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ARTICLE INFO ABSTRACT
Keywords: Aim: We aimed to determine whether the sodium/glucose cotransporter family member SGLT3, a proposed
High-fat diet glucose sensor, is expressed in the intestine and/or kidney, and if its expression is altered in mouse models of
Leptin deficiency obesity and in humans before and after weight-loss surgery.
glgsil_?n_Y gastric bypass Main methods: We used in-situ hybridization and quantitative PCR to determine whether the Sgit3 isoforms 3a and
SLC5A4 3b were expressed in the intestine and kidney of C57, leptin-deficient ob/ob, and diabetic BTBR ob/ob mice.
ToM Western blotting and immunohistochemistry were also used to assess SGLT3 protein levels in jejunal biopsies
from obese patients before and after weight-loss Roux-en-Y gastric bypass surgery (RYGB), and in lean healthy
controls.
Key findings: Sglt3a/3b mRNA was detected in the small intestine (duodenum, jejunum and ileum), but not in the
large intestine or kidneys of mice. Both isoforms were detected in epithelial cells (confirmed using intestinal
organoids). Expression of Sglt3a/3b mRNA in duodenum and jejunum was significantly lower in ob/ob and BTBR
ob/ob mice than in normal-weight littermates. Jejunal SGLT3 protein levels in aged obese patients before RYGB
were lower than in lean individuals, but substantially upregulated 6 months post-RYGB.
Significance: Our study shows that Sglt3a/3b is expressed primarily in epithelial cells of the small intestine in
mice. Furthermore, we observed an association between intestinal mRNA Sglt3a/3b expression and obesity in
mice, and between jejunal SGLT3 protein levels and obesity in humans. Further studies are required to determine
the possible role of SGLT3 in obesity.
1. Introduction regulation of glucose homeostasis linked to altered intestinal and renal
glucose absorption mediated by sodium/glucose cotransporter (SGLT)
Obesity, and associated comorbidities such as cardiovascular disease family members has been suggested as an important component of

and diabetes, is a growing health problem worldwide [1]. Impaired obesity-related pathophysiology [2,3]. The main role of the SGLTs is
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thought to be in glucose transport, although important differences exist
among the various isoforms. Most recent research has focused on SGLT1
and SGLT2, and SGLT2 inhibitors (e.g., empagliflozin, dapagliflozin,
canagliflozin) have been introduced recently as new therapeutic agents,
because they can reduce renal glucose reabsorption and help to maintain
lower blood glucose levels [4-6], but also have additional cardiovas-
cular and renal benefits [7,8]. SGLT1 is localized predominantly in the
intestinal epithelial brush border membrane and has a pivotal role in the
absorption of ingested glucose [9]. SGLT1 and other glucose
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transporters (GLUT2, GLUT5) are upregulated in intestinal brush border
membranes of diabetic patients with hyperglycaemia [2]. Similarly,
glucose absorption in the proximal small intestine attributed to SGLT1 is
increased in morbidly obese individuals [10]. However, in contrast,
hyperleptinemic db/db mice exhibit lower SGLT1 expression, whereas
in leptin-deficient ob/ob mice with obesity, SGLT1 expression does not
differ from controls [11]. SGLT1 inhibitors or dual SGLT1/2 inhibitors
have been under development in preclinical and clinical research [12],
but not yet used clinically.
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Fig. 1. Sglt3a and Sgit3b mRNA expression is localized in the epithelium of small intestinal segments in C57BL/6J mice, but absent in the kidney. (a) RNAscope in-situ
hybridization using mouse Slc5a4a (Sglt3a), and Slc5a4b (Sgit3b) anti-sense hybridization probes was performed on paraffin-embedded kidney and intestinal segment
tissue sections. Negative control (B. subtilis gene dihydrodipicolinate reductase anti-sense hybridization), and positive control (Peptidylprolyl Isomerase B anti-sense
hybridization) is shown for respective organs. The arrow points to positive signal in Sglt3b kidney staining. (b) Sglt3a and Sglt3b mRNA expression was deter-
mined by quantitative PCR in matching tissue samples. Data is normalized relative to duodenum and was analysed by one-way ANOVA (Table S1) followed by post-
hoc multiple comparisons with Bonferroni correction. **P < 0.01, ***P < 0.001 compared with duodenum; **#P < 0.001 compared with jejunum.
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SGLT3 is a homolog of SGLT1, and despite its recognition over 25
years ago [13,14], very little is known of its physiological function and
detailed localisation [15]. However, based largely on in vitro data
[16,17], it has been proposed to act as a glucose sensor in the gut and/or
portal vein [17,18]. In humans, SGLT3 has been putatively localized to
submucosal and myenteric neurons of the small intestine, in the kidney,
and neuromuscular junction of skeletal muscle [16,19]. Unlike human
SGLT3 encoded by SLC5A4, there are two rodent isoforms, SGLT3a and
SGLT3b, encoded by Slc5a4a and Slc5a4b, respectively. The localization
of the SGLT3a and SGLT3b at the organ level in rodents is thought to be
the small intestine and portal vein area, although its more specific
localization is unknown [17,18,20]. It is noteworthy that human SGLT3,
as well as mouse and rat SGLT3a, do not transport glucose [16,21], but
when expressed in oocytes can generate currents with membrane de-
polarization on exposure to glucose or sodium [16,21]. The currents are
larger in an acidic environment, suggesting that SGLT3 activation may
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be pH-dependent [16,21]. Although SGLT3 properties have been studied
in vitro, the detailed localization of SGLT3 and its role in pathophysi-
ology is still lacking.

Thus the aim of this study was to characterize the expression pattern
of SGLT3 in the intestine and kidney of mice and to investigate SGLT3
expression in obesity, and to determine if it is affected by gastric bypass
surgery-induced weight loss.

2. Results

2.1. Localization of Sglt3a and Sglt3b mRNA expression in mouse
intestinal segments and kidney

The cellular localization of rodent SGLT3 isoforms (SGLT3a coded by
Slc5a4a and SGLT3b coded by Slc5a4b) has not so far been elucidated.
Therefore, we used RNAscope in situ hybridization to depict mRNA
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Fig. 2. Confirmed epithelial localization of C57BL/6J mouse Sgit3a and Sglt3b mRNA expression in isolated intestinal epithelial cells and organoids and human
SGLT3 in intestinal organoids, respectively. The mRNA expression of Sglt3a and Sgit3b in (a) ileum and intestinal epithelial cells isolated from ileum and in (b)
intestinal organoids derived from intestinal segments of C57BL/6J mice. (¢) Human SGLT3 mRNA expression in organoids derived from crypts of duodenum,
jejunum, ileum and colon. The expression was measured by qPCR. Data is normalized relative to ileal tissue (a) or duodenum (b, c) and is presented as individual
values and mean + SEM. Data was analysed by unpaired Student’s t-test (a) and one-way ANOVA (Table S1) followed by post-hoc multiple comparisons with
Bonferroni correction (b,c), respectively. /P <0.001 compared with ileal tissue; ***P < 0.001 compared with duodenum; *##P < 0.001 compared with jejunum; *‘p
< 0.001 compared with ileum.
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distribution along the gastro-intestinal tract and kidney in tissue sec-
tions from C57BL/6J mice (Fig. 1a). Sglt3a and Sglt3b specific hybridi-
zation probes clearly indicated expression in all small intestinal
segments. Notably, mRNA of both isoforms was localized in the
epithelial cells of villi and none was observed in the crypts. The isoform
Sglt3a did not differ from Sglt3b in cellular distribution and both were
found in the same locations. However, neither isoform was detectable in
the colon. Of note in the kidney, Sglt3a expression was undetectable and
Sglt3b specific hybridization probes gave a very weak signal (Fig. 1a,
S1). To confirm the observation made by in situ hybridization, we
sampled adjacent pieces of intestinal segments used for in-situ hybridi-
zation and we quantified mRNA expression of Sgit3a and Sgit3b by qPCR
(Fig. 1b). In accordance with in situ hybridization, we found the highest
expression levels in the jejunum for both Sglt3a and Sgit3b (Fig. 1b,
Table S1). Again, there was little or no expression of Sglt3a detected in
colon or kidney. In both colon and kidney, Sglt3b exhibited lower
expression by three orders of magnitude on average compared with the
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small intestine, consistent with the results of in situ hybridization.

2.2. Sglt3a, Sgit3b and SGLT3 mRNA expression in intestinal epithelial
cells and organoids

To confirm Sgit3a and Sglt3b localization in epithelia of mouse in-
testine, we determined mRNA expression in isolated intestinal epithelial
cells (IEC) from the ileum. We found significant enrichment of both
Sglt3a and Sglt3b in epithelial cells compared with ileal tissue (Fig. 2a).
Furthermore, we assessed the expression in organoids derived from
distinct segments of the mouse intestine. Intestinal organoids grown
from isolated crypts consist of intestinal epithelial cells and contain all
epithelial subpopulations found in vivo, with the exception of antigen-
presenting M cells that rarely develop without additional supplements
in the growth medium [22-24]. We observed similar pattern of the
expression along the rostro-caudal gut axis, with the high expression of
both Sglt3a and Sgit3b in the organoids derived from small intestine and
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Fig. 3. Obese mice display downregulation of intestinal Sglt3a and Sglt3b mRNA expression. Sgit3a and Sgit3b expression was examined either in duodenum and
jejunum or ileum of lean and obese mice. Figure (a) shows 21-week old lean C57BL/6J (filled circles) and ob/ob (open circles), figure (b) shows 18-week-old BTBR
(filled squares) and BTBRob/ob (open squares) mice, and figure (c) shows 16-week-old C57BL/6J mice fed by control diet (CD; filled triangles) or high-fat diet (HFD;
open triangles), respectively. The data is normalized relative to duodenum (a, b) or control diet (c) and is presented as individual values and mean + SEM. Data was
analysed by two-way ANOVA (Table S1) followed by post-hoc multiple comparisons with Bonferroni correction (a, b) or unpaired Student’s t-test (c). *P < 0.05; **P

< 0.01; ***P < 0.001.
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no or very low expression of Sglt3a and Sglt3b, respectively, in colon-

derived organoids (Fig. 2b, Table S1).

To extend our findings to humans, we determined the expression of
SGLT3 mRNA in organoids derived from intestinal biopsies from pa-
tients undergoing surgery. The SGLT3 expression pattern found in
human organoids resembled the mouse situation with dominant
expression in the small intestine and almost none detectable in colon
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(Fig. 2c, Table S1).
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2.3. Sglt3a and Sglt3b mRNA expression is downregulated in both leptin-
deficient and high-fat diet mouse models of obesity

SGLT3 has been proposed to work as an intestinal neuronal glucose
sensor and reported previously to be expressed in both intestine and
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Fig. 4. Intestinal SGLT3 protein is markedly upregulated in obese patients 6 months after Roux-en-Y gastric bypass (RYGB) surgery. (a) SGLT3 protein localize to
jejunum epithelium of healthy and obese individuals. (b) qQPCR and (c) Western blot analysis of jejunal biopsies from healthy volunteers and from obese patients
before and 6 months after bariatric surgery. Data is normalized relative to mean of lean controls. Data was analysed by two-tailed paired t-test. **P < 0.01.
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kidney [16,19]; however, its expression pattern has also not been
characterized in disease. Since altered glucose sensing might play a role
in obesity and associated pathologies, we determined the mRNA
expression of mouse Sglt3a and Sglt3b in small intestine (duodenum and
jejunum) and kidney using qPCR in two types of leptin-deficient mouse
models with different weight gain (Fig. S2a, [25]), and in ileum of a
high-fat diet-induced obesity model (Fig. 3).

Sglt3a and Sglt3b were downregulated in the duodenum and jejunum
of obese ob/ob mice compared with their lean littermates (Fig. 3a,
Table S1). Sgit3a mRNA expression was again undetectable and the
expression of Sglt3b mRNA 4 orders of magnitude lower in the kidney
compared with the small intestine (data not shown).

In BTBRob/ob mice we observed downregulation of both Sglt3a and
Sglt3b in the duodenum and jejunum compared with lean littermates
(Fig. 3b, Table S1). Similar to ob/ob mice, the BTBRob/ob strain dis-
played no Sglt3a and only very low levels of Sgit3b renal expression (data
not shown).

We also found similar downregulation of both Sglt3a and Sgit3b
mRNA expression in the ileum of high-fat diet-fed (HFD) mice (Fig. 3c).

2.4. Obesity-induced downregulation of intestinal epithelial SLGT3 is
restored by surgery-induced weight loss

To correlate our findings from the mouse models to human obesity,
we examined SGLT3 mRNA and protein expression in intestinal biopsies
obtained from obese individuals undergoing RYGB surgery and young
lean volunteers. By immunofluorescence staining, we identified SGLT3
localization mainly in the epithelial brush border membrane (Fig. 4a) in
the biopsies from both lean and obese individuals. Although SGLT3
mRNA expression was not significantly different (Fig. 4b), SGLT3 pro-
tein assessed by Western blotting was substantially upregulated by
RYGB-induced weight loss in obese patients (Fig. 4c, Fig. S3). SGLT3
mRNA and protein were detected in lean individuals and the level were
similar to both pre-and post-surgery obese groups or to post-surgery
obese patients, respectively. (Fig. 4b, c).

3. Discussion

SGLT3 was originally proposed as a glucose sensor [16,26] present in
human submucosal and myenteric neurons, as well as in the neuro-
muscular junctions of skeletal muscle [16]. Diez-Sampedro and col-
leagues [16] used confocal microscopy to demonstrate co-localization of
SGLT3 and acetylcholine receptor p-subunit in human small intestine
and in skeletal muscle biopsies. However, in contrast, although we
cannot exclude neuronal expression, we found intestinal expression of
SGLT3 to be consistently localized to the epithelium, and highly
expressed in the small intestine, though absent in the colon. Previous
studies have also reported that SGLT3 is present in kidney [19], but we
were unable to confirm this. Indeed, our data in mouse and human tissue
samples, mouse IEC, and in intestinal organoids derived from both
species, clearly show epithelial expression in enterocytes. Transcrip-
tional profiling of both enteroendocrine cell and enterocyte populations
has also detected SGLT3 mRNA [27,28], as well as its expression in the
Caco2 cell line [29], which although originally derived from a human
colon cancer has many of the transport characteristics of small intestinal
epithelia, and SGLT3b has also been detected in mouse intestinal brush-
border membrane proteins [30]. Based on the similarity in the func-
tional properties studied in oocytes in vitro [16,21,31] and the expres-
sion patterns in mouse and human organoids, it seems that although
both rodent isoforms share some aspects of its human single homolog
SGLTS3, it is SGLT3a isoform that resemble human SGLT3 more than the
SGLT3b [15]. All in all, SGLT3 expression appears to be consistently and
predominantly localized to the intestinal epithelium.

Interestingly, a-glucosidase inhibitors like 1-deoxynojirimycin and
miglitol are potent SGLT3 agonists [32]. Primarily, they inhibit intes-
tinal glucose absorption [33], by delaying disaccharide digestion.
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However, it might be possible that a direct agonistic effect of miglitol on
SGLT3 could contribute to reduced glucose absorption, since miglitol
has been shown to act on SGLT3 to activate Ca>*/calmodulin-dependent
protein kinase II in duodenal enteroendocrine cells [20]. Thus, our
finding of SGLT3 epithelial expression, which contradicts earlier re-
ported neuronal localization, may still be consistent with the hypothesis
that SGLT3 is a glucose sensor, perhaps involved in incretin secretion
[20,34]. This function would require epithelial localization to sense
luminal glucose; SGLT3 mRNA has been detected in small intestinal
enteroendocrine cells, although at a level not dissimilar to enterocytes,
and does not seem to be enriched in enteroendocrine cells [28]. It may
also be relevant that we found the highest expression of SGLT3 in earlier
parts of the small intestine, where a lower pH could enhance SGLT3
stimulation [16,21]. Considering that SGLT3 does not transport glucose,
but transports sodium ions [19] in the presence of glucose and low pH
[16], activation would be expected to reduce the driving force for SGLT1
glucose uptake in more proximal parts of the small intestine, resulting in
greater distal delivery of glucose to act on endocrine cells and thereby
increase stimulation of GLP-1 secretion [35]. Interestingly, SGLT3 can
also elicit currents in the absence of Na' and transport H' in the pres-
ence of glucose [16,21]. We could speculate that this would enable to
sense the chyme coming from stomach to intestinal parts even in the
absence of Na'. Indeed, the role of SGLT3 in regulation of gastric
emptying has been suggested based on indirect evidence [36], but we
were not able to confirm this effect using miglitol as SGLT3 agonist in
rats in vivo (Sotak et al., unpublished data). Moreover, we could spec-
ulate that proton-generated currents in the presence of glucose could be
relevant in the activation of enteroendocrine cells by SGLT1-
independent mechanism or release of secretin, which is activated by
low pH [37]; however, these hypotheses need to be tested.

Based on the original glucose sensing concept, we speculated that
SGLT3’s expression pattern may be altered in obesity. To investigate
this, we examined SGLT3 expression in experimental mouse models of
genetically-induced obesity and type 2 diabetes (C57BL/6J ob/ob and
BTBRob/ob with higher weight gain; Fig. S2a, b), and high-fat diet-
induced obesity with glucose intolerance (Fig. S2c, d). We found that the
intestinal expression of SGLT3 is significantly downregulated in obese
mice. We then extended our observations from experimental animal
models to human pathophysiology, confirming that SGLT3 is expressed
in normal human intestinal epithelium and that it is substantially
upregulated by RYBG-induced weight loss. SGLT3 detected in obese
patients appeared to be lower compared with lean individuals, but a
limitation of our patient cohort is that it is not age- and sex- matched, so
we cannot exclude any effect of age or sex.

Hyperglycaemia might contribute to the lower SGLT3 expression,
but does not seem to be essential for the effect, since the downregulation
is observed not only in hyperglycaemic genetically-determined obese
mice (Fig. S2b), but also in diet-induced obesity, where the mice are only
slightly hyperglycaemic (Fig. S2c). No meaningful correlation between
HbAlc and Sglt3 expression was detected (data not shown). The abun-
dance of glucose transporters is subjected to a complex regulation on the
level of transcription, mRNA stability, translation/protein stability, and
protein trafficking. For SGLT1, it is known that luminal glucose can
regulate expression at the post-transcriptional and post-translational
levels, but not necessarily at the mRNA level [38]. As it seems that
ob/ob mice show a downregulation of Sglt3 independent of diet (both
WT and ob/ob were kept on R3 chow diet), luminal glucose does seem to
be the driving force. Leptin was also shown to downregulate expression
of Sgltl [39]. However, at the same time we observed downregulation in
hypoleptinemic mice (ob/ob) and potentially hyperleptinemic obese
patients, and so it does not seem likely that leptin is the main regulator
of SGLT3. However, the degree of fat mass might be a driver, since most
pronounced Sglt3 downregulation was observed in BTBR ob/ob mice
that gained a higher amount of weight (Fig. S2a, [25]). Adipokines
produced by adipose tissue have already been shown to impact IEC
homeostasis [40], although HFD mice gained only a little weight and
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still showed the same phenotype regarding SGLT3 expression.

Downregulation of SGLT3 in obesity in the context of increased
SGLT1-mediated glucose uptake [2,10] may lead to a reduced GLP-1
response [41] that is restored in patients following gastric bypass sur-
gery and weight loss. Indeed, both GLP-1 levels [42] and GLP-1 pro-
ducing enteroendocrine cells in Roux limb [43] are significantly
increased in patients following RYBG. A role in epithelial remodelling
and heightened sweet taste perception following RYGB has also been
proposed [18,44,45]. Bhutta et al. detected higher SGLT3b mRNA
expression in the common limb compared with the biliopancreatic or
Roux limbs in a rat RYGB model [44]. However, they did not provide a
comparison with the sham-operated rats and it cannot be concluded
whether RYGB caused the observed changes or if such regional differ-
ences are also present in intact rats. In our patients we collected tissue
from the Roux limb, but we cannot exclude that the changes after RYGB
also occur in the common limb.

In contrast to our observation of upregulated SGLT3 after RYGB, Ren
et al. [46] reported downregulation of SGLT3 expression in a mouse
model of sleeve gastrectomy (VSG). There are several important differ-
ences between our study and theirs. While their data were observed in
wild type C57BL/6J mice on a standard diet, we report findings in
obesity in humans, the condition for which VSG and RYGB are carried
out in clinical practice. Substantial differences between RYGB and VSG
have also been reported: hyperplasia and increase in both villus height
and crypt depth have been observed after RYGB [43,47], but not
following VSG [43,48]; the increased number of GLP-1 positive cells was
detected after RYGB and 14-days post-VSG [43], but not 3-months after
VSG [48]; glucose transporters GLUT1/2/5 and SGLT1 were overex-
pressed in RYGB and associated with increased glucose disposal, but no
changes in expression of these transporters were observed in VSG, in
which glucose absorption is delayed [43,49]. Thus, it seems likely that
SGLT3 may be differentially regulated following different forms of
weight loss surgery. The present findings contribute to our knowledge of
post-RYGB changes in Roux limb-related glucose sensing, uptake, and
homeostasis [50,51], and provide a potentially novel target of interest
for future study.

Finally, mouse intestinal Sglt3a mRNA has been reported to exhibit
diurnal variation and regulated by a circadian clock [52]. We confirmed
circadian rhythm of Sglt3a mRNA in Wistar rat small intestine (Sotak
et al., unpublished data; [53]). This is in accordance with hypotheses of
SGLT3 role in glucose sensing or sodium absorption, since both glucose
absorption [54] and sodium absorption [55] show rhythmic pattern,
too. Impaired peripheral clock and rhythmic locomotor activity have
been reported in ob/ob mice and shown to precede the development of
metabolic abnormalities [56]. High-fat, high-sucrose diet altered the
rhythmic secretion of GLP-1 in rats [57]. Thus, Sglt3 downregulation
observed in our ob/ob and HFD mouse models might be related to pe-
ripheral circadian clock impairment. Circadian variation throughout the
24 h also needs to be taken into consideration when designing experi-
ments of diurnally regulated targets including SGLT1 and SGLT3
[52,58].

4. Conclusions

In conclusion, we report that Sglt3a/Sglt3b mRNA expression, and
mRNA and protein expression of SGLT3, appear to be located almost
exclusively to the intestinal epithelium in mice and humans, respec-
tively. We also found no evidence for significant renal expression of
SGLT3. We have shown that Sglt3a/Sglt3b mRNA expression is altered in
experimental mouse models of obesity and that low SGLT3 protein
expression detected in morbidly obese humans is upregulated following
RYGB-induced weight loss. However, while these original, though
descriptive, changes in SGLT3 expression observed in our mouse models
and in obese patients are broadly consistent and intriguing, their true
functional significance remains to be elucidated.
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5. Materials and methods
5.1. Mice

C57BL/6J male mice (n = 5) were obtained from AstraZeneca animal
breeding facility (Gothenburg, Sweden) and sacrificed at the age of 14
weeks. B6.Cg—Lep0b/J male mice (ob/ob, n = 12) and respective lean
control littermates (ob/+, n = 12) were purchased from The Jackson
Laboratory (stock no. 000632, Bar Harbor, ME, US) at 6 weeks of age,
acclimatized and sacrificed at 21 weeks of age. The mice were also
utilized in another study [59]. BTBR.Cg-LepOb/Wist female mice
(BTBRob/ob, n = 6) and their respective lean littermates (BTBR, n = 7)
were purchased from The Jackson Laboratory (stock no. 004824),
acclimatized and sacrificed at 18 weeks of age. All animals were main-
tained at 12:12 h light-dark regime in enriched environment with ad
libitum access to standard chow diet (R3, Lantmannen, Stockholm,
Sweden) and drinking water throughout the study.

Mice were anesthetized using 5% isoflurane and euthanized by
exsanguination. Kidneys and two adjacent intestinal segments 2 cm in
length were collected for in situ hybridization and RNA analysis,
respectively, from 14-week-old C57BL/6J mice. Specifically, duodenum
was collected 1 cm distally of the stomach, jejunum was collected at the
midline of the small intestine, ileum was collected 1 cm proximally from
the caecum, and colon was collected at midline between caecum and
rectum. The samples for in situ hybridization were placed in 4% para-
formaldehyde. Mucosal scrapings of intestinal segments of duodenum
(defined as 6 cm proximal segment 1 cm distally from stomach), and
jejunum (defined as 6 cm segment in the middle of small intestine) were
collected from obese mice and their littermates. Kidneys were harvested
and divided by a sagittal section. All samples collected for subsequent
RNA isolation were immediately snap-frozen in liquid nitrogen and
stored at —80 °C.

C57BL/6J mice received pelleted chow food (M/Z autoclavable
V1124-3, Ssniff, Soest, Germany) and water ad libitum. At the age of 8
weeks, mice were switched to control diet (CD) for 4 weeks: 13 kJ% fat
based on soy oil, (§5745-E702; Ssniff, Soest, Germany). Subsequently,
mice were fed CD or a plant-based high-fat diet (HFD) with 48 kJ% of fat
(S5745-E712; Ssniff, Soest, Germany) for 4 weeks [60]. Ileal tissue as
well as ileal intestinal epithelial cells were isolated from mice on control
diet as described previously [61]. For organoid preparation, chow-fed
C57BL/6J mice at 8-18 weeks of age were used [22]. C57BL/6J mice
used for diet-induced obesity and organoid preparation were bred and
kept in the animal facility of the Institute for Food & Health (ZIEL,
Freising, Germany).

Animal care and experiments were performed in accordance with the
Directive 2010/63/EU of the European Parliament on the protection of
animals used for scientific purposes, and was approved by The Regional
Animal Ethics Committee for Experimental Animals, University of
Gothenburg or Bavarian Animal Care and Use Committee, respectively.

5.2. In situ hybridization

Intestinal segments (duodenum, jejunum, ileum, colon) and kidneys
from 5 mice were fixed in 4% paraformaldehyde for 24 h and dehy-
drated in subsequent ethanol washes followed by paraffin embedding.
Subsequently, transversal intestinal sections and sagittal kidney sections
were prepared from paraffin blocks and placed on Superfrost Plus his-
tological slides (Thermo Fisher Scientific, Waltham, MA). To detect
mRNA localization in mouse intestine and kidney tissue samples, we
performed in situ hybridization using RNAscope 2.5 High Definition —
Red Assay (Advanced Cell Diagnostics, ACD, Newark, CA) according to
the manufacturer’s instructions. Briefly, the slides were baked in a dry
oven for 1 h at 60 °C and deparaffinised in multiple xylene and 100%
ethanol wash at room temperature (RT). RNAscope Hydrogen Peroxide
was applied for 10 min at RT followed by target retrieval for 15 min at
95 °C in RNAscope 1 x Target Retrieval Reagent and protease incubation
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in RNAscope Protease Plus for 30 min at 40 °C. The slides were washed
in 1x RNAscope Wash buffer and incubated with specific mouse Slc5a4a
(cat. no. 462281), Slc5a4b (cat. no. 468891), positive control Ppib (cat.
no. 313911) and negative control bacterial dapB (cat. no. 310043) hy-
bridization probes for 2 h at 40 °C. Subsequent incubations were per-
formed with AMP1-6 reagents (RNAscope 2.5 HD Red Reagent Kit, ACD,
cat. no. 322350) followed by incubation with detecting RED solution
(1:60 ratio of Fast RED-B to Fast RED-A). The slides were subsequently
counterstained with 50% Haematoxylin, dried at 60 °C for 15 min and
mounted using EcoMount medium. The slides were evaluated by his-
tologist and analysed by semi-quantitative scoring.

5.3. RNA isolation, cDNA synthesis and quantitative PCR

Frozen tissue was homogenized in RLT buffer (Qiagen, Hilden,
Germany) and total RNA was isolated using RNeasy Mini Kit (Qiagen)
with on-column DNase I treatment using automated sample preparation
on QIAcube instrument (Qiagen). The purity and quantity of RNA was
assessed using Nanodrop Spectrophotometer (Thermo Fisher Scientific).
First strand cDNA was synthetized from 1 pg of template RNA using
random primers and High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions.
Quantitative real-time PCR was performed on 5 times diluted cDNA
using specific TagMan Gene Expression Assays (Slc5a4a, assay ID:
MmO01173149_m1; Slc5a4b, assay ID: Mm00452283_m1; Hprt, assay ID:
MmO00446968_m1) and TagMan Gene Expression Master Mix (Thermo
Fisher Scientific). The PCR reactions were performed in triplicates using
QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific)
according to the manufacturer’s instructions. C; values were obtained
for target genes and normalization gene using automatic threshold
detection, and C; values <35 were considered acceptable for quantifi-
cation. Quantification was performed using the standard calibration
curve and Hprt as the normalization gene, which was stable across the
experimental groups. Data in the figures are presented as expression
levels relative to the duodenum (Fig. 1b, 2b, ¢, 3a, b), to the ileal tissue
(Fig. 2a), control diet (Fig. 3c) or lean subjects (Fig. 4b, c).

5.4. Organoid generation and harvesting

Human intestinal organoids were derived from macroscopically
healthy tissue of surgical specimen. The study procedures were per-
formed in accordance with the Declaration of Helsinki and approved by
Regional Ethical Review Board; all participants in this study gave their
written informed consent. Mouse [22] and human [62] intestinal
organoids from duodenum, jejunum, ileum and colon were prepared and
cultured as previously described. Briefly, Matrigel containing crypts/
organoids were plated. After polymerization at 37 °C, 300 pL of crypt
culture medium containing growth factors (EGF, R-Spondin 1, Noggin)
was added to mouse small intestinal organoids, medium for mouse large
intestinal organoids was furthermore supplemented with WNT3. Me-
dium for human intestinal organoids contained EGF, R-Spondin 1,
Noggin, WNT3A, A83-01, and SB202190. After 7 days (mouse) and 10
days (human), respectively, organoid cultures were passaged and har-
vested after two passages. Total RNA isolation, reverse transcription and
quantitative PCR were performed as reported previously [22] with
probes and primers specific for mouse Slc5a4a and Slc5a4b genes and
human SLC5A4 gene.

5.5. Subjects and tissue samples

Patients waiting for Roux-en-Y gastric bypass surgery (RYGB) and
healthy volunteers, respectively, willing to participate gave their written
consent and were enrolled in the study. The study procedures were
performed in accordance with the Declaration of Helsinki and approved
by Regional Ethical Review Board in Gothenburg (ethical approval No:
007-09 and 001-11). Patients scheduled for RYGB (5 women, 1 man;
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mean age 52.3 years (range 43-60), mean BMI 39.7 (range 37-43)) at
Sahlgrenska University Hospital underwent an upper-gastrointestinal
endoscopy before starting on a pre-operative very low-calorie diet
(900 kcal/day). Biopsies were retrieved approximately 50 cm distal to
ligament of Treitz. Between six to eight months after surgery the patients
(mean BMI 31.1 (range 29-36)) underwent a new endoscopic exami-
nation of the Roux limb.

Jejunal biopsies were also collected from healthy volunteers (6 men;
mean age 25.8 (range 24-30), mean BMI 22.6 (range 19-25)) approxi-
mately 50 cm distal to the ligament of Treitz. All specimens were
immediately snap-frozen in liquid nitrogen for Western blot analysis or
fixed in 4% formaldehyde for immunohistochemistry analysis. Charac-
teristics of volunteers and patients are summarised in Table S2.

5.6. Immunofluorescence staining of human samples

Fixed jejunal samples were embedded in paraffin. Sections (3 pm)
were mounted on slides, deparaffinised and boiled in 10 mM citrate
buffer (pH 6.0) containing 0.05% TWEEN-20 (Sigma-Aldrich, Stock-
holm, Sweden) for 20 min and left to cool for 2 h to retrieve antigens.
Samples were then incubated for 2 h in blocking solution (5% goat-
serum in PBS containing 0.3% Triton-X-100, Sigma-Aldrich) and after-
wards incubated overnight with the primary SGLT3 antibody (Antibody
registry ID: AB_2650519; cat. no. 24327-1-AP, Proteintech, Manchester,
UK). After washing (PBS containing 0.3% Triton-X-100) the slides were
incubated with secondary goat-anti rabbit Alexa Fluor488 antibody
(Invitrogen, Carlsbad, CA) for 2 h. The complex was stained with
Hoechst stain solution (Sigma-Aldrich) and mounted with anti-fade
water-soluble medium (Sigma-Aldrich). Protein was detected by Nikon
Eclipse E400 (Nikon, Tokyo, Japan) using the DAPI (340-380 nm) and
FITC (465-495 nm) filters and ACT-1 software (Nikon).

5.7. Quantitative PCR and Western blot analyses of human intestinal
mucosa

Biopsy tissue specimens were homogenized in RNA-STAT 60 reagent
(AMS Biotechnology, Abingdon, UK) and RNA isolated using RNeasy
Mini kit (Qiagen) followed by DNase I (Invitrogen) treatment and cDNA
synthesis (SuperScript IV, Invitrogen). Quantitative PCR was performed
using HOT FIREPol Probe qPCR Mix Plus with ROX (Solis BioDyne,
Tartu, Estonia) and respective assay (SLC5A4: Hs00429527 _m1, LRP10:
Hs01047362_m1, RPLPO: 4326314E, 18S rRNA: 4319413E; Thermo
Fisher Scientific). Data were normalized to geometric mean of three
endogenous controls (LRP10, RPLPO, 18S rRNA). Western blot analysis
was performed as described previously [63]. Briefly, specimens were
homogenized in a PE buffer (10 mM potassium phosphate buffer, pH 6.8
and 1 mM EDTA) containing 10 mM 3-[(3-cholamidopropyl)
dimethylammonio]-1-propane sulphonate (CHAPS, Boehringer Man-
nheim, Mannheim, Germany) and protease inhibitor cocktail (Roche
Diagnostics, Stockholm, Sweden). Samples diluted in SDS buffer were
loaded on a NuPage 10% Bis-Tris gel in MOPS buffer (Invitrogen). The
proteins separated by electrophoresis were transferred to a poly-
vinyldifluoride transfer membrane (Amersham Hybond, 0.45 pm,
RPN303F, GE Healthcare, PA) using the iBlot dry blotting system
(Invitrogen). The membranes were washed and blocked in 0.2% (w/v) I-
block reagent (Applied Biosystems, Waltham, MA) at RT before incu-
bation with primary antibody against SGLT3 (RRID:AB 2650519, cat.
24327-1-AP, Proteintech) and the loading control glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, RRID:AB 613387, cat. IMG-
5143A, Imgenex, San Diego, CA) overnight at 4 °C. HRP-conjugated
secondary antibody (#7074, Cell Signaling Technology, Danvers, MA)
was applied for 1 h at RT and visualized using the WesternBright
Quantum reagents (K-12042, Advansta Corporation, Menlo Park, CA).
The intensities of specific bands were detected using a ChemiDoc XRS
camera and analysed by Quantity One software (Bio-Rad Laboratories,
Hercules, CA). The optical density of SGLT3/GAPDH represents the
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result. The first antibody was removed by stripping buffer (Re-Blot Plus
Mild Solution, Millipore, Temecula, CA) before the next antibody was
used.

5.8. Statistical analysis

The data are presented as individual and mean values + SEM
(standard error of the mean). To assess differential expression, Gaussian
distribution was assumed based on Q-Q plots and one-way or two-way
ANOVA was applied followed by post-hoc comparisons with Bonferroni
correction using GraphPad Prism 8.3 (GraphPad Software, San Diego,
CA, USA). In case of two independent or dependent groups, unpaired
two-tailed Student’s t-test or paired t-test was applied, respectively. P <
0.05 was considered statistically significant.
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