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Postprandially, the liver experiences an extensive metabolic reprogramming that is required for the switch from 
glucose production to glucose assimilation. Upon refeeding, the unfolded protein response (UPR) is rapidly, 
though only transiently, activated. Activation of the UPR results in a cessation of protein translation, increased 
chaperone expression, and increased ER-mediated protein degradation, but it is not clear how the UPR is 
involved in the postprandial switch to alternate fuel sources. Activation of the inositol-requiring enzyme 1  
(IRE1) branch of the UPR signaling pathway triggers expression of the transcription factor Xbp1s. Using a 
mouse model with liver-specific inducible Xbp1s expression, we demonstrate that Xbp1s is sufficient to pro-
voke a metabolic switch characteristic of the postprandial state, even in the absence of caloric influx. Mecha-
nistically, we identified UDP-galactose-4-epimerase (GalE) as a direct transcriptional target of Xbp1s and as 
the key mediator of this effect. Our results provide evidence that the Xbp1s/GalE pathway functions as a novel 
regulatory nexus connecting the UPR to the characteristic postprandial metabolic changes in hepatocytes.

Introduction
Postprandially, the hepatic metabolic program undergoes exten-
sive changes to switch from glucose production to glucose assimi-
lation. A key feature of this metabolic reprogramming is an 
increase in protein synthesis, which in turn triggers the unfolded 
protein response (UPR) (1). In cultured cells, the activation of the 
UPR temporarily attenuates protein translation, increases chaper-
one expression, and stimulates ER-associated protein degradation 
(2, 3). However, little is known about the role of the UPR in the 
adjustment of the liver to the postprandial state in vivo. Among 
the three branches of UPR signaling pathways, the inositol-requir-
ing enzyme 1 (IRE1) pathway is the most conserved. Activated 
IRE1 displays endoribonuclease activity, which cleaves its primary 
target, the mRNA encoding X-box-binding protein 1 (Xbp1). The 
specific excision of 26 nucleotides from the Xbp1 mRNA causes 
a frameshift, and the spliced Xbp1 form (referred to as Xbp1s) is 
translated into a potent transcription factor that stimulates 
expression of chaperones and components of the ER-associated 
protein degradation pathway.

Whereas insulin is the major regulator of the postprandial hepatic 
remodeling, Xbp1s has the potential to be a critical mediator as well. 
Xbp1s is induced by refeeding. Moreover, Xbp1s effectively enhances  
insulin sensitivity in the liver of ob/ob mice (4–7). One mechanism 
underlying the Xbp1s-mediated enhancement of insulin sensitiv-
ity relies on the nuclear translocation of Xbp1s (4, 5). In contrast, 
liver-specific deficiency of Xbp1 leads to reduced lipogenic gene 
expression and diminished hepatic lipid synthesis (8). The crosstalk 
between Xbp1s and metabolic responses is thus apparent in a num-
ber of models and cell types (7, 8). However, we lack any insight into 
how Xbp1s regulates hepatic adjustment to the postprandial state.

Using a liver-inducible Xbp1s–overexpressing mouse model 
(hereafter referred to as the the LIXs mouse), we found that persis-

tent Xbp1s expression enhanced biosynthetic activity and reduced 
hepatic glucose release. We identified UDP-galactose-4-epimerase 
(GalE) as a direct target of Xbp1s and analyzed its contributions 
to the phenotypes apparent in LIXs mice, as well as its role in 
postprandial glucose assimilation in wild-type mice. GalE, which 
encodes an UDP-galactose-4-epimerase in the Leloir pathway (9), 
is the only major enzyme that catalyzes the interconversion of 
UDP-Glc and UDP-Gal as well as UDP-GlcNAc and UDP-GalNAc 
in mammals. Moreover, GalE is the rate-limiting enzyme under fed 
conditions to supply UDP-Gal for protein glycosylation in liver, 
suggesting that it is a potent regulator for protein glycosylation in 
vivo (10). We therefore identify the Xbp1s/GalE axis as a key regu-
latory nexus to connect the UPR, classically associated with events 
in the secretory pathway, to insulin-regulated glucose assimilation 
and anabolism, a hallmark of the postprandial metabolic adjust-
ment in hepatocytes in vivo.

Results
Fasting-refeeding acutely activates hepatic Xbp1s and the UPR. To define 
the role of Xbp1s in the postprandial adaptation, we performed 
a time course study of fasting-refeeding. Xbp1s mRNA increased 
more than 10-fold within the first hour of refeeding (Figure 1, A 
and B), overlapping with its pattern of protein expression (Fig-
ure 1C). This upregulation was transient. By 3 hours of refeeding, 
Xbp1s levels dropped to near basal values, only to increase again 
after 8 hours, when the animals started to eat again (Supplemen-
tal Figure 1A; supplemental material available online with this 
article; doi:10.1172/JCI62819DS1). In addition to Xbp1s, other 
components of the UPR were also activated during the post-
prandial state. These include the induction of phosphorylation 
of eIF2α and the transcriptional activation of Bip, Atf6, CHOP, 
ERdj4, and Edem1 (Supplemental Figure 1, B–D). The ratio of 
Xbp1s to Xbp1 does not reflect the absolute increase in Xbp1 
splicing, since unspliced Xbp1 is continually transcriptionally 
replenished. Therefore, even though the Xbp1s/Xbp1 ratio is not 
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changed, there is strong reason to believe that IRE1α activation 
occurs in the postprandial state as well.

Inducible overexpression of Xbp1s in LIXs mice mimics postprandial fea-
tures in WT mice. The complex nature of the postprandial hepatic 
response and transient expression of Xbp1s make it difficult to dis-
sect the role of Xbp1s. We therefore developed a strategy to induce 
Xbp1s in hepatocytes without the need to expose mice to refeeding 
(Supplemental Figure 1E). We put the Xbp1s transgene under the 
control of a tetracycline-responsive element (TRE) to allow induc-
ible expression by doxycycline (Dox) in the presence of a tetracy-
cline reverse transcriptional activator (rtTA). The rtTA transgene 
is driven by the Rosa26 promoter with a transcriptional stop cas-
sette flanked by 2 loxP sites upstream of rtTA (11). Combined with 
an albumin promoter–driven Cre transgene, we obtained a mouse 
model with inducible hepato-specific expression of Xbp1s. When 
LIXs mice were fed a Dox-containing chow diet, Xbp1s mRNA was 
readily detected within 24 hours (Figure 1D). The endogenous full-
length Xbp1 mRNA level dropped at 24 and 48 hours after induc-
tion, consistent with the observation that Xbp1s enhances the 
splicing of its own full-length Xbp1 precursor (12). In light of the 
very short half-life of Xbp1s (13), the induction of Xbp1s is readily 
reversible. After an overnight fast and with no alternative source of 
Dox provided, the Xbp1s mRNA completely disappeared, whereas 

the full-length endogenous Xbp1 mRNA was restored (Figure 1D). 
Upon 24 and 48 hours of induction with Dox, the protein levels 
of Xbp1s in LIXs mice reached levels about 5-fold greater than 
those in WT mice after 2 hours’ refeeding (Figure 1, C and E). The 
functionality of the transgenic Xbp1s was validated as judged by 
increased expression of Xbp1s target genes in LIXs mice (Supple-
mental Figure 1F). The LIXs model therefore allows us to acutely 
activate and maintain the hepatic expression of Xbp1s without the 
need to expose mice to a fasting-refeeding routine.

We employed metabolic cage studies to test whether Xbp1s 
expression effectively mimics the systemic effects of refeeding. In 
WT mice, the respiratory exchange ratio (RER) increased upon 
refeeding (Figure 2, A and B). RER reflects the ratio of CO2 release 
to O2 consumption, indicating the relative contributions of gly-
colysis and glucose oxidation versus β-oxidation toward whole-
body energy consumption. A higher RER indicates increased 
glycolysis and glucose oxidation. As expected, refeeding of WT 
animals led to a rapid rise in RER, suggesting that glucose is the 
preferred fuel source for CO2 production, consistent with the 
established transition of fuel usage from fatty acids to glucose 
upon refeeding. Upon induction, LIXs mice show a significantly 
higher RER than WT mice during the dark phase (Figure 2C). 
Moreover, induction was associated with a trend toward increased 

Figure 1
Postprandial activation of hepatic Xbp1s in WT mice and Xbp1s induction in LIXs mice. (A and B) WT FVB mice (n = 3 per group) were fasted for 24 
hours and refed up to 15 hours. The experiments in A and B were repeated twice. (A) A representative image of Xbp1 RT-PCR products from liver 
with GAPDH as a loading control. U, unspliced Xbp1; S, spliced Xbp1. (B) Xbp1s levels as determined by qPCR. (C) Xbp1s protein levels during 
fasting-refeeding in WT livers and by induction in LIXs mice with lamin as loading control for nuclear fraction. (D) RT-PCR analysis of liver Xbp1 from 
mice fed ad libitum with Dox chow diet. (E) The comparison of Xbp1s protein expression in WT by refeeding and LIXs mice by induction. *P < 0.05.
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food intake in LIXs mice (Figure 2D) and improved body weight 
recovery at the end of the metabolic cage study (Supplemental 
Figure 1G). These results suggest that Xbp1s expression in the 
liver can effectively mimic the global metabolic characteristics 
associated with refeeding in WT animals.

Xbp1s induction leads to rapid biomass accumulation and glycogen deple-
tion. Along with the systemic effects on whole-body RER, Xbp1s 
induction also leads to profound changes in the liver. Wet liver 
mass increased 1.7-fold in LIXs mice within 48 hours of induc-
tion (Table 1). Hepatic triglyceride (TG) content increased more 
dramatically relative to cholesterol and protein content. As a result 
of the increased TG content, LIXs mice show reduced dry mass 
content per gram wet liver after lipid extraction. This difference 
(216.98 – 160.06 = 56.92 mg/g wet liver) was comparable to the 
increase in TG content (55.83 – 5.8 = 50.03 mg/g wet liver). The 
weight increase was therefore due to TG and not due to edema 
formation. Importantly, per total liver, LIXs mice had greater dry 
mass (226.3 mg in WT vs. 275.4 mg in LIXs), with protein con-
tent comparable to controls (mg protein/mg dry liver). Taking the 
enhanced liver mass into account, this highlights an increase in 
total liver protein in LIXs mice.

In contrast to the increased hepatic lipid and protein content, 
hepatic glycogen was severely depleted in LIXs mice after 48 hours 
of induction (Figure 3A). This suggests that the rapid accumula-
tion of biomass (1.7-fold in 2 days) results from increased synthe-
sis of macromolecules at the expense of hepatic glycogen/glucose. 
To test whether the reduced glycogen levels in LIXs mice were due 
to decreased glucose uptake, we performed immunofluorescence 
staining of GLUT2, the major glucose transporter in hepatocytes. 
There was no change upon 24 hours of Dox exposure, whereas 
LIXs hepatocytes showed an enlarged volume with increased sur-
face staining for GLUT2 signal after 48 hours of induction (Fig-

ure 3B). The enhanced levels of GLUT2 argue against a defect in 
glucose uptake. In fact, the metabolic cage studies indicate higher 
glucose utilization in LIXs animals (Figure 2C). From a more glob-
al perspective, this suggests that one of the roles for endogenous 
Xbp1s in postprandial hepatic remodeling is to coordinate a broad 
anabolic program in the hepatocyte. Upon Xbp1s overexpression, 
however, cellular glucose is excessively consumed for these anabol-
ic reactions, and as a result, hepatic glycogen storage is depleted.

Xbp1s induction diminishes hepatic glucose release, which leads to hypo-
glycemia and triggers lipolysis from adipocytes for hepatic TG accumulation. 
Along with the depletion of liver glycogen, the serum glucose levels 
started to decrease by 72 hours after induction in LIXs mice under 
fed conditions (Figure 3C). Moreover, a 6-hour fast caused severe 
hypoglycemia in LIXs mice within 48 hours after induction. The 
fed insulin levels started to decrease upon induction and were sig-
nificantly lower in LIXs mice by 72 hours of induction (Supplemen-
tal Figure 2A). A 6-hour fast at that stage still reduced insulin levels 
in LIXs mice and WT mice to comparable levels. However, 96 hours 

Table 1
Hepatic parameters after switch to Dox-containing diet  
for 48 hours

 WT LIXs
Wet liver mass (mg) 1,043.1 ± 106.5 1,721.9 ± 167.1A

Cholesterol (mg/g wet liver) 3.12 ± 0.09 3.51 ± 0.61
TG (mg/g wet liver) 5.80 ± 0.51 55.83 ± 11.71A

Dry mass (mg/g wet liver) 216.98 ± 5.60 160.06 ± 9.39A

Protein (mg/g wet liver) 178.99 ± 4.18 138.94 ± 7.49A

Protein (mg/mg dry liver) 0.83 ± 0.02 0.87 ± 0.03

n = 3–5 per group. *P < 0.05.

Figure 2
Hepatic Xbp1s overexpression mimics the metabolic 
effects of refeeding. RER (A) and food intake (B) of 
WT mice (n = 5 per group) during refeeding after a 
24-hour fast. Time 0 represents 12 p.m. RER (C) and 
food intake (D) of WT and LIXs mice after Dox induc-
tion (n = 4 per group). Mice were switched to a Dox 
chow diet at 2 p.m. on day 3 in the metabolic cage. 
Time 0 represents 12 p.m. of day 4 (22 hours after 
induction). *P < 0.05.
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after induction, fasted insulin levels were even lower in LIXs mice 
(Supplemental Figure 2B). These results suggest that LIXs mice 
have impaired adaptation to fasting, presumably due to reduced 
hepatic glucose release. In WT mice, fasting-induced fatty liver 
associated with increased TG content, but only a marginal increase 
in cholesterol (60 mg/g for TG vs. 0.3 mg/g for cholesterol, Supple-
mental Figure 2C). The fatty liver phenotype observed in LIXs mice 
(Table 1) is thus reminiscent of the changes in hepatic lipid content 
during fasting. Lipolysis in adipocytes increases as a response to 
reduced hepatic glucose release and associated low insulin levels. 
The fasting effects of adipocyte lipolysis on hepatic TG content 
are further exacerbated in LIXs mice. Indeed, a 6-hour fast sig-

nificantly increased liver TG content in 
LIXs mice acutely, within 24 hours of 
Dox exposure (Figure 3D). Moreover, we 
detected a significant increase in serum 
free fatty acids in the fed state after  
72 hours of induction (Figure 3E). Con-
sistent with the increase in lipolysis, 
LIXs mice displayed a gradual reduction 
in the volume of adipose tissue, whereas 
an increase in hepatic lipid by CT scan-
ning was apparent (Supplemental Fig-
ure 2D). As a control, when the mice 
were switched back to regular chow 
diet without Dox, the liver steatosis 
decreased rapidly, and the fat tissue vol-
ume increased correspondingly in LIXs 
mice. No significant changes in liver 
lipid or fat tissue volume were detected 
in WT control mice under the same 
conditions, indicating that the effects 
are specific for Xbp1s induction rather 
than indirect through Dox treatment.

Mammals maintain serum glucose 
levels within a very narrow range. This 
is mainly achieved through regulation 
of hepatic glucose release. We there-
fore examined hepatic gluconeogen-
esis using pyruvate tolerance tests. Dox 
exposure for 48 hours caused a reduc-
tion in glucose release in LIXs mice 
(Figure 3F). Impaired β-oxidation could 
be a possible mechanism, as it provides 
essential precursors for gluconeogen-

esis. Moreover, β-oxidation defects have been considered to be a 
feature associated with the UPR (14). The transcriptional levels 
of β-oxidation and gluconeogenic genes were indeed decreased in 
LIXs mice (Supplemental Figure 2, E and F). To address whether 
reduced β-oxidation is a causal factor, we measured the actual 
β-oxidation potential biochemically in LIXs animals. Surpris-
ingly, we found a similar partitioning of radioactivity in LIXs and 
control mice for up to 48 hours of Dox induction (Supplemental 
Figure 2G). This suggests that the β-oxidation capacity in LIXs 
mice does not substantially differ from that in WT mice. Further-
more, administration of a PPARα agonist (15) exacerbated rather 
than rescued the hypoglycemic phenotype (Supplemental Figure 

Figure 3
Hepatic Xbp1s overexpression triggers 
hypoglycemia. (A) Hepatic glycogen 
staining from mice on Dox chow diet for 
48 hours. Scale bars: 50 μm. (B) GLUT2 
immunofluorescence staining. Scale bars: 
50 μm. (C–E) Mice (n = 3 per group) were 
fed Dox chow diet for 24–96 hours. Serum 
glucose levels (C), liver TG content (D), 
and serum free fatty acid levels (E) under 
fed or 6-hour fast conditions. *P < 0.05. (F) 
Serum glucose levels during a pyruvate 
tolerance test (n = 3 per group). *P < 0.05.
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2H), strongly arguing against β-oxidation as a causal factor for the 
defective glucose release. In fact, G6pc, catalyzing the final step of 
glucose release, is downregulated in ob/ob mice by Xbp1s directly 
and indirectly through FoxO1 (6). However, the hypoglycemia 
observed in LIXs mice is unlikely to be solely a consequence of the 
suppression of G6pc, since hepatic G6pc deficiency is commonly 
associated with increased glycogen storage in hepatocytes, not with 
the reduced levels that we observe under the conditions examined 
here (Figure 3A and ref. 16).

Insulin action as the master regulator of hepatic glucose release 
in ob/ob mice is enhanced by Xbp1s (7). This was also observed 
in the LIXs mice, as LIXs livers showed a faster response to insu-
lin exposure (Supplemental Figure 2I). Furthermore, the mice 
displayed an improvement in insulin sensitivity as indicated 
by insulin tolerance tests (Supplemental Figure 2J). In isolated 
hepatocytes, Xbp1s induction led to an enhanced insulin response, 
indicating a cell-autonomous effect of Xbp1s (Supplemental Fig-
ure 2K). LIXs mice therefore developed severe hypoglycemia along 
with a significant increase in hepatic biomass and hepatic insulin 
sensitivity. This enhanced local insulin sensitivity may in fact be 
a key mediator of the increase in the hepatic anabolic programs. 
Xbp1s activation therefore mimics a “permanently fed state.”

GalE, regulated by Xbp1s, links the UPR and postprandial remodeling. 
Based on the analysis above, we performed a microarray screen for 
novel target genes of Xbp1s. These genes are expected to show a 
significant increase in mRNA levels in LIXs mice after induction, 

and upregulation in WT mice upon refeeding. GalE was one of the 
most highly upregulated among the genes that fulfilled both of 
these criteria (Supplemental Table 1).

GalE encodes the enzyme uridine diphosphate galactose-
4-epimerase. It is the final and key enzyme of the Leloir pathway 
and acts in concert with GalK and GalT for utilization of dietary 
galactose (Supplemental Figure 3A and ref. 9). GalE catalyzes the 
interconversion of UDP-galactose (UDP-Gal) and UDP-glucose 
(UDP-Glc), as well as a pair of larger substrates, UDP-GalNAc and 
UDP-GlcNAc. GalE is the rate-limiting enzyme for cellular pro-
duction of UDP-Gal and UPD-GalNAc (10). The microarray data 
suggest GalE as a key mediator of Xbp1s action, linking the UPR 
with cellular glucose metabolism, as UDP-galactosyl and UDP-
glucosyl groups are critical substrates for both protein and lipid 
glycosylation in biosynthetic pathways and regulation of protein 
folding in the ER (17).

Consistent with the microarray analysis, GalE expression was 
drastically increased in LIXs mice regardless of caloric influx, as 
assessed by both qPCR and immunoblotting (Figure 4, A and B). 
Importantly, this is not a reflection of a general upregulation of 
the Leloir pathway. GalK, the first enzyme of the pathway, cata-
lyzing the phosphorylation of galactose, remained unchanged in 
the 24-hour-fed LIXs mice and was significantly downregulated at 
later time points or under fasting conditions (Figure 4C), reflect-
ing a compensatory adaptation to the increased GalE expression.

To assess the relationship between GalE and Xbp1s under 
normal physiological conditions, we first analyzed the effect of 
refeeding on GalE levels. We subjected WT animals to fasting of 
different durations (0, 6, 12, and 24 hours), followed by 2 hours 
of refeeding. Refeeding induced significant increases in Xbp1s 
expression in mice fasted for 12 and 24 hours (Figure 5, A and B).  
Under these conditions, GalE transcription mirrored the pat-
tern of Xbp1s expression, a phenomenon not observed for galK. 
We then measured galE expression in LIXs mice after induction 
by Dox gavage in combination with fasting-refeeding. Xbp1s was 
robustly increased with a Dox gavage in LIXs mice (Figure 5, C 
and D). The regimen of 6-hour fasting followed by 2 hours of 
refeeding with regular chow increased galE expression signifi-
cantly in LIXs mice, whereas no difference was observed in WT 
mice. In line with the greater increase in Xbp1s upon refeeding 
in 24-hour fasted mice, GalE expression reflected the same pat-
tern (Figure 5D). Again, this behavior was not observed for GalK. 
Interestingly, the expression levels of Bip and ERdj4 were compa-
rable in WT and LIXs mice in fasted groups under all conditions, 
and refeeding led to comparable changes regardless of genotype 
(Supplemental Figure 3B). These results indicate that the rapid 
increase in GalE transcripts is unlikely to be a secondary event. 
No changes in liver TG content, serum glucose levels, or liver acyl-
carnitine composition were detected between WT and LIXs mice 
under these conditions (Supplemental Figure 3, C and D), sug-
gesting that the observed GalE upregulation occurs prior to the 
development of the LIXs phenotypes.

Since ER stress has been implicated in the development of obesi-
ty-related metabolic dysfunction (7), we assessed GalE expression 
in a high-fat diet–induced (HFD-induced) obese mouse model 
as well as in leptin-deficient ob/ob animals. Both conditions were 
associated with elevated Xbp1s (Figure 5E). GalE was upregulated 
4-fold in the 10 week HFD-fed mice and doubled in ob/ob mice 
(Figure 5F). Thus, GalE is upregulated under pathological condi-
tions associated with obesity tied to constitutive Xbp1s activation.

Figure 4
Hepatic Xbp1s overexpression induces GalE. Gene transcription of 
GalE (A) and GalK (C) and immunoblotting of GalE (B) from mice  
(n = 3 per group) fed Dox food for 24–72 hours. GAPDH served as a 
loading control. *P < 0.05.
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To dissect whether the activation of GalE by Xbp1s was cell 
autonomous, we infected primary mouse hepatocytes with a len-
tivirus overexpressing Xbp1s. GalE was significantly upregulated 
in Xbp1s-infected cells, whereas the lipogenic genes Fasn and Scd1 
were not altered (Figure 6A). In another tissue culture model, tunic-
amycin treatment of Huh7 cells (a human hepatoma cell line) was 
sufficient to stimulate Xbp1s but failed to induce GalE (Figure 6B). 
However, when insulin was supplemented to mimic a postprandial 
setting, GalE expression was significantly increased. This is consis-
tent with the observation that Xbp1s functions in the postprandial 
state when insulin is elevated. In fact, WT mice refed after a 24-hour 
fast showed a greater increase in GalE expression than LIXs mice 
refed after a 6-hour fast (Figure 5D). This is in contrast to the Xbp1s 

mRNA expression, as WT mice refed after a 24-hour fast showed 
a smaller increase in Xbp1s expression than LIXs mice refed after a 
6-hour fast (Figure 5D). These results reflect an additive effect of 
insulin on GalE activation by Xbp1s, presumably through enhanced 
nuclear translocation (4, 5). Indeed, the insulin levels in WT mice 
refed after a 24-hour fast were much higher than in LIXs mice refed 
after a 6-hour fast (Figure 6C).

To test whether Xbp1s is not only sufficient but required for 
GalE activation, we performed siRNA-based knockdown of Xbp1s 
in isolated primary hepatocytes. GalE expression was significantly 
reduced under these conditions, indicating that Xbp1s is necessary 
for galE expression (Supplemental Figure 3E). Although tunica-
mycin induced Xbp1s expression, Xbp1s-mediated GalE activation 

Figure 5
Hepatic GalE expression associates 
with Xbp1s induction in vivo. (A and 
B) WT mice were fasted for differ-
ent durations and refed for 2 hours. 
Expression of Xbp1s, GalE, and 
GalK (B) was examined by qPCR 
(n = 3 per group). *P < 0.05. (C and 
D) WT and LIXs mice were fasted 
for 6 or 24 hours before a 2-hour 
refeeding. Induction was performed 
once by Dox gavage 3 hours prior 
to refeeding. Sac, sacrifice. Expres-
sion of Xbp1s, GalE, and GalK 
(D) is shown (n = 3 per group).  
*P < 0.05. (E) Xbp1s expression in 
genetically (ob/ob) and diet-induced 
(HFD) obese mice (n = 3 per group) 
with actin as loading control. U, 
unspliced Xbp1; S, spliced Xbp1. 
Expression of GalE was determined 
by qPCR (F). *P < 0.05.
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was specifically blunted. This is intriguing, as, in fact, tunicamy-
cin is an analog of UDP-GlcNAc. It inhibits the enzyme GlcNAc-
1-phosphotransferase, which transfers GlcNAc-1-P from UDP-
GlcNAc to membrane-bound Dol-P, forming GlcNAc-P-Dol, the 
N-glycan precursor synthesized on the cytoplasmic face of the ER. 
Endogenous UDP-GlcNAc therefore potentially serves as a potent 
inhibitor of Xbp1s-mediated activation of GalE. In contrast, when 
thapsigargin, another ER stress inducer, was used, both Xbp1s and 
GalE increased (Supplemental Figure 3F).

To test whether Xbp1s directly regulates GalE expression, we 
analyzed the promoter of GalE and found a highly conserved 
binding site for Xbp1s across species: TCCACGTC (Figure 7A and 
ref. 18). A luciferase assay with the GalE promoter containing the 

potential binding site showed dose-dependent upregulation by 
Xbp1s (Figure 7B). When the potential Xbp1s-binding site was 
mutated or deleted, the luciferase activity was reduced by 50%, 
indicating this site is critical for activation by Xbp1s, although 
other binding sites may also exist (Figure 7C). By ChIP assays, we 
found that hepatic Xbp1s is associated with the GalE promoter in 
WT mice 2 and 6 hours after refeeding. In contrast, Xbp1s pro-
tein was not detected on the GalE promoter of fasted mice (Figure 
7D). Together, our results indicated a strong temporal correla-
tion between Xbp1s induction and GalE expression both in vivo 
and in vitro. Importantly, the increase in GalE expression occurs 
prior to most of the other phenotypic and gene expression changes 
observed in LIXs mice. This suggests that GalE could be a major 

Figure 6
GalE expression is upregulated by Xbp1s in vitro. (A) Gene expression in mouse primary hepatocytes (n = 5–6 per group) infected with lentivirus 
overexpressing LacZ or Xbp1s. *P < 0.05. (B) Gene expression in Huh7 cells after treatment with tunicamycin (TM) and insulin (n = 3 per group). 
*P < 0.05. (C) Serum insulin levels in mice from Figure 5C (n = 3 per group). *P < 0.05.

Figure 7
GalE is a target gene of Xbp1s. (A) A consensus 
binding site of Xbp1s is indicated on alignment of 
GalE promoters from mouse, rat, and human. (B) 
Luciferase assays for GalE promoter regulated 
by Xbp1s in HEK293T cells (n = 3–6 per group). 
(C) Deletion or mutation of the Xbp1s binding 
site reduces luciferase activity (n = 3 per group).  
*P < 0.05. (D) Xbp1s protein association with 
Gale promoter examined by ChIP assay using 
WT livers under condition of fasting, 2 hours 
refeeding, and 6 hours refeeding. Ctrl, control.
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mediator for Xbp1s-induced early- and long-term metabolic con-
sequences in LIXs mice. Considering the functional involvement 
of GalE in the interconversion of galactosyl and glucosyl groups, 
we propose that GalE plays a critical role in mediating Xbp1s 
action on both glucose metabolism and the UPR.

In contrast to GalE, the lipogenic genes did not show a signifi-
cant increase in LIXs mice under fed conditions, and in fact dis-
played a global decrease with fasting (Supplemental Figure 4A). 
Acute induction via Dox gavage, illustrated in Figure 5C, also did 
not cause a significant increase in the lipogenic program in LIXs 
mice with refeeding (Supplemental Figure 4B). Importantly, a bio-
chemical assay for de novo lipid synthesis showed that LIXs mice 
maintained the same rate of fatty acid and cholesterol synthesis as 
controls (Supplemental Figure 4C). Our data therefore do not sup-
port Xbp1s as a direct transcriptional regulator of the lipogenic 
program under these conditions.

GalE, regulated by fasting-refeeding, provides a novel target for thera-
peutic intervention for metabolic dysfunction. Although GalE is highly 
conserved from bacteria to mammals, little is known about its 
transcriptional regulation. We found that GalE expression was reg-
ulated by fasting-refeeding in WT mice: downregulated during a 
fast and upregulated upon refeeding (Figure 8A). Thus, we propose 
a model to explain the contributions of the Xbp1s/GalE axis in the 
context of refeeding of WT animals in comparison to the “pseudo-
refeeding” status in LIXs mice (Figure 8B). In WT mice, refeeding 
activates Xbp1s, which in turn upregulates GalE transcription. This 
moderate increase in GalE during the first 1–3 hours of refeed-
ing enhances the conversion of UDP-Gal to UDP-Glc to accelerate 
the restoration of hepatic glycogen by assimilation of diet-derived 
galactose. Consistent with this model, within 2 hours of refeed-
ing, hepatic glycogen levels were fully restored in overnight-fasted 
mice (data not shown). After glycogen is replenished, the continu-
ous increase in GalE then interconverts UDP-Glc and UDP-Gal 
to facilitate protein and lipid biosynthesis, which also competes 
for intracellular glucose and reduces its release from hepatocytes. 

However, in the LIXs mice, GalE transcription is maintained at 
high levels due to sustained Xbp1s activation, which, together 
with the increased anabolic rate in liver, constantly consumes 
cellular glucose 6-phosphate (G-6-P). As a result, hepatic glucose 
release is drastically suppressed, and remaining glycogen is broken 
down. Responding to the low systemic glucose levels in LIXs mice, 
adipocyte-mediated lipolysis is enhanced, which leads to the acute 
accumulation of hepatic TGs at high levels.

According to this model, GalE is one of the critical regulatory 
factors for the partitioning of glucose toward biosynthetic activ-
ity and away from hepatic glucose release. To test this, we injected 
an adenoviral preparation to achieve GalE overexpression in ob/ob  
mice, a model with excessive hepatic glucose production. In an 
oral glucose tolerance test, GalE adenovirus–infected ob/ob mice 
showed a significant improvement in glucose tolerance compared 
with the controls (LacZ adenovirus or no-virus group) (Figure 
9A). The improvement was due to reduced hepatic glucose release, 
since the GalE adenovirus–infected mice also showed significantly 
reduced glucose release during a pyruvate tolerance test (Figure 
9B). Similarly, in mice fed a HFD for 10 weeks, GalE adenoviral 
infection significantly lowered fasting glucose levels (Figure 9C).

We wanted to examine whether GalE activation causes phenotyp-
ic changes in lean WT animals kept on a chow diet (conditions com-
parable to experiments done in LIXs mice). We therefore injected  
the adenoviral preparation into WT mice. While an oral glucose 
tolerance test showed no difference in glucose clearance (Figure 
9D), insulin sensitivity was significantly enhanced in GalE-infected  
mice (Figure 9E). This suggests that GalE overexpression alone can 
potently reduce hepatic glucose release even in WT animals. GalE 
overexpression, however, is insufficient to cause hypoglycemia in 
lean mice maintained on a chow diet. This is possibly due to the sys-
temic ability to adjust insulin release, i.e., the GalE-infected group 
reduced insulin release during the glucose challenge to offset the 
effect of reduced hepatic glucose release. Indeed, we found that the 
insulin levels in GalE-infected mice were not only lower at baseline, 

Figure 8
Regulation of GalE by fasting-
refeeding. (A) Expression of GalE 
in WT mice (n = 3 per group) dur-
ing fasting-refeeding. Experiments 
were repeated twice. (B) Model for 
the role of GalE in glucose assimi-
lation in WT mice by refeeding (left) 
and LIXs mice by induction (right). 
See text for details.
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but also remained so over the entire course of the oral glucose tol-
erance test (Figure 9D). Furthermore, we were examining a loss-of-
function phenotype in these experiments (loss of hepatic glucose 
output). In contrast to our genetic Dox-inducible model, which 
potentially affects every hepatocyte, adenoviral infection is never 
100% efficient, even at a high MOI, so that there is always a sub-
stantial number of hepatocytes remaining unaffected and respon-
sive of compensation for euglycemia in WT mice.

GalE overexpression increases the rate of interconversion between 
UDP-glucosyl and UDP-galactosyl groups. If products are con-
stantly removed from the equilibrium, the flux from G-6-P to UDP 
sugars can be maintained at high rates in hepatocytes. This will ulti-
mately lead to hypoglycemia in LIXs mice. One major pathway for 
the consumption of UDP sugars is protein glycosylation. We there-
fore examined the levels of the N-linked glycans on hepatic proteins. 
LIXs mice showed an increase in N-glycosylation per gram protein in 
the fed state (Figure 10A) but no change in the fasted state (data not 
shown). Moreover, when cellular nucleotide sugars were analyzed, 
LIXs mice showed increases in cellular levels of UDP-Glc, UDP-Gal, 
UDP-GlcNAc, and UDP-GalNAc (Figure 10, B and C). In the fast-
ing state, the LIXs mice retained higher levels of UDP-GlcNAc and 
UDP-GalNAc than controls, whereas the UDP-Glc and UDP-Gal 
levels were the same (Supplemental Figure 5A). These data suggest 
that GalE induction shunts more glucose into the pool of UDP 
sugars for anabolic reactions. Additionally, these observations also 
provide a mechanism for the synergistic effects of the activation of 
β-oxidation by fenofibrate in LIXs mice: the more acetyl-coA gener-
ated through β-oxidation, the more rapid the depletion of glucose 
due to the conversion to acetylated hexosamines.

Beyond the increased N-glycans in fed LIXs mice, we also found 
an increase in three single-sugar moieties from protein O-glycosyl-
ation, including GlcNAc, Glc, and Man (Supplemental Figure 5B). 

The LDL receptor is critically dependent on O-glycosylation for 
proper folding and function, with both Gal and GalNAc involved 
(19). Indeed, we found that the LIXs mice displayed strong hepatic 
staining for the LDL receptor after a 24-hour Dox exposure (Fig-
ure 10D). Furthermore, siRNA-mediated knockdown of galE in 
isolated primary hepatocytes led to a reduction in cellular levels of 
LDL receptor (data not shown). Consistent with the role of Xbp1s 
as an anabolic factor, induction of Xbp1s in primary hepatocytes 
increased protein synthesis (Figure 11A). siRNA-mediated knock-
down of GalE caused a lower rate of protein synthesis in both WT 
and LIXs hepatocytes (Figure 11B). A possible mechanism for this 
reduced global protein synthesis is an impaired response to insu-
lin. Indeed, a GalE siRNA-mediated knockdown reduced the insu-
lin response in hepatocytes (Figure 11C). In contrast, overexpres-
sion of GalE improved insulin signaling (Figure 11D). Moreover, 
to test whether GalE is sufficient to enhance protein synthesis, 
we examined the effects of GalE overexpression on adiponectin 
production in a HEK293T cell system. When a GalE expression 
construct was co-transfected with an adiponectin expression con-
struct, adiponectin protein levels significantly increased in cells 
(Figure 11E), with no significant change in mRNA level and adipo-
nectin secretion rate (data not shown). These results suggest that 
GalE may be a rate-limiting factor for protein synthesis, presum-
ably through enhanced supply of UDP sugars for glycosylation 
and increased ER capacity for protein folding.

Discussion
Hepatic Xbp1s induction mimics a potent refeeding signal. Refeeding 
causes a comprehensive metabolic response in the liver. Here, we 
characterized the LIXs mouse model to assess the specific role of 
Xbp1s in this process. This model offers a unique opportunity 
to study the effects of Xbp1s at very high temporal resolution in 

Figure 9
Hepatic GalE overexpression improves insulin sensitivity. (A and B) Serum glucose levels during an oral glucose tolerance test (A) and a pyruvate 
tolerance test (B) in ob/ob mice (n = 4–5 per group) assayed 7 days after adenoviral infection. *P < 0.05. (C) Fasting (6 hours) serum glucose 
levels from WT mice (n = 3–4 per group) assayed 7 days after adenoviral infection. The mice were fed a HFD for 10 weeks before infection.  
*P < 0.05. (D and E) Serum glucose and insulin levels during an oral glucose tolerance test (D) and serum glucose levels during an insulin toler-
ance test (E) in WT mice (n = 5–6 per group) assayed 7 days after infection. *P < 0.05.
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vivo. Upon induction, LIXs mice mimic the fed state. The LIXs 
mice display an acute increase in liver mass within 48 hours of 
induction. Per gram tissue, the enlarged livers still maintain a nor-
mal rate of de novo lipid biosynthesis, supporting a significant 
increase in total lipid production per liver. The increase in liver 
mass correlates with the depletion of hepatic glycogen and devel-
opment of hypoglycemia, both of which suggest that Xbp1s pro-
motes glucose assimilation for anabolic reactions in hepatocytes. 
As a result, glucose release from hepatocytes is reduced, causing 
systemic hypoglycemia. The actions of Xbp1s in LIXs mice are 
consistent with its insulin sensitization role (4–7). The Xbp1s-
mediated enhancement of anabolic reactions in LIXs mice is fur-
ther supported by the observation that mice with hepatic Xbp1 
deficiency show resistance to body weight gain on an HFD (8). 
In addition, the Xbp1s-mediated anabolic action has also been 
reported for phospholipids (20) and secretory proteins (21). All of 
these observations support that postprandial induction of Xbp1s 
in liver is a critical component for efficient anabolic recovery of 
biomass loss experienced during fasting. In contrast to WT mice, 
which display the phenomenon only during refeeding, LIXs mice 
have greater anabolic activity, associated with an increase in UPR 
activity. This highlights that some components of the UPR can 
serve as integral components of the machinery that boosts bio-
synthesis during the postprandial response.

GalE plays an essential role in hepatic glucose assimilation. GalE is 
an enzyme of the Leloir pathway catalyzing the interconversion 
of UDP-Gal and UDP-Glc (9, 22). The importance of the Leloir 
pathway is highlighted by genetic deficiencies in human patients. 
Whereas loss-of-function mutations in GalT or GalK, the other two 
genes of the Leloir pathway, have been described (23, 24), no cases 
of functional GalE-null mutants have been reported (25). Consis-
tent with the essential nature of this enzyme, the GalE-deficient 
fruit fly is developmentally lethal (26). Our data show that GalE 
knockdown leads to impaired insulin signaling and protein bio-
synthesis in hepatocytes, implying a potential mechanism for the 

essential role of GalE in cell survival. Since mammals, unlike uni-
cellular organisms, are not critically dependent on an exogenous 
galactose supply, GalE transcription is not responsive to the pres-
ence of dietary galactose (27). Here, we demonstrate that GalE is 
transcriptionally regulated by Xbp1s. Due to the unique role of 
GalE in maintaining global protein glycosylation, the knockdown 
of GalE leads to a general reduction of signal transduction due to 
a reduced biosynthetic rate of receptors. Conversely, we found that 
overexpression of GalE enhances insulin sensitivity in vitro and 
in vivo, providing an additional mechanism for enhanced insulin 
action beyond Xbp1s nuclear translocation (4, 5). Our data thus 
suggest that GalE plays a dual role in allowing Xbp1s to unfold 
its full anabolic potential. GalE accelerates the isomerization of 
nucleotide sugars, thereby increasing consumption of cellular glu-
cose and directly enhancing glucose uptake. GalE also exerts indi-
rect effects by increasing protein synthesis by facilitating glycosyl-
ation. Key products of this process include growth factor receptors 
and glucose transporters. The increases in these proteins are func-
tionally instrumental for the cell to enhance glucose assimilation 
and allow these carbohydrates to flow into anabolic pathways. 
The discovery of the complex regulatory patterns for GalE and the 
profound role of GalE in glucose homeostasis indicate that GalE 
specifically, and galactose metabolism in general, may play a criti-
cal role in whole-body energy homeostasis, beyond the context of 
the classical Leloir pathway.

The Xbp1s/GalE axis contributes to the drastic phenotype observed in 
LIXs mice. In LIXs mice, expression of Xbp1s mimics refeeding, 
even in the absence of caloric influx. This leads to reduced hepatic 
glucose release and eventually causes systemic hypoglycemia. Adi-
pose tissue responds by increasing lipolysis, leading to hepatic ste-
atosis. Rather than being a direct result of impaired β-oxidation or 
gluconeogenesis, we found that the lack of hepatic glucose release 
is caused by persistent diversion of intracellular glucose to bio-
synthetic pathways. Consistent with this mechanism, LIXs mice 
did not show evidence of decreased glucose uptake or changes in 

Figure 10
GalE overexpression enhances biosynthesis of nucleotide sugars and protein glycosylation. (A–C) Representative FACE images of total hepatic 
N-glycan with G4-G7 glucose oligomer standards (A) and nucleotide-sugar pools that have been hydrolyzed to allow detection of the correspond-
ing free monosaccharides (B), and quantification of cellular UDP sugars (C) from mice (n = 4–5 per group) after 48 hours of induction. *P < 0.05. 
Man., mannose. (D) Immunofluorescence staining of hepatic LDL receptor 24 hours after induction. Scale bars: 50 μm.
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reactions (except for glycogen synthesis), suggesting a controlled 
conversion from glycogen-glucose to other macromolecules. Last, 
the LIXs mice responded to fenofibrate to an even higher extent 
than WT mice, indicating the LIXs hepatocytes remain fully 
responsive in vivo. Moreover, consistent with our observations 
here, Xbp1s overexpression has recently been show to enhance 
chondrocyte hypertrophy (28).

GalE links the role of Xbp1s in the UPR with metabolism. The fact that 
GalE is activated by Xbp1s provides a direct link between the UPR 
and cellular reprogramming in the postprandial state. UDP-Glc 
and UDP-Gal as well as UDP-GlcNAc and UDP-GalNAc are critical 
metabolites for glycosylation and protein folding. It is therefore 
critical to coordinate their production with the pool of glucose 
devoted to oxidation for energy or other intermediate metabolite 
production. Up to 35% of all polypeptides produced by a cell are 
either secretory or transmembrane proteins. This imparts a high 
demand for UDP sugars for post-translational modifications. 
Simultaneously, the other steps in the ER, such as disulfide bond 
formation and vesicular transport, consume glucose for the gen-
eration of ATP and oxidative power. It is therefore not surprising 
that the UPR exerts extensive influences on carbohydrate metabo-
lism. Indeed, numerous metabolic changes have been found to be 
associated with ER stress (7, 8, 29, 30). GalE is the only enzyme 
known to catalyze the interconversion between glucosyl and galac-
tosyl pools. Our results thus provide a mechanistic basis for these 
findings. Through activation of GalE, Xbp1s regulates the inter-
conversion of UDP sugars. As an enzyme, GalE only accelerates 
this reaction, but does not change the equilibrium, which allows 

insulin signaling in the liver. In contrast to its physiological regu-
lation by fasting and refeeding in WT mice, GalE is upregulated 
constitutively under both fed and fasted conditions in LIXs mice. 
On one hand, increased GalE causes a rapid interconversion of 
UDP-glusosyl and UDP-galactosyl groups, which are building 
blocks for glycosylation of proteins and lipids. On the other hand, 
increased insulin sensitivity and ensuing anabolic reactions in 
LIXs mice demand more UDP sugars. Therefore, the upregulation 
of GalE is a prerequisite for the rapid increase in liver mass, one 
of the most profound phenotypic changes associated with LIXs 
mice. Moreover, GalE overexpression enhances insulin signaling in 
hepatocytes, which is further exemplified in ob/ob animals. Nota-
bly, the effects of GalE overexpression recapitulate what has been 
previously reported for adenoviral Xbp1s in improving the glucose 
tolerance in ob/ob mice (6).

Since LIXs is an overexpression mouse model, there is a poten-
tial concern that overexpression of Xbp1s and GalE will cause 
cytotoxicity and lead to hepatomegaly. We therefore focused on the 
acute response in LIXs mice within 48 hours of induction, when 
the food intake and body weight of mice remain unchanged. Our 
studies showed that the acute response is unlikely to be caused by 
cytotoxicity for the following reasons: First, the liver mass rapidly 
increased without edema within 48 hours of induction. In addi-
tion, no cell death was observed in cultured LIXs hepatocytes after 
induction up to 72 hours. Instead, insulin signaling (a fundamen-
tal “pro-survival signal”) was enhanced in LIXs hepatocytes within 
72 hours after induction both in vivo and in vitro. Furthermore, 
the LIXs hepatocytes showed widespread increases in anabolic 

Figure 11
GalE regulates protein synthesis and cellular response to insulin. (A) Measurement of protein synthesis stimulated by Xbp1s in primary 
hepatocytes using 3H-leucine incorporation. *P < 0.05. (B) Knockdown of GalE reduces protein synthesis rate in both WT and LIXs hepatocytes. 
*P < 0.05. (C) Knockdown of GalE impairs insulin signaling in WT hepatocytes. (D) Overexpression of GalE enhances the insulin response in WT 
rat hepatocytes. WB, Western blot. (E) Adiponectin levels were examined by immunoblotting in HEK293T cells when co-transfected with a GalE 
expression plasmid (1 μg) or the vehicle plasmid (1 μg). Actin served as loading control. APN, adiponectin. GDI, guanosine nucleotide dissocia-
tion inhibitor. NA, no virus infection.
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3H-triolein uptake and β-oxidation. Tissue-specific lipid uptake and 
β-oxidation analysis were performed as previously described (35). Briefly, 
3H-triolein was injected via tail vein (2 μCi/mouse in 100 μl of 5% intra-
lipid) following a 6-hour fast. After 15 minutes, tissues were harvested, and 
lipids were extracted. Samples were then counted for radioactivity.

Tolerance tests and fenofibrate treatment. For pyruvate tolerance tests, mice 
were fed Dox diets for 24 or 48 hours and fasted for 6 hours. Before fast-
ing, a bolus of 1 mg Dox was gavaged, and the animals were maintained 
on water containing 0.1 mg/ml Dox. Animals received 2 mg/kg body 
weight of sodium pyruvate through intraperitoneal injection, and blood 
was withdrawn through tail vein. For glucose tolerance tests, after 3 hours 
of fasting, glucose (2.5 mg/kg body weight) was gavaged orally. For insu-
lin tolerance tests, insulin (Novo Nordisk) of 1 IU/kg body weight was 
administrated intraperitoneally. To test insulin signaling in vivo, mice 
were starved overnight, and insulin of 1 IU/kg body weight was admin-
istrated intraperitoneally. Livers were harvested at 5 or 30 minutes after 
insulin injections. Fenofibrate (Sigma-Aldrich) was prepared in Tween 80 
and diluted in 1% methylcellulose and administered to animals daily at 150 
mg/kg body weight by oral gavage.

Metabolite measurements. Frozen tissues of 100 mg were used for lipid 
extraction and measurement by the UTSW Metabolic Core Facility as 
described previously (36). Carnitine measurements were performed as 
before (37). Serum insulin was measured using mouse insulin ELISA kits 
(Millipore). Serum glucose levels were determined by an oxidase-peroxidase 
assay (Sigma-Aldrich). Metabolic cage studies were performed in the UTSW 
Metabolic Core facility. CT scanning was performed as described (36).

Liver nucleotide sugar and glycan analysis. The nucleotide sugars were ana-
lyzed as previously described (38). Briefly, the water fraction was analyzed 
for nucleotide sugars with AMAC labeling and fluorophore-assisted car-
bohydrate electrophoresis (FACE) gel. The remaining pellet was analyzed 
for N-glycans and O-glycans. For N-glycans, 1 U of peptide N-glycanase F 
(Prozyme) was added to 1 ml of pellet solution. The released N-glycans 
was labeled with ANDS for FACE gel analysis. The O-linked glycan was 
released from glycoprotein by β-elimination as described previously (39). 
For total O-glycan analysis, the O-glycans released above were labeled with 
ANDS and AMAC and resolved on FACE gel. For O-GlcNAc, O-mannose, 
and O-glucose analysis, the released O-glycans were further cleaned with 
ion exchange resin AG1-X8 to remove all the negatively charged O-glycans, 
then labeled with AMAC and resolved on FACE gel.

Histology. Livers fixed in 10% neutralized formalin were processed for 
paraffin sections. After de-paraffinization, liver sections were incubated in 
antigen retrieval buffer (Dako), followed by blocking in PBS with 1% BSA 
and non-immune donkey antibodies. Primary antibodies used were LDL 
receptor (40) and GLUT2 (Chemicon). Cy3-labeled or Cy5-labeled second-
ary antibodies (Jackson ImmunoResearch Laboratories Inc.) were used, 
and slides were imaged using a TCS SP5 confocal microscope (Leica) or 
AxioObserver epifluorescence microscope (Zeiss). The H&E and glycogen 
PAS staining were performed by the Histology Core at UTSW. Both were 
imaged using a Coolscope (Nikon).

ChIP assay. WT mice were fasted for 24 hours and then refed for 2 or 
6 hours. Livers were processed to isolate nuclei using an NE-PER kit 
(Pierce). Immunoprecipitation reactions were performed using an anti-
Xbp1 and control TNP sera (41). After reverse crosslinking and protease K  
digestion, DNA was purified with a QIAquick kit (Qiagen). Promoter 
occupancy of Xbp1 was analyzed by amplification of a fragment (290 bp) 
corresponding to Xbp1-binding element. Genomic DNA isolated before 
immunoprecipitation was used as input.

Primary hepatocyte and Huh7 cell experiments. Primary rat hepatocytes were 
isolated as previously described (42). On day 0, isolated hepatocytes were 
plated and infected with adenovirus at an MOI of 10 in DMEM. On day 1, 

a bidirectional reaction based on the concentrations of UDP-Gal 
and UDP-Glc (22). Under nutrient-rich conditions, such as the 
postprandial state, upregulation of Xbp1s/GalE leads to a rapid 
equilibrium between UDP-glucosyl and UDP-galactosyl groups. 
This is coupled to glycogen deposition, protein synthesis, and lipo-
genesis. In this aspect, the increased UPR in LIXs mice is consistent 
with the higher rate of protein synthesis. During conditions when 
nutrients are limited, such as glucose deprivation, the major fate 
of UDP sugars is to be converted to glucose 1-phosphate and then 
to G-6-P, a starting point for glucose catabolism and ATP genera-
tion. Accordingly, the protein synthesis is reduced, which leads to 
reduced UPR activity.

The UPR is activated under various physiological and patho-
logical conditions. The identification of the Xbp1s/GalE pathway 
prompted us to propose a common role of the UPR. Our results 
highlight the Xbp1s/GalE pathway as a mechanism enabling cells 
to assimilate glucose, which helps cells to adjust glucose flux in 
the context of either nutrient sufficiency or insufficiency. GalE 
thus plays essential role in cell growth and survival. Our data 
suggest that the postprandial induction of the Xbp1s/GalE axis 
is critical for recovering body weight loss from fasting. In this 
regard, we propose that the Xbp1s/GalE axis might be generally 
involved in conditions of acute body weight loss or gain, such as 
infectious disease, obesity, or cancer. Tumor cell growth and pro-
liferation are associated with an increased demand for glucose par-
titioning toward biosynthetic pathways. Indeed, Xbp1s expression 
is induced in multiple cancers (31, 32), and GalE has been found 
to be upregulated in 100% of all tumor tissues examined in the 
Human Protein Atlas (33).

Our studies uncovered a novel function of Xbp1s in the post-
prandial state in vivo. Xbp1s orchestrates changes for the reg-
ulation of hepatic insulin sensitivity, with GalE as an integral 
component of this adaptive response. While it is unlikely that 
GalE is the sole mediator of all of the postprandial changes that 
Xbp1s exerts on the hepatocyte, our observations firmly estab-
lish GalE as a critical player in the process of postprandial adap-
tation. Furthermore, the Xbp1s/GalE axis provides a direct link 
between the UPR and carbohydrate metabolism. Future stud-
ies are warranted for a better understanding of the Xbp1s/GalE 
nexus under various pathological conditions, such as insulin 
resistance, obesity, and cancer.

Methods
Transgenic mice. Mouse Xbp1s was cloned into the pTRE vector (Clontech) 
with a rabbit β-globin 3′ UTR. The TRE-Xbp1s transgenic mice were gen-
erated by the transgenic core facility at UTSW. Liver-specific albumin-Cre 
transgenic and Rosa26-loxP-STOP-loxP-rtTA transgenic (Jackson Labora-
tory) mice were backcrossed into the FVB background for at least 5 gen-
erations (11). Age-matched transgenic animals with albumin-Cre and 
Rosa26-loxP-STOP-loxP-rtTA but lacking the TRE-Xbp1s transgene were 
used as controls. Mice were maintained on a 12-hour dark/12-hour light 
cycle from 6 a.m. to 6 p.m. and housed in groups of no more than 5 with 
unlimited access to water and chow (2916, Teklad) or Dox-containing (200 
mg/kg) chow diets (Bio-Serv).

Fatty acid and cholesterol synthesis in vivo. Rates of fatty acid synthesis were 
measured using 3H-labeled H2O as previously described (34). Prior to the 
experiment, LIXs mice were kept on a control or Dox-containing diet for 
3 days. The rates of fatty acid and cholesterol synthesis were calculated as 
nanomoles of 3H-radioactivity incorporated into fatty acid and cholesterol 
per hour per gram of wet tissue.
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phosphatase inhibitor (Sigma-Aldrich). The nuclear extract was prepared 
using an NE-PER kit (Pierce). An equal amount of total protein from each 
sample was resolved on 4%–20% Tris-glycine gels (Bio-Rad) and transferred 
to nitrocellulose membranes (Bio-Rad). The antibodies used were GAPDH, 
tubulin, actin, total AKT, Xbp1 (Santa Cruz Biotechnology Inc.), GalE 
(Abcam), p-AKT, lamin (Cell Signaling Technology), p-eIF2α, and total 
eIF2α (Invitrogen). IRDye 800– or IRDye 700–conjugated secondary anti-
bodies (Rockland) were used, and membranes were scanned and processed 
using the LI-COR Odyssey infrared imaging system.

Statistics. Data are expressed as mean ± SEM. Student’s t test (2-tailed) 
was used for comparisons between 2 groups. For tolerance tests, 2-way 
ANOVA and subsequent Tukey tests were performed. A P value less than 
0.05 was considered significant.

Study approval. The Institutional Animal Care and the Use Committee of 
UTSW approved all animal experiments.
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cells were treated with insulin (final concentration, 16 nM) and incubated 
for 10 minutes or 6 hours. Primary mouse hepatocytes were isolated from 
WT or LIXs animals. On day 1, tunicamycin (0.5 μg/ml) or thapsigargin 
(0, 100, 250 nM) was added to cells for 5 hours. Dox (0.5 μg/ml) was used 
to induce Xbp1s in culture. GalE siRNA (Sigma-Aldrich) was applied to 
primary hepatocytes using RNAiMAX reagent (Invitrogen) on day 0. On 
day 1, cells were serum starved for 4 hours and then stimulated by insulin 
and harvested for immunoblotting. Hepatocytes were supplemented with 
3H-leucine (PerkinElmer) on day 0 at 0.4 μCi/ml and cultured for 24–48 
hours. The proteins were precipitated and counted with a scintillation 
counter. The Huh7 cells were treated with tunicamycin (500 ng/ml), insu-
lin (160 nM), or both during a 4-hour serum starvation period.

galE promoter cloning, luciferase assay, and adiponectin synthesis assay. The 
mouse galE promoter (1 kb upstream of start codon) was cloned into a 
pGL3 vector. After 36 hours of transfection using HEK293T cells, lucif-
erase assays were performed (Promega). β-Galactosidase expression con-
struct was co-transfected for normalization of luciferase activity (ABI). 
HEK293T cells were cultured in a 6-well plate until they reached 70%–80% 
confluency before transfection using Trans-IT 293 reagent (Mirus) to 
examine the intracellular levels of adiponectin by immunoblotting.

Lentivirus generation and infection. Xbp1s was engineered into a lentiviral 
expression plasmid (pCCL.PPT.hPGK.dNGFR.IRES.EGFP) and packaged 
into lentiviral particles. The lentivirus was concentrated using Concentra-
tor and titrated by qRT-PCR (Clontech). Hepatocytes were infected with 
an MOI of 5–10 supplemented with 9 μg/ml Polybrene (Sigma-Aldrich).

GalE adenovirus generation and infection. Mouse GalE was cloned from a 
fetal mouse brain cDNA library and inserted into a DUAL-CCM vector 
for adenovirus generation (Vector BioLabs). Virus was diluted in PBS and 
administrated through tail vein injection at 109 virus particles per mouse. 
Measurements were performed 7 days after infection.

RNA isolation, RT-PCR, qPCR, and microarray studies. Total RNA was isolat-
ed from frozen tissues using NucleoSpin RNA II mini columns (Macherey-
Nagel). cDNA was generated with iScript (Bio-Rad). Primers used are listed 
in Supplemental Table 2. Xbp1 PCR was done as described previously (43). 
18s rRNA was used as loading control, and the expression of each gene 
was calculated relative to the lowest level within that data set. Microarray 
studies were performed with pooled samples on an Illumina mouse-6 
V2 BeadChip by the Microarray Core of UTSW. Analysis was done with 
Partek Genomics Suite and Ingenuity Pathways Analysis, and the original 
microarray data have been deposited in the GEO database (GSE39301).

Immunoblot analysis. Frozen samples were homogenized in T-PER 
lysis buffer (Pierce) supplemented with protease inhibitor (Roche) and 
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