously, no differential effects were ob-
served in inflammation-related targets of PPARA. Overall, 45 out of
the 147 described PPAR« target genes involved in lipid metabolism
[25] were significantly regulated by galactose.
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Besides FAO for energy supply, proximal enterocytic fatty acid
metabolism can be divided into fatty acid uptake (from intesti-
nal lumen), storage (as TG), and the inclusion of FA into chy-
lomicrons being subsequently secreted into lymph for transport
to other organs. Uptake of lipids from the lumen appeared to be
lower, based on transcript levels of fatty acid transporters Cd36 and
Slc27a2. Epithelial storage and secretion were subsequently inves-
tigated in more detail. In addition, de novo lipogenesis seems to be
only mildly affected, without changes in key transcripts like Acetyl-
CoA carboxylase alpha (Acaca) and Fatty acid synthase (Fasn), but
with an increased expression of ATP-citrate lyase (Acly) in the Gal
group (Supplemental Fig. 4).

3.4. Lipid droplet associated transcripts show a lower expression
upon galactose consumption

Epithelial storage of fatty acids involves triglyceride (TG) syn-
thesis and subsequent trapping in lipid droplets. Transcripts encod-
ing enzymes synthesizing TG from FAs and glycerol-3-phosphate
all appeared not to be different. The main marker for lipid droplets
is perilipin 2 (PLIN2). Its transcript appeared significantly lower ex-
pressed in the small intestine (Fig. 5A). A lower lipid droplet ac-
cumulation in the small intestinal mucosa was supported by the
significant regulation of 33 lipid droplet related transcripts (31
lower expressed, 2 higher expressed) (Fig. 5B), out of the reported
171 [26]. The high percentage of lower expressed lipid droplet-
associated transcripts strongly suggests a reduction in the lipid
droplet content in the small intestinal mucosa.

To further confirm this, PLIN2 immunostaining was performed
on a section of the proximal small intestine. Indeed, a lower pres-
ence of lipid droplets was observed in those mice that received
galactose during the post-weaning time (Fig. 5C and D), with a de-
tailed picture of the LD morphology shown in Fig. 5E.

3.5. Secretion of TG as chylomicrons into circulation

The final step in the fatty acid-linked pathways within en-
terocytes involves their secretion into the circulation via chy-
lomicrons. This process is associated with the activity of genes
encoding the apolipoprotein family. None of the chylomicron-
associated apolipoproteins [27] appeared to be regulated. Only
the apolipoprotein L subgroup (specifically transcripts Apol10a and
Apol10b), encoding proteins associated with high-density lipopro-
tein (HDL) particles, showed significant regulation, with higher ex-
pression levels in the galactose-fed mice.

Overall, this suggests that in the proximal small intestinal mu-
cosa, the uptake of fatty acids and their subsequent oxidation
(FAO) is lower expressed, while the transcriptional regulation of
fatty acid export is hardly affected. Simultaneously, storage of TG
is lower in this tissue in the Gal mice. Nevertheless, the levels of
circulating TG did not differ significantly between the two dietary
groups (Glu: 59.36+15.48 mg/dl; Gal: 64.85+17.98 mg/dl; P=.4).

3.6. NADPH, redox, and PPP transcripts are downregulated by
post-weaning galactose consumption

In the GO pathway analysis glutathione metabolism and glu-
tathione related pathways (“Sulfur compound metabolic pro-
cess” and “Cellular modified amino acid metabolic process”) also
emerged within the top 15 regulated pathways (Fig. 3B). Zoom-
ing in on individual genes involved in NADPH-dependent antioxi-
dant defense, glutathione reductase, glutathione synthetase, thiore-
doxin reductase and peroxiredoxins were all downregulated. In ad-
dition, transcripts for NADPH-dependent detoxifying proteins were

also downregulated (Fig. 6A). Furthermore, most transcripts encod-
ing cytoplasmic NADPH-producing enzymes (glucose-6-phosphate
dehydrogenase (G6pdx), phosphogluconate dehydrogenase (Pgd),
malic enzyme 1 (Mel), and isocitrate dehydrogenase 1 (Idh1)),
including those within the pentose phosphate pathway (PPP)
(Fig. 6B), were also downregulated. The antioxidant enzymes Sod1
and Catalase, which are not directly dependent on NADPH, also
showed a lower expression. The aforementioned NADPH-producing
enzymes were all highly correlated with all the antioxidant genes
that are shown in Fig. 6A (Supplemental Table 3). The consistent
lower expression of antioxidant and NADPH generating enzymes in
association with lower expression of FAO-transcripts suggests that
NADPH production is reduced in response to reduced oxidative
stress, requiring less antioxidant defense. We could see this by the
also significant correlations between the transcripts of the afore-
mentioned NADPH-producing enzymes with the FAO transcripts
depicted in Fig. 3C (Supplemental Table 4).

3.7. Alternative pathways of galactose metabolism in small intestine

In contrast to lipid and redox metabolism, carbohydrate
metabolism only showed minor differences between the Gal ver-
sus Glu groups, even though we studied a monosaccharide inter-
vention. Nevertheless, a close examination of the Leloir pathway
enzymes in the small intestinal mucosa revealed an unexpected
marked and significantly reduced expression in the galactose fed
mice of Galactokinase (Galk1), the first step of this pathway. Be-
sides the Leloir pathway that cells use to metabolize galactose, two
alternative galactose metabolizing pathways have been described.
The first one is the conversion of galactose into galactitol via al-
dose reductase (Akrib3), which was significantly lower expressed
(Logy,FC=-0.36, P<.001). Regretfully, we did not collect urine in
this study, because we assumed it would tell little about the intes-
tine functionality. We therefore resorted to urine samples obtained
from 3 to 5 h food-deprived female mice from a previous study,
exposed to the same dietary intervention for the same duration
[13]. Urine analysis showed that galactitol levels were significantly
higher in the Gal group versus Glu group (Gal: 8.9+1.9 mg/ml,
Glu: 3.34+1.8 mg/ml, P=.02). The second alternative pathway is via
galactose dehydrogenase and the subsequent formation of galacto-
nate. Regretfully, no genes encoding for this step have been anno-
tated. However, since this pathway is described at the metabolite
level [28], we resorted to analysis of the end-product. We mea-
sured tissue galactonate levels by standard high pressure anion ex-
change chromatography (HPAEC). However, intracellular concentra-
tions of galactonate in small intestinal mucosa were undetectable,
therefore the contribution of this pathway seems minor, at least
under our experimental conditions

3.8. Post-weaning galactose consumption does not affect hepatic
fatty acid metabolism gene expression

The transcriptome analysis of the small intestines revealed a
lower expression of FAO transcripts, while higher relative and ab-
solute whole-body FAO levels were seen. Therefore, we next as-
sessed the liver’s contribution by targeted qPCR analysis of FAO
transcripts. This showed no significant differences between the
two dietary intervention groups. Hepatic fatty acid binding pro-
tein 2 (Fabp2, intracellular FA transporter), acyl-Coenzyme A oxi-
dase 1 (Acox1, peroxisomal FAO), carnitine palmitoyltransferase 1a
(Cptla, rate-limiting mitochondrial FA importer), hydroxyacyl-CoA
dehydrogenase (Hadha, mitochondrial FAO), and acetyl-Coenzyme
A acetyltransferase 2 (Acat2, cholesterol synthesis) were all not
changed (Fig. 7A-E). In addition, total hepatic TG levels were not
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different between the groups (Fig. 7F). This suggests that the galac-
tose intervention did not significantly impact hepatic fatty acid
metabolism.

4. Discussion

To further understand the beneficial metabolic health effects
of galactose intake previously observed in fasted in young mice
[9,13], we here studied the fed situation. We further focused on
the small intestine since it is crucial for nutrient digestion and ab-
sorption, sensing, and signaling, serving a dual role as a gatekeeper
and metabolic organ. We examined whole-body substrate utiliza-
tion and small intestine gene expression effects of galactose con-
sumption during the 3 weeks following lactation. Replacing part
of the dietary glucose with galactose during this period signifi-
cantly impacted energy metabolism at both the whole-body and
the small intestinal level. Our findings in fed female mice newly
indicated that galactose consumption triggered a shift towards a
higher whole-body relative and absolute fat oxidation, without af-
fecting body weight, whole-body lean and fat mass, or energy ex-
penditure. In apparent contrast, in the proximal small intestinal
mucosa we observed a markedly lower expression of FAO tran-
scripts and lower TG storage based on perilipin 2 staining, the
main marker of intracellular lipid droplets. The observed metabolic
effects were assessed in females; however, males included in
the study exhibited similar body weight and body composition
growth curves, suggesting that the effects are highly comparable in
males.

Due to its unique metabolic properties, galactose can sig-
nificantly impact energy metabolism, particularly mitochondrial
metabolism. In this study, we observed a significant increase in the
expression of Ppargcla, the master regulator of mitochondrial bio-
genesis [23] in the galactose group (Fig. 3C). This finding is consis-
tent with previous in vivo studies, which demonstrated an increase
in OXPHOS, where the expression of all significantly regulated OX-
PHOS transcripts from all complexes was higher upon galactose
consumption [9]. Additionally, in vitro studies using intestinal cell
cultures have shown that galactose increases mitochondrial oxida-
tive phosphorylation (OXPHOS) [8]. The greater reliance on mito-
chondrial OXPHOS is likely due to the lower efficiency (rate per
time unit) of galactose oxidation compared to glucose in ATP pro-
duction. The lower efficiency of galactose metabolism compared
to glucose may contribute to the increased whole-body fat oxi-
dation (FAO) observed in the Gal animals. This aligns with pre-
vious findings of greater whole-body lipid utilization after galac-
tose consumption compared to glucose in obese women [29]. Al-
though this agrees with a shift from glycolysis to mitochondrial
oxidative metabolism, it is somewhat surprising in view of abun-
dant availability of glucose in the fed state of the animals. Of note,
the higher whole body lipid oxidation was especially seen in the
dark phase, when the animals consume most of their food (LP:
0.61 g+0.29; DP: 1.97 g+0.8; P<.0001).

Possibly a decreased insulin response upon galactose compared
to glucose intake may contribute to this observation or may be
fully responsible for it [30,31]. Lower circulatory insulin levels
upon galactose consumption as we previously reported [13] result
in lower glucose uptake and lower glycolysis levels, while lipoly-
sis becomes less inhibited and provides more fatty acids for FAO.
A major role for insulin may also explain why we did not ob-
served difference in FAO gene expression the liver, the main galac-
tose metabolic organ. If a differential insulin response is the main
contributing factor at the whole body level, it would be of inter-
est to study skeletal muscle and adipose tissue as the main insulin
sensitive tissues.

In contrast to the whole-body increase in both relative (lower
RER) and absolute lipid oxidation (Fig. 2C, F, and G), fatty acid
oxidation (FAO) in the small intestinal mucosa of galactose-fed
mice was reduced. This reduction in FAO may serve to spare fatty
acids for oxidation elsewhere in the body, potentially explaining
the absence of effects on whole-body energy expenditure (EE),
body weight (BW), and body composition. The decrease in FAO
was accompanied by lower expression of lipid droplet-associated
transcripts (Fig. 5A and B) and a corresponding reduction in lipid
droplets themselves (Fig. 5C). This aligns with the idea that the
small intestine plays a role in supporting whole-body lipid oxida-
tion, despite no observed increase in chylomicron-associated gene
expression. Furthermore, an increase in intestinal fatty acid (FA) ef-
flux is not supported by the lack of difference in serum triglyceride
(TG) levels. However, this may be explained by increased FA uti-
lization at whole body level, although, again in liver we did not
observe differences in TG levels. Overall, dietary galactose strongly
influences lipid metabolism in the small intestine, reducing both
FAO and FA storage. These findings highlight an intestine-specific
response that may contribute to whole-body energy homeostasis.

In our previous work, where mice were sacrificed in a food de-
prived state, we showed more profound differential effects in car-
bohydrate metabolism, concomitant with a lack of regulation of
fatty acid metabolism in the small intestinal mucosa [9]. This is
fully in line with the now observed lower expression of FAO tran-
scripts in mice sacrificed in the fed state. In a food deprived state,
enterocytes would rely more on FAO, making those pathways the
main source of cellular energy. On the other hand, in a fed state,
with a constant supply of nutrients mainly from the apical side, in-
testinal cells can rely more on carbohydrate oxidation as a source.
In our previous and current data we observe that in the small in-
testine galactose has a profound effect on the “secondary pathway”
of each metabolic state (carbohydrate oxidation during the food
deprived state, and FAO during the fed state). Altogether, this sug-
gests a facilitating role for the small intestine. In the here studied
fed state, galactose induced an increased small intestinal reliance
on carbohydrates as main energy source, allowing other organs to
show the opposite, an increased FA utilization.

In addition to effects on FAO pathways, lipid synthesis path-
ways in small intestinal mucosa showed little differences, despite
almost all PPP enzymes showing a lower expression in the galac-
tose group. The PPP provides NADPH for lipid synthesis, but also
for redox homeostasis. While lipid synthesis is only mildly af-
fected, redox homeostasis is. The decreased PPP is thus in line
with the decreased expression of NADP-dependent antioxidant en-
zymes, supported by the high correlations of transcript levels of
FAO and NADPH generating enzymes (Supplemental Table 3). In
addition, also the gene expression of NADPH-independent antiox-
idant enzymes Sod1 and Cat are decreased, strongly suggesting a
lower level of intestinal mucosal oxidative stress in the galactose
group. We speculate that this is very likely attributable to a lower
level in these cells of FAO, a known source of ROS [32].

In summary, our study demonstrates that the main effect of
galactose consumption during the post-weaning period of fed fe-
male mice mainly lowers FAO and storage in the proximal small
intestine, and thereby facilitates an increase in relative and abso-
lute lipid utilization at the whole-body level. Decreases in gene ex-
pression of antioxidant and NADPH producing enzymes are in line
with the decreased FAO, a known source of ROS. The upregula-
tion of Ppargcla suggests an increase in intestinal energy efficiency,
possibly via the known galactose effects on mitochondrial OXPHOS.
These findings provide valuable insights into the in vivo metabolic
adaptations induced by dietary galactose and shed a new light on
the organ specific metabolic roles.
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