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A B S T R A C T

Background: Prolonged lactation provides substantial health benefits, possibly because of galactose as part of milk sugar lactose. Isocaloric
replacement of dietary glucose [16 energy%(en%)] with galactose within a normal diet (64en% carbohydrates) during a 3-wk postweaning
period provided substantial benefits on short- and long-term physiologic and metabolic parameters at the whole-body level and liver in
female mice, which might be attributable to intestinal function.
Objectives: This study aimed to investigate if partial dietary replacement of glucose with galactose alters intestinal metabolism underlying
hepatic health effects.
Methods: Proximal intestinal mucosa gene profiles in female mice were analyzed using RNAseq technology, validated, and correlated with
hepatic health parameters.
Results: Transcriptome analysis revealed that the presence of galactose primarily affected the pathways involved in energy metabolism. A
consistently higher expression was observed in the subset of mitochondrial transcripts (78 of 80, all P.adj < 0.1). Oxidative phosphorylation
(OXPHOS) represented the most upregulated process (all top 10 pathways) independent of the total mitochondrial mass (P ¼ 0.75).
Moreover, galactose consistently upregulated carbohydrate metabolism pathways, specifically glycolysis till acetyl-CoA production and
fructose metabolism. Also, the expression of transcripts involved in these pathways was negatively correlated with circulating serum am-
yloid A3 protein, a marker of hepatic inflammation [R (�0.61, �0.5), P (0.002, 0.01)]. Accordingly, CD163þ cells were decreased in the
liver. Additionally, the expression of key fructolytic enzymes in the small intestinal mucosa was negatively correlated with triglyceride
accumulation in the liver [R (�0.45, �0.4), P (0.03, 0.05)].
Conclusions: To our knowledge, our results show for the first time the role of galactose as an OXPHOS activator in vivo. Moreover, the
concept of intestinal cells acting as the body's metabolic gatekeeper is strongly supported, as they alter substrate availability and thereby
contribute to the maintenance of metabolic homeostasis, protecting other organs, as evidenced by their potential ability to shield the liver
from the potentially detrimental effects of fructose.
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Introduction

The milk sugar lactose is a glucose–galactose disaccharide
found almost exclusively in mammalian milk and represents the
most abundantmolecule of its carbohydrate fraction [1].Glucose is
ubiquitously present in our diet, whereas galactose ismainly taken
in as part of the lactosemolecule [1]. After lactose is consumed, it is
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postnatal day; SAA3, serum amyloid A3; TCA, tricarboxylic acid; TG, triglyceride.
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hydrolyzed into its 2 constituent monosaccharides, glucose and
galactose, by β-galactosidase on the apical membrane of the in-
testinal enterocytes [2]. Galactose can then be absorbed and
transported via the portal vein to the liver, where it is further
metabolized [3] or excreted from the body. Although galactose has
an identical chemical composition as glucose (both C6H12O6), its
structure and oxidation rate to obtain cellular energy (ATP) differ
lin; Canx, calnexin; CD163, CD163 antigen; CS, citrate synthase; En%, energy
16en% glucose on normal background); GLU, glucose diet (32en% glucose on
tohexokinase; OXPHOS, oxidative phosphorylation; P.adj, adjusted P value; PN,

othorst).

ber 2023
n Society for Nutrition. This is an open access article under the CC BY license

mailto:evert.vanschothorst@wur.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tjnut.2023.10.011&domain=pdf
https://jn.nutrition.org/
https://doi.org/10.1016/j.tjnut.2023.10.011
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.tjnut.2023.10.011
https://doi.org/10.1016/j.tjnut.2023.10.011


F.S. Fos-Codoner et al. The Journal of Nutrition 153 (2023) 3448–3457
considerably. In order to be fully metabolized, galactose needs to
be converted via several metabolic steps into glucose 6-phosphate,
a glycolytic intermediate. This conversion, the Leloir pathway,
occursmuch slower than the phosphorylation of glucose to glucose
6-phosphate. This causes a difference in glycolytic flux and forces
the cells to fully use mitochondrial oxidative phosphorylation
(OXPHOS) to obtain enough energy per unit time [4]. Moreover,
galactose may play a structural role, for example, during the
development of the central nervous system [5].

Prolonged lactation has been associated with various health
benefits [6–9], and we previously explored the hypothesis that
galactose underlies these health benefits [10–12]. Galactose
epimerization and further oxidation occur primarily in the liver
[13]. Given the important role of the liver in galactose meta-
bolism, we then studied the effects of this monosaccharide on
hepatic metabolism and health. Using a preclinical mouse model,
a postweaning diet containing glucose was compared with a diet
in which part of the glucose was replaced by galactose. The
postweaning galactose showed both direct and long-term health
benefits. Also, mice that received galactose during the post-
weaning period showed lower hepatic triglyceride (TG) accu-
mulation and inflammation [11]. Additionally, after a 9-wk
high-fat diet challenge, mice that received galactose during the
postweaning time presented lower total body weight, primarily
because of lower adipose tissue mass and improved insulin
sensitivity [10].

Although the liver is thought to be primarily responsible for
galactose metabolism, the small intestine may also play a role.
Recently, the intestine was shown to metabolize and clear
monosaccharides, such as fructose, limiting the amount of lipo-
genic fructose that reaches the liver [14]. Thus, intestinal
metabolism has been linked to improved liver health. The role of
the intestine in galactose metabolism has not yet been investi-
gated. Therefore, we aimed to clarify the metabolic molecular
effects of galactose consumption in the small intestine. We
examined the murine proximal small intestinal (jejunal) mucosa
of mice exposed to a low-fat diet containing starch and mono-
saccharides during the immediate postweaning period.
Forty-two-day-old mice fed a postweaning diet containing pri-
marily glucose (GLU) in the monosaccharide fraction were
compared with mice fed a diet in which half of the glucose was
replaced by galactose (GAL). To obtain insight into the effects in
the small intestine, RNA sequencing and subsequent tran-
scriptome analysis were performed. The findings were confirmed
using alternative methods (RT-qPCR) and correlated with he-
patic metabolic parameters.

Methods

Animal study, diets, and tissue acquisition
The animal study and the diets used were previously described

in detail [11]. Briefly, from standardized nests, on postnatal day
(PN) 21, offspring C57BL/6JRccHsd mice were stratified by body
weight and received 1 of 2 diets for 3 wk while in individual
housing (n ¼ 12 per diet group and sex). The diets contained
16energy percentage (en%) fat, 20en% protein, and 64en% car-
bohydrate, including 29en% starch and 35en%monosaccharides,
of which 3en% was fructose and the remainder were either
glucose (GLU; 32en% glucose) or glucose and galactose (GAL;
16en% galactose and 16en% glucose) (Figure 1, Supplemental
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Table 1). The GAL diet thus mimics lactose; however, the con-
stituent components were provided separately to prevent poten-
tial lactose-induced diarrhea after weaning. Here, we studied
female mice because the long-term beneficial effects were
observed in this sex [10]. On day 42, mice were starved for 2–5 h
and killed by decapitation. The intestine was taken and carefully
rinsed in cold (4�C) phosphate-buffered saline to remove any po-
tential contaminants. The first proximal 3 cm was excised and
discarded. The remaining small intestine was then divided into 2
equal-length segments and scraped. The scrapings were immedi-
ately snap-frozen in liquid nitrogen and stored at �80�C until
further analysis. The proximal part, corresponding with the first
half of the jejunum, was used for all the analyses.

RNA isolation and RNA sequencing
Total RNA was isolated from the scrapings using the RNeasy

mini kit (Qiagen). The integrity of RNA was checked using an
Agilent 2200 Tape Station system (Agilent Technologies). All but
one sample passed the A230/260, A260/280, and integrity
quality controls. Strand-specific transcriptome resequencing was
performed on total RNA isolated from proximal intestine scrap-
ings. RNA preparation, library construction, and sequencing
using DNBSEQ technology were performed at the Beijing
Genomics Institute. Clean and filtered reads were obtained in
the FASTQ format, and a quality check was performed using
FASTQC [15]. The reads were aligned to the mouse genome
(GRCm39.104) using STAR [16], and counts were performed
using HTSeq [17]. The average sequencing depth was 17.3 M
paired-end reads, of which >83.5% were uniquely mapped.

Transcriptome analysis
Data and statistical analyses were performed using the sta-

tistical software R version 4.1.0. DESeq2 [18] was used to
identify differentially expressed genes between the mice fed GAL
(n ¼ 12) and GLU (n ¼ 11). An extra filtering step with the
removal of genes with <10 reads per row was applied. Benja-
mini–Hochberg multiple-testing correction was used to obtain
adjusted P values (P.adj) at a false discovery rate of 10%. Vol-
cano plots were constructed using rlog-transformed data with
library size correction. All data were deposited in the Gene
Expression Omnibus dataset GSE183792.

Gene Ontology enrichment analyses
Gene Ontology (GO) enrichment analysis (enrichGO) for

biological processes was performed in R using ClusterProfiler
[19]. Only significant transcripts were used for the analysis with
a P.adj of < 0.1. Additionally, we used the mouse MitoCarta
database [20] as a reference inventory for mitochondrial tran-
scripts. Gene set enrichment analysis (GSEA) was performed to
investigate cellular components, and the resulting components
were semantically clustered in a tree plot.

Quantitative RT-PCR
Transcript expression validation of the RNAseq was measured

using iQ SYBR Green Supermix (Bio-Rad) on a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad), with 3 min at 95�C,
40 cycles of 15 s at 95�C, and 45 s at the annealing and elon-
gation temperatures, followed by melt-curve analysis. Primers
were designed using NCBI Primer-Blast (NCBI website); an
overview of primer sequences and annealing temperatures is



FIGURE 1. Diet composition overview. Both control-GLU (left) and intervention-GAL (right) diets had an overall composition of 64en% carbo-
hydrates, 15.6en% fat, and 20.1en% protein. For the carbohydrate fraction, fructose accounted for only 3en% and wheat starch 29en% in both
diets; the remaining 32en% came from glucose in the GLU diet and 16en% glucose þ 16en% galactose in the GAL diet. En%, energy percentage;
GAL, galactose diet; GLU, glucose diet.
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given in Supplemental Table 2. cDNA from all samples was
pooled, and serial dilutions were used for standard curves; for
each transcript, 2 negative controls were also included (water
and a sample without reverse transcriptase). Samples were
measured in a 100-fold dilution; samples and standards were
measured in duplicate. Stable gene expression levels were
determined using Bio-Rad CFX Maestro software (version 4.1;
Bio-Rad), and data were normalized against stable reference
genes, namely Calnexin (Canx) and β-2 microglobulin (B2m).

Citrate synthase assay
Mitochondrial citrate synthase (CS) activity level as a proxy

for mitochondrial mass was determined using the CS assay kit
(Sigma-Aldrich) according to the manufacturer’s instructions.
Values were calculated with an extinction coefficient of 13.6 /
(mM � cm) and normalized to the protein content, which was
measured using the DC protein assay kit (Bio-Rad Laboratories),
according to the manufacturer’s instructions.

Liver TG measurements and serum SAA3
measurement

Previously, liver TG concentrations in the right lobe were
determined using the Liquicolor TG kit (Human) [11]. Likewise,
circulating serum amyloid A3 (SAA3) concentrations were
measured using the mouse SAA3 ELISA kit (Merck chemicals
B.V.) according to the manufacturer’s instructions [11]. Here, we
used these molecular data to analyze the correlations between
intestinal transcript levels and these hepatic parameters per
mouse.

Histologic analysis
The liver fixed in 4% paraformaldehyde for 24 h at 4�C was

embedded in paraffin blocks and cut into 5-μm-thick sections.
Sections were dewaxed in xylene and rehydrated for staining. An
epitope-specific antibody was used for the detection and quan-
tification of CD163 (1:200; 182422 Abcam). After rehydration,
sections were washed with tris-buffered saline and the antigen
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was retrieved using 10mM 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 temperature and washed 5 times for 5
min each with tris-buffered saline. Tissue sections were blocked
with 5% goat serum (S-1000, Vector Laboratories) for 30 min at
room temperature. The sections were then incubated with the
primary antibody overnight at 4�C. Before incubation with the
secondary antibody, the sections were treated with 1% Sudan
black (199664; Sigma-Aldrich) diluted in 70% ethanol for 10
min and then washed under a demi-water tap for 5 s per slide.
The sections were incubated with the diluted secondary antibody
Alexa 488 goat anti-rabbit (1:200; A11008; Invitrogen) for 1 h at
room temperature. The nuclei were stained with 40,6-diamidino-
2-phenylindole (DAPI; 1:10,000; D9564; Sigma-Aldrich) for 5
min at room temperature; secondary controls and IgG (Vector
Laboratories) controls at the same concentration as the primary
antibody were used to correct for nonspecific binding. Sections
were then mounted with Fluoromount-G (0100-01; Southern
Biotech) and dried in the dark at 4�C overnight.
Image acquisition processing and quantification
The images were taken with a Leica DM6b microscope (Leica

Micro Systems Inc.). To get a full representation of the section,
the tile-scan mode was used; with this function, 350–600
consecutive pictures were taken and then stitched together.

The number of CD163-positive cells (CD163þ) per tissue was
obtained using the ImageJ software version 1.52i. To correct for
individual pixels that were fluorescent due to artifacts and based
on the observed size of clearly positive cells, the size of the
CD163þ cells was estimated to be between 20 and 200 μm2.
Based on this quantification, the final data are given as the
number of CD163þ cells per 10,000 μm2.
Statistical analysis
Differentially expressed gene (DEG) andpathway analyseswere

performed using R version 4.1.0. Analyses of transcript levels are
described above. Pearson correlation analysiswas performedusing
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GraphPad Prism version 9.31 (GraphPad Software). P values andR
coefficients are indicated in each figure panel.

Results

Postweaning galactose consumption affects
mitochondrial metabolism in the proximal small
intestinal mucosa

In a previous study, we demonstrated the positive metabolic
effects of postweaning galactose consumption in mice, including
lower hepatic TG concentrations, despite having significantly
higher cumulative food intake in the GAL group,with similar body
weight, leanmass, and fatmass [11]. In line with the reduced lipid
accumulation, galactose consumption reduced hepatic inflamma-
tion and liver-secreted concentrations of the circulatory inflam-
matory marker SAA3 [11]. Immunohistochemistry of the liver
sections showed a significant decrease in CD163þ cells, identifi-
able as Kupffer cells in the mice fed GAL (Figure 2A–D). The
number of CD163þ cells was positively correlated with the hepatic
transcript levels of Saa3 (Figure 2E). Building on thesefindings,we
hypothesized that the positive effects of galactose consumption
seen in the liver might be due to primary alterations in the small
intestine and the effects seen in the liver could be secondary.
To investigate this hypothesis, RNA sequencing was performed
using intestinal mucosal scrapings from these mice. Of >20,000
transcripts, 301 (P.adj< 0.1)were significantly affected by dietary
galactose. Pathway analysis using GO enrichment showed that the
FIGURE 2. Immunofluorescent staining of hepatic sections against CD163
GLU and an intervention-GAL-fed mouse. (C) The negative control using r
completely and the number of CD163þ cells over the entire surface of the
reduction in the number of CD163þ cells was observed in the GAL group. A
the hepatic expression of Saa3. Scale bars represent 100 μm. CD163, CD1
yloid A3.
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10 most upregulated pathways were all related to cellular energy
production and metabolism, with a clear predominance of mito-
chondrial metabolic pathways (Figure 3A). Subsequent GSEA for
cellular components confirmed the predominant role of the inter-
vention on genes involved in mitochondrial metabolism
(Figure 3B). Focusing specifically on mitochondrial transcripts,
~26% of the differentially regulated transcripts were mitochond-
rially allocated, and>90% of them were upregulated by galactose
consumption (Figure 3C, Supplemental Tables 3, 4).
Postweaning galactose consumption increases
OXPHOS expression

Given that mitochondrial transcripts were prominently upre-
gulated andmitochondrial metabolic processes appeared as some
of the top-regulated processes, mitochondrial pathways were
further investigated to gain a better understanding of their spe-
cific contributions. This revealed that the main upregulated
process in the mitochondria was ATP production, with this
increase almost exclusively attributable to OXPHOS metabolism
(Figure 3A). Selecting all OXPHOS genes from the MitoCarta 3.0
gene set, which represents all verified mitochondrial genes, we
observed that these transcripts were exclusively and consistently
upregulated, regardless of significance (Supplemental Figure 1).
Additionally, when focusing on the specific genes, all 5 complexes
of theOXPHOS system showed significant upregulation of several
subunits, whereas none were downregulated (Figure 4, Supple-
mental Table 5). Notably, CS is considered a marker of
. (A, B) A randomly picked section at 200x magnification of a control-
abbit immunoglobulin at 100� magnification. Sections were scanned
section was obtained and divided per 10,000 μm2. (D) A significant

dditionally, the number of CD163þ cells was positively correlated with
63 antigen; GAL, galactose diet; GLU, glucose diet; SAA3, serum am-
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FIGURE 4. Diagram of OXPHOS complexes with a representation of transcript regulation. All individual complexes of OXPHOS (1–5) had a high
percentage of significantly regulated genes, all of them being upregulated and none downregulated, independent of significance. OXPHOS,
oxidative phosphorylation.
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mitochondrial mass; yet, both gene expression and protein con-
centrations of CS remained unaffected (Figure 2D), suggesting
that the increase in OXPHOS is not due to an increase in the
mitochondrial mass. In contrast, several transcripts encoding
mitochondrial ribosomal proteins, which are nuclear-encoded,
were significantly upregulated (data not shown), indicating
increased mitochondrial protein synthesis without changes in
mass. Moreover, no significant effects were found in other mito-
chondrial pathways, such as the tricarboxylic acid (TCA) cycle or
fatty acid β-oxidation.

Postweaning galactose consumption increases
glycolysis and fructolysis without upregulating the
TCA cycle

Besides mitochondrial energy metabolism, pathway analysis
also revealed that monosaccharide metabolism was significantly
upregulated, which was expected based on the monosaccharide
nutritional intervention. However, most transcripts involved in
glucose metabolism were significantly upregulated by the pres-
ence of galactose; thus, when less glucose was present in the diet
(Figure 5A). The expression of a selection of these transcripts was
validated using RT-qPCR; all the transcripts showed a significant
correlation of the normalized RT-qPCR expression with the
RNAseq normalized counts (Supplemental Figure 2). Intestinal
galactose catabolism-specific transcripts, reflecting the meta-
bolism of galactose to the glycolysis intermediate glucose 6-P,
FIGURE 3. Overview of the mitochondrial effects of dietary intervention in
GO enrichment analysis of small intestinal mucosal differentially expressed
GSEA for the cellular component. The diagram depicts the 10 most frequ
formed based on semantic overlap. (C) Volcano plot of the ratio of GAL/G
encoding mitochondrial proteins on top in dark (grey). Red indicates down
upregulation. The horizontal line indicates the threshold for significance (
control glucose group (GLU, n ¼ 11) and galactose group (GAL, n ¼ 1
differentially expressed gene; GAL, galactose diet; GLU, glucose diet; GO
P value.
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appeared nonsignificantly regulated (Figure 5A). Thus, the in-
crease in OXPHOS expression coincides with an upregulation of
glycolysis-encoded transcripts. Moreover, despite an identical
amount of fructose being present in the control and intervention
diets, and fructose only representing ~3% of the total dietary
energy, the presence of dietary galactose caused a consistent
significant upregulation of the main fructolytic enzymes
(Figure 5A). Fructose has been considered a hepatic lipogenic
factor, and it was already reported that the galactose interven-
tion could reduce the content of hepatic TG (P ¼ 0.03), with a
30% difference in the hepatic TG content between the 2 groups
[11]. Importantly, the intestinal transcripts involved in fructose
metabolism (KhK, Aldob, and Fbp1) and downstream glycolysis
(Gapdh) were all negatively correlated with the TG content in the
liver (Figure 5B, Supplemental Figure 3). Furthermore, the
expression of all differentially expressed cytoplasmic mono-
saccharide metabolism transcripts in the small intestinal mucosa
was negatively correlated with circulating levels of the
liver-secreted inflammatory marker SAA3 (Figure 5C, Supple-
mental Figure 4), which were decreased (P¼ 0.03) by 21% in the
galactose-fed animals, as reported previously [11]. Here, we
enforce this by showing a decrease in CD163þ cells. The strong
negative correlation between intestinal fructose-metabolism
genes and hepatic lipid concentrations suggests a strong
connection between intestinal substrate utilization and hepatic
physiology.
the intestinal mucosa. (A) Top 10 most (up)regulated pathways using
transcripts (P.adj < 0.1) comparing galactose and control glucose. (B)

ent cellular components associated with the DEG. Clustering was per-
LU vs. P.adj value displaying all genes in light (grey) color and genes
regulation in the galactose group, whereas light/dark green indicates
P.adj < 0.1). (D) Mitochondrial mass as measured by CS assay of the
1). Values are expressed as mean � SD. CS, citrate synthase; DEG,
, gene ontology; GSEA, gene set enrichment analysis; P.adj, adjusted



FIGURE 5. Glucose and fructose-metabolism pathways and their correlation with circulating SAA3 and hepatic TG content. (A) Cellular glucose,
galactose, and fructose-metabolism pathways in cytoplasm and mitochondria. Color coding of transcripts indicates upregulation (significant in
green, nonsignificant in grey). (B) Pearson R correlation coefficients and associated P value of selected significantly regulated transcripts against
hepatic TG concentrations expressed as μg TG/mg protein and (C) serum SAA3 concentrations expressed as ng SAA3/mL serum. Selected sig-
nificant transcripts shown in green in panel 4A were used for correlation analysis. SAA3, serum amyloid A3; TG, triglyceride.
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Discussion

The effects of partially replacing postweaning dietary glucose
with galactose were investigated for its effects on intestinal
3454
tissue and the underlying mechanism. OXPHOS appeared as the
top-upregulated process, along with cytoplasmic carbohydrate
metabolism. Moreover, the expression of key metabolic tran-
scripts in the small intestinal mucosa was negatively correlated
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with hepatic metabolic markers, such as hepatic TGs, Kupffer
cells, and circulating concentrations of SAA3. Our study, by
feeding the weaned mice galactose and glucose in an equimolar
ratio, aimed to mimic from a carbohydrate point of view, a sit-
uation of prolonged breastfeeding or milk intake, which has been
repeatedly reported to be beneficial by the WHO and numerous
studies [6–9]. Our data suggest that intestinal carbohydrate
metabolism may contribute to this, at least impacting liver
health.

After feeding GAL, energy metabolism was the most regulated
process in the small intestinal mucosa (Figure 3A). This effect
was further confirmed using GSEA for cellular components
(Figure 3B). Additionally, further analysis of the mitochondrial
transcripts showed that the vast majority of them were upregu-
lated regardless of their significance (Figure 3C, Supplemental
Table 2). Other key mitochondrial metabolic processes, such as
the TCA cycle and fatty acid β-oxidation, were not regulated, and
neither was the mitochondrial mass (Figure 3D), cumulatively
indicating that OXPHOS was specifically upregulated by galac-
tose in the diet. This in vivo observation confirms in vitro find-
ings in intestinal, muscle, and liver cell cultures, which turn on
their OXPHOS machinery upon replacement of glucose with
galactose in the culture media [21–23]. This may be due to the
lower glycolytic flux of galactose to pyruvate compared with the
conversion of glucose to pyruvate, reversing the glycolytic
phenotype of the in vitro cultured cell lines toward a more
OXPHOS-relying state to fulfill their energy needs [4]. The
upregulated OXPHOS genes corresponded to all 5 complexes
(Figure 4). Notably, although the nuclear-encoded mitochon-
drial OXPHOS transcripts were greatly affected, none of the 13
mitochondrial-encoded transcripts showed any significant dif-
ferential expression. Besides the OXPHOS-encoding genes,
transcripts encoding several mitochondrial ribosomal proteins
were upregulated, indicating an increase in mitochondrial pro-
tein synthesis, which has previously been positively associated
with OXPHOS function [24,25].

The decreased glycolytic flux induced by dietary galactose
resembles a state of energy deprivation. To see whether this
would be similar to caloric restriction, we further compared our
galactose-induced transcript effects to those seen by caloric re-
striction in murine intestines [26; ArrayExpress dataset
E-MTAB-6248] but observed no overt overlap, with only a few
overlapping differentially expressed transcripts and no overlap at
the pathway level. This at least suggests that galactose-induced
effects are different from calorie restriction-induced effects.
This could be partially attributable to the metabolic state of the
tissues, which were collected from the mice 5 h after food
deprivation; thus, at the end of the postprandial phase or start of
the postabsorptive phase, which might be different from
caloric-restricted mice that were usually in the fully fasted state
when sampled.

Although mitochondrial OXPHOS was the most affected
process, cytoplasmic carbohydrate metabolism was also sub-
stantially affected. All transcripts for glycolysis and fructose to
glucose conversion were upregulated, most of them significantly
so, cumulatively indicating enhancement of the entire pathway
(Figure 5A). Furthermore, the main fructolytic enzymes and
regulators of fructose metabolism were upregulated in the GAL
group, although the amount of fructose in the GAL diet was not
different from that in the GLU diet and there were no differences
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in the food intake [11]. This suggests an increased fructose
catabolism in enterocytes. This may be attributed to fructose
being a faster metabolic substrate than galactose [27].

Fructose is a topic of interest because many studies have
linked excessive fructose intake to liver steatosis and inflam-
mation in mice [28–30] and humans [31]. Fructose can already
have detrimental effects in moderate doses ranging from 1 to 4 g
of fructose/kg body weight [32,33]. Previous work by Jang et al.
[14] showed that a single gavage of fructose at a dose of 1 g /kg
body weight was sufficient to induce hepatic lipogenic effects. In
our intervention, the dietary fructose fraction represented only
3% of the total caloric intake, which cannot be considered a
high-fructose diet. Nevertheless, this may impact the liver, as the
daily intake of fructose was around 4.6 g of fructose/kg body
weight, and the cumulative effect over 3 wk, despite not being
pathologic, would be sufficient to trigger the observed hepatic
effects, even more so in the context of a relatively high mono-
saccharide background (35% of the total caloric intake was
monosaccharides). It is important to emphasize that our control
mice represent a healthy status, and we hypothesized that the
galactose intervention had a further health-promoting effect.
Therefore, we did not expect liver pathology or injury. This is
further confirmed by the absence of differences in the serum
concentrations of alanine transaminase [11], a classic hepatic
damage marker [34].

Although the mice were not diseased, we previously observed
a notable decrease in the expression of immune-related genes
after the 3-wk GAL intervention [11]. Interestingly, a majority of
the top downregulated pathways in the liver were associated
with inflammatory processes. One gene that particularly stood
out as significantly downregulated was Saa3, a well-established
marker of hepatic inflammation. This downregulation was
evident at both the transcript level in the liver and the protein
level in circulation. SAA3 is primarily secreted by macrophages,
with Kupffer cells being the predominant hepatic macrophages
in nondisease conditions [35,36]. We also observed a significant
decrease in the number of CD163þ cells, possibly Kupffer cells
[35], in the GAL group (Figure 2A–D), which was positively
correlated with the hepatic transcript expression of Saa3
(Figure 2E).

In the small intestinal mucosa, we showed that galactose-
induced upregulation of the expression of all significant cyto-
plasmatic transcripts involved in glucose and fructose metabolism
was negatively correlated with circulating SAA3. Moreover, the
increased expression of several intestinal fructolytic enzymes in
GAL mice was negatively correlated with hepatic TG content.
These results are fully alignedwitha recent study that revealed that
functional intestinal fructose catabolism shields the liver from
fructose-induced damage by decreasing the amount of fructose
that eventually reaches the liver [14]. Additionally, tissue-specific
knockout of intestinal fructolytic enzymes led to increased hepatic
steatosis, whereas the overexpression had a fructose-clearance ef-
fect in the small intestine, resulting in decreased hepatic
fructose-induced lipogenesis [14]. It is tempting to speculate that
galactose intake might contribute to shielding the liver from
fructose-induced damage. It needs to be confirmed whether this
potential galactose-induced fructose shielding also occurs when
the galactose-containing disaccharide lactose is consumed. If so,
fructose shielding by galactose may explain part of the health
benefits of extended breastfeeding, besides other key milk
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components, such as milk oligosaccharides and immune factors
present in breast milk, which have been endowed with health
benefits [37,38].

This study focused on female mice, because, contrary to male
mice, beneficial programing effects were seen in this sex. With an
increasing number of studies analyzing both sexes, sexual
dimorphic metabolic responses are frequently observed [39,40].
The causes underlying these sex differences are less clear and
may be due to differences in body composition, blood circula-
tion, or other developmental differences, or may be a direct
consequence of sex-related differences in steroid hormones.

Overall, ourfindings suggest that changes in energymetabolism
in the small intestinal mucosa might be linked to liver health.
Several studies have shown how changes in the intestinal barrier,
inflammation, or even the microbiota in the small intestine are
directly linked to liver health [41,42]. Here, we show that the
metabolic pathways and substrate utilization in the small intestinal
mucosa can also be correlated to hepatic function and physiology.
Thus, modulating the small intestine energymetabolism pathways
with dietary interventions, as we have shown now for galactose,
can result in improved metabolic status beyond intestinal health.
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