FAL i 3

Galectin-9 deficiency exacerbates lipopolysaccharide-induced

hypothermia and kidney injury

B KSR E R FE R

ERE R0






Clinical and Experimental Nephrology
https://doi.org/10.1007/s10157-021-02152-2

|Gheck for
| updates

Galectin-9 deficiency exacerbates lipopolysaccharide-induced
hypothermia and kidney injury

Keisuke Onishi' - Hai Ying Fu' - Tadashi Sofue' - Atsushi Tobiume' - Masahiro Moritoki' - Hiroyuki Saiga? -
Mari Ohmura-Hoshino®? - Katsuaki Hoshino? - Tetsuo Minamino'

Received: 22 September 2021/ Accepted: 18 October 2021
© Japanese Society of Nephrology 2021

Abstract

Background Galectin-9 (Gal-9) is a multifunctional lectin that moderates inflammation and organ damage. In this study, we
tested whether Gal-9 has a protective role in the pathogenesis of endotoxemic acute kidney injury.

Methods We examined the levels of Gal-9 in control mice after lipopolysaccharide (LPS) administration. We developed
Gal-9 knockout (KO) mice that lack Gal-9 systemically and evaluated the role of Gal-9 in LPS-induced proinflammatory
cytokines, vascular permeability, and renal injury.

Results Gal-9 levels were increased in the plasma, kidney, and spleen within 4 h after LPS administration to wild-type
mice. Gal-9 deficiency did not affect the LPS-induced increase in plasma tumor necrosis factor-o levels at 1 h or vascular
permeability at 6 h. Lower urine volume and reduced creatinine clearance were observed in Gal-9-KO mice compared with
wild-type mice after LPS administration. Gal-9-KO mice had limited improvement in urine volume after fluid resuscitation
compared with wild-type mice. LPS reduced the body temperature 12 h after its administration. Hypothermia had disap-
peared in wild-type mice by 24 h, whereas it was sustained until 24 h in Gal-9-KO mice. Importantly, maintaining body
temperature in Gal-9-KO mice improved the response of urine flow to fluid resuscitation.

Conclusion Deficiency in Gal-9 worsened LPS-induced hypothermia and kidney injury in mice. The accelerated hypothermia

induced by Gal-9 deficiency contributed to the blunted response to fluid resuscitation.
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Introduction

Sepsis, defined as a condition in which life-threatening
organ damage is caused by an uncontrolled host response to
infection, is a common cause of acute kidney injury (AKI)
[1]. AKIT also increases the risk of death in septic patients
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[2]. Sepsis-related AKI is a complex condition, in which
hemodynamic changes, systemic inflammation, and tubular
damage are associated with the development of AKI [3, 4].
Currently, there are no effective treatments for septic AKI. In
addition, fever and hypothermia are characteristic symptoms
of sepsis and AKI occurs frequently in hypothermic patients
and may be associated with increased mortality [5]. How-
ever, a molecular link between sepsis, body temperature, and
AKIT has yet to be clarified.

Galectin-9 (Gal-9) is a lectin that binds to the
B-galactoside structure and induces apoptosis in activated
T cells [6]. We previously demonstrated that Gal-9 attenu-
ated inflammation and kidney damage in autoimmune model
mice [7]. Gal-9 is expressed in lymphoid organs including
the thymus, as well as peripheral organs, kidney, and spleen
[8]. Gal-9 was elevated in animal models of sepsis, resulting
in lower mortality rates [9, 10]. Moreover, Gal-9 reduced
lung damage and was involved in local organ protection in
an acute lung injury model induced by lipopolysaccharide
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(LPS) [11]. Therefore, in the current study, we hypothesized
that Gal-9 has a regulatory role in the pathogenesis of endo-
toxemic AKI.

Materials and methods
Animals

All experiments were approved by the Institutional Animal
Care and Use Committee of Kagawa University and followed
standard guidelines for the humane care and use of animals
in scientific research. Animals were housed in an animal
house under the following conditions: temperature 24 + 1 °C,
humidity 55+ 5%, and a 12-h light/dark cycle. Animals
received standard chow and drinking water ad libitum. Male
C57BL/6 N mice aged 8—12 weeks were purchased from
CLEA (Tokyo, Japan) or Charles River (Kanagawa, Japan)
and Gal-9 deficient mice were from our breeding colony.

Generation of Lgals9~'~ mice

Gal-9-deficient (Lgals9~'~) mice were generated using the
CRISPR-Cas9 system. Single guide RNA (sgRNA) targeted
to the Lgals9 exon 1 was designed using CRISPRdirect [12].
Lgals9-sgRNA was synthesized using the EnGen™ sgRNA
Synthesis Kit, Streptococcus pyogenes (New England Bio-
labs Inc., MA, USA), and purified with an RNeasy Mini kit
(QIAGEN, Hilden, Germany). Alt-R™ §.p. Cas9 Nuclease
3NLS (Integrated DNA Technologies, Inc., IA, USA) was
used to form the RNP complex. The sgRNA (770 nM) and
Cas9 proteins (385 nM) were mixed in 10 mM Tris—HCI
(pH 7.4) and incubated for 10 min at room temperature. The
resulting RNP complex was mixed with 1 uM SCR7 pyra-
zine (Sigma—Aldrich, St Louis, MO, USA) and centrifuged
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Fig.1 Experimental protocols. a Wild-type and knockout mice were
injected intraperitoneally (i.p.) with LPS (5 mg/kg). The fluid resusci-
tation group received fluid resuscitation (50 mL/kg saline subcutane-
ously [s.c.]) at 4 and 18 h. b In the warming experiment, the ambient
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at 20,000g for 5 min at room temperature. The injection
mixture was then passed through Millipore Centrifugal Filter
units (UFC30LG25, Millipore, MA, USA). The final injec-
tion mixture was injected into the pronuclei of one-cell stage
zygotes (C57BL/6 N background). No mice were crossed
with wild-type (WT) C57BL/6 N mice and intercrossed to
obtain homogenous mutant mice. The mutation was detected
by PCR and sequencing (Supplementary Figure S1). The
sequences of primers used in this study are shown in Sup-
plementary Table S1. Gal-9-deficiency was confirmed by
a mouse Gal-9 ELISA kit (MyBioSource, San Diego, CA,
USA).

Experimental protocol

Mice were injected intraperitoneally (i.p.) with LPS
(0-55:B5, Sigma—Aldrich) (5 mg/kg) and sacrificed at 4 or
24 h. The fluid resuscitation group received fluid resuscita-
tion (50 mL/kg saline subcutaneously [s.c.]) at 4 and 18 h
after LPS administration [13] (Fig. 1a). Deep body temper-
ature was measured immediately by a rectal thermometer
after anesthesia with sevoflurane at the indicated intervals.
Separately prepared mice were used for the renal blood flow
(RBF), cytokine, and vascular permeability experiments.
In the warming experiment, the entire metabolic cage was
heated using a heating table to maintain the ambient tem-
perature at 30 °C while maintaining humidity for 1 h prior
to LPS administration (Fig. 1b). To induce hypothermia, we
used adenosine triphosphate (ATP), which when converted
into adenosine, signals through adenosine receptors in the
hypothalamus to induce hypothermia [14, 15]. Mice were
injected i.p. with ATP (500 mg/kg; Sigma-Aldrich) and
their deep body temperature was measured at the indicated
intervals.
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temperature was maintained at 30 °C by heating the entire metabolic
cage 1 h before LPS administration. Wild-type and knockout mice
were injected i.p. with LPS (5 mg/kg) and fluid resuscitation s.c.
(50 mL/kg) at 4 and 18 h. LPS lipopolysaccharide
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Urine collection and tissue preparation

Mice were acclimated in metabolic cages for 24 h prior to
urine collection. Urine volume was measured by weight
(1 g/mL). In the heating experiment, a small amount of oil
was added to the collection bottle to prevent evaporation of
the urine. For analysis, animals were euthanized after LPS
administration, and then blood, kidney, and spleen samples
were collected. Kidney tissues were fixed in neutral for-
malin solution, thinly sliced, and stained with hematoxylin
and eosin for histological evaluation.

Renal function, Gal-9, and cytokine measurements

Blood urea nitrogen (BUN) and creatinine (Cr) in sam-
ples were measured using commercial assay kits (LabAs-
say Creatinine [Wako, Osaka, Japan] and DetectX Urea
Nitrogen Colorimetric Detection Kit [Arbor Assays, Ann
Arbor, MI, USA)). Creatinine clearance (CCr, pl/min) was
calculated using the following formula: plasma Cr (mg/
dl) X urine volume (ul/day)/urine Cr (mg/dl) x 1440. Gal-9,
tumor necrosis factor-o. (TNF-a), and interleukin-6 (IL-6)
in plasma were measured using commercially available
assay kits (Mouse Galectin-9 ELISA Kit [MyBioSource]
and Mouse TNF-alpha and Mouse IL-6 ELISA Kits [Pro-
teintech, Chicago, IL, USA]) according to the manufac-
turer’s instructions. All samples were measured in dupli-
cate and appropriately diluted for accurate measurements
within a standard curve.

Vascular permeability study

Vascular permeability was evaluated 6 h after LPS admin-
istration. Mice were injected intravenously with Evans
blue (2%, 4 mL/kg; Sigma-Aldrich) 1 h before evalua-
tion. Then, 6 h after LPS administration, 3 mL of saline
was injected into the abdominal cavity, and ascites samples
were collected after gently rubbing the abdomen [16]. The
absorbance of the formamide extract contained in the sam-
ples was measured with a spectrophotometer (SH-9000;
Corona, Ibaraki, Japan). :

Measurement of RBF

Renal artery diameter and arterial velocity were measured
using ultrasonography and a pulsed Doppler (LOGIQ e,
G.E. Health Care, Chicago, IL, USA) to determine the
RBF [17-19]. RBF was calculated using the following
equation: RBF == (0.5 X renal artery diameter)® X (time-
averaged flow velocity of the renal artery).

After anesthetizing mice with 1-2% sevoflurane, a tar-
get heart rate of 400450 (beats per minute) was measured
on a 37 °C heating table to minimize data variability.

Real-time PCR

Collected kidneys were soaked overnight in RNA later, RNA
was extracted using ISOGEN (Nippon Gene, Tokyo, Japan),
and complementary DNA was prepared using ReverTra
Ace® (Toyobo, Osaka, Japan). The mRNA levels of 188
rRNA, neutrophil gelatinase-associated lipocalin (NGAL; a
renal tubular damage marker), and Gal-9 were determined
using ABI Step One Plus Real-Time PCR System with a
Power SYBR® Green PCR Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA). The primer sequences
(forward and reverse) used in this study are shown in Sup-
plementary Table S2. The mRNA level of each gene was
normalized to the level of 18S rRNA. Relative mRNA con-
centrations were determined using the 2744 method, and
the AACt value was calculated using data from control mice.

Statistical analysis

Results are expressed as the mean and standard error of the
mean (SEM). Statistical significance was assessed using
one-way analysis of variance (ANOVA) following the Tuk-
ey's multiple comparison test for comparisons among more
than three groups. Two-way ANOVA with Tukey’s multiple
comparisons was used to compare groups with two factors,
i.e., Gal-9 and fluid resuscitation, and renal parameters at
24 h after LPS (Fig. 4), or RBF and body temperature at
each time point after LPS. (Fig. 5, Supplementary Figure
S3a). The relationship between RBF and body temperature
at each time point was examined using linear regression.
The means of two groups were compared using the Student’s
t test. All values were normally distributed in the normal
control group, whereas skewing was observed for oliguric
groups. All statistical analyses were performed using Graph-
Pad Prism 5 (GraphPad Software Inc., La Jolla, CA, USA)
with p values < 0.05 considered statistically significant.

Results

Rapid elevation of systemic and local Gal-9 after LPS
administration

Figure 2 shows the change in Gal-9 levels at 4 or 24 h after
saline or LPS administration in WT mice. LPS administra-
tion increased the Gal-9 levels in plasma and Gal-9 mRNA
expressioh levels in the kidney and spleen, both of which
were significantly elevated at 4 h compared with 24 h. These
results suggested that LPS treatment increased plasma Gal-9
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Fig.2 LPS induces the early elevation of systemic and local Gal-9.
Change in Gal-9 in C57BL/6 N mice 4 or 24 h after saline or LPS
administration (n=3-5): a Gal-9 levels in plasma, b Gal-9 mRNA

levels systemically as well as local Gal-9 levels in the kidney
and spleen.

Gal-9 deficiency does not exacerbate systemic
proinflammatory cytokines or vascular permeability
after LPS administration

Next, we investigated the effect of Gal-9 on LPS-induced
systemic effects. Serum levels of Gal-9 were below the
detection limit (< 7.8 pg/mL) in Gal-9-KO mice. We meas-
ured inflammatory cytokines in WT and Gal-9-KO mice
after LPS administration. Plasma TNF-«a levels at 1 h after
LPS administration were increased; however, there was no
significant difference in TNF-u levels between the groups
(Fig. 3a). Plasma IL-6 levels were increased at 4 h after
LPS administration compared with the saline injection group
(mean (SEM) 986 (60) pg/mL); however, there was no sig-
nificant difference in IL-6 levels between the groups (mean
(SEM): WT+LPS; 11,280 (2534) pg/mL vs KO+LPS;
15,690 (2478) pg/mL, 95%CI: — 13,520 to 4700, p=0.27).
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Fig.3 Gal-9 deficiency does not exacerbate systemic inflammation
after LPS administration. a Plasma TNF-« at 1 h after LPS admin-
istration (n=2—-4). b Leakage of Evans blue into ascites at 6 h after
LPS administration (n=3-5). Data show the mean+SEM (p <0.05).
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levels in kidneys, and ¢ Gal-9 mRNA in spleens. Data show the
mean +SEM (P <0.05). #*p<0.05 versus saline group; #p<0.05 ver-
sus LPS 24-h group. LPS lipopolysaccharide, Gal-9 galectin-9

Time points for the measurement of these cytokines were
based on a previous report [20]. The values of these
cytokines are known to be almost normalized at 24 h after
LPS administration.

Next, we assessed vascular permeability in WT and Gal-
9-KO mice after LPS administration. LPS increased the
leakage of Evans blue into ascites, but there was no sig-
nificant difference in leakage between the groups (Fig. 3b).

Gal-9 deficient induces AKI after LPS administration

Previous studies have shown that LPS reduced urine output
and the glomerular filtration rate (GFR) [21]; therefore, we
investigated the effect of Gal-9 on LPS-induced AKIL. At
the early time point of 4 h after LPS administration, renal
parameters (urine volume, CCr, BUN, and NGAL) were
not significantly different between the WT and Gal-9-KO
mice. WT mice had increased urine volume, improved
CCr, and decreased BUN in response to fluid resuscitation
at 24 h after LPS administration. In the KO group, fluid
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*p <0.05 versus WT saline group. Gal-9 galectin-9, LPS lipopolysac-
charide, WT C57BL/6 N mice, KO galectin-9 knockout mice, TNF-a
tumor necrosis factor-o
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Fig.4 Gal-9 deficiency exacerbates renal injury after LPS adminis-
tration. Changes in renal parameters with and without fluid resuscita-
tion after LPS administration (n=5-6). a Urine volume at 4 h and
between 4 and 24 h. b CCr, ¢ BUN, and d NGAL mRNA in kidneys
(n=>5-6). Renal parameters (urine volume, CCr, BUN, NGAL) were
not significantly different between WT and KO groups at 4 h after
LPS administration. e RBF data were obtained 24 h after LPS admin-

resuscitation did not increase urine volume or CCr at 24 h,
although BUN was decreased (Fig. 4a—c). NGAL mRNA
expression after LPS administration was increased in the
KO group compared with the WT group at 24 h, regard-
less of whether fluid resuscitation was performed (Fig. 4d).
There was no remarkable histological change in the kidneys
after LPS administration to WT or KO mice (Supplementary
Figure S2).

RBF was decreased and was lowest at 12 h after LPS
administration in both groups. It did not change significantly
with fluid resuscitation in the WT group. However, RBF in
the KO group was lower than that in the WT group, and it
improved with fluid resuscitation at 24 h after LPS (Fig. 4e,
Supplementary Figure S3a).

Gal-9 deficiency exacerbates LPS-induced
hypothermia

Because LPS affects body temperature [22, 23], we
examined the body temperature in both groups after the

istration and were obtained from a separate mouse set (n=7-8).
Data show the mean +SEM (p <0.05). *p <0.05 versus WT groups;
#p < 0.05 versus without fluid groups. Gal-9 galectin-9, LPS lipopoly-
saccharide, WT C57BL/6 N mice, KO galectin-9 knockout mice, CCr
creatinine clearance, BUN blood urea nitrogen, NGAL neutrophil
gelatinase-associated lipocalin; RBF, renal blood flow

administration of LPS. The body temperature of mice began
to decrease at around 6 h after LPS administration in both
groups and reached the lowest temperature at 12 h. The KO
group had markedly lower body temperatures than the WT
group at 12 h after LPS administration, which persisted even
after 24 h (Fig. 5).

Recovery of fluid responsiveness in Gal-9-KO mice
by maintaining body temperature

The correlation between RBF and body temperature was
examined because RBF and body temperature were mark-
edly decreased at 12 h after LPS administration and they
followed a similar time course. There was a positive cor-
relation between body temperature and RBF at each time
point examined after LPS administration (Supplementary
Figure S3b-d).

Gal-9 had no effect on AKI in the early phase because
there was no significant difference in the renal parameters in
WT and Gal-9-KO groups within 6 h. However, Gal-9-KO
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Fig.5 Gal-9 deficiency induces marked hypothermia after LPS
administration. Changes in body temperature over time after LPS
administration (n=7-8). Data show the mean+SEM (p<0.05).
*p<0.05 versus WT groups. Gal-9 galectin-9, LPS lipopolysaccha-
ride, WT C57BL/6 N mice, KO galectin-9 knockout mice, f— without
fluid resuscitation, f+ with fluid resuscitation

mice had significantly lower body temperature and RBF
thereafter. Thus, we tested whether maintaining body tem-
perature after LPS administration would improve AKI
When the ambient temperature was maintained at 30 °C,
the body temperature of Gal-9 KO mice was similar to that
of WT mice (Fig. 6a), and the response to fluid resuscitation
was restored in Gal-9 KO mice after LPS administration
(Fig. 6b).

Adenosine and its phosphates, such as ATP, induce hypo-
thermia in the thermoregulatory center. Thus, we investi-
gated whether Gal-9 was involved in this pathway. ATP-
induced hypothermia in Gal-9-KO mice within 30 min after
ATP administration, but there was no significant difference
compared with control mice (Supplementary Figure S4).

- WT
-+ KO

Body temperature (A°C)

0 6 12 18 24
Time (hours)

Fig.6 Recovery of fluid responsiveness in Gal-9-KO mice by main-
taining body temperature after LPS administration. a Body tempera-
ture between WT and KO groups by setting the ambient temperature
to 30 °C. There was no significant difference in body temperature
between the two groups. b Urine volume between WT and KO
groups with fluid resuscitation after LPS administration when setting
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Discussion

We investigated whether Gal-9 has a protective role in the
pathogenesis of endotoxemic AKI. We found early systemic
and local Gal-9 levels were increased after LPS adminis-
tration. Gal-9-KO mice showed poor fluid responsiveness
and had a significantly lower body temperature after LPS
administration, although there was no significant differ-
ence in TNF-u levels or vascular permeability compared
with controls. In addition, preventing the decrease in body
temperature in Gal-9-KO mice after LPS administration
improved their fluid sensitivity. Taken together, these data
indicate that Gal-9 deficiency exacerbate LPS-induced hypo-
thermia and renal injury.

In sepsis models, especially those involving LPS, plasma
TNF-«a levels increase early and then are reduced rapidly;
however, the systemic response continued even when the
cytokine storm ended at an early time point [24]. TNF-a
acts on endothelial cells, which function as a barrier between
tissues, to increase vascular permeability and it is also a
mediator of LPS-induced AKI [25, 26]. Previous studies
showed that plasma TNF-o was suppressed or unchanged
by Gal-9 in sepsis models [9, 10]. Although we found that
LPS increased plasma TNF-a levels and vascular permeabil-
ity, there was no statistically significant difference between
the two groups, suggesting Gal-9 may not be involved in the
early cytokine storm induced by TNF-a.

Although fever is generally observed in patients with
sepsis, it was reported that patients with hypothermia often
have a worse general condition and AKI than those with-
out hypothermia [5]. Mice experienced a peak decrease in
body temperature at 8—11 h after LPS administration [23],
and there was a correlation between body temperature and
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the ambient temperature to 30 °C (n=11-13). Urine volume between
4 and 24 h was increased by fluid resuscitation in both groups when
setting the ambient temperature to 30 °C. Data show the mean + SEM
(p<0.05). Gal-9 galectin-9, LPS lipopolysaccharide, WI' C57BL/6 N
mice, KO knockout



Clinical and Experimental Nephrology

RBF; the lower the body temperature, the lower the RBF
[23]. In addition, LPS decreased urine volume and GFR,
whereas fluid infusion ameliorated the reduction in RBF,
GFR, and urine volume [21, 27]. However, Gal-9 defi-
ciency had no effect on urine volume with fluid resus-
citation after LPS administration, although RBF was
improved. LPS-induced filtrate leakage from the tubules
to the interstitium is also involved in AKI [13]. Thus,
increased RBF and a potential increase in GFR might
not result in increased urine volume in Gal-9-KO mice.
Although Gal-9 was increased in the kidneys, renal Gal-9
is unlikely to directly contribute to the decrease in RBF
and it is unclear whether it contributes to AKI pathophysi-
ology in the current study.

We did not determine how Gal-9 deficiency exacerbated
the LPS-induced hypothermia. Abnormal body temperature
occurs during sepsis, and body temperature is controlled by
the hypothalamic thermoregulatory center. Regarding the
mechanism of fever, inflammatory cytokines (TNF-a, IL-6)
produced during sepsis act on the hypothalamus to induce
fever via prostaglandin E2 [22]. However, ATP induces
hypothermia after its conversion to adenosine diphosphate,
adenosine monophosphate, and adenosine, which act on
adenosine receptors in the hypothalamus [14, 15]. Further-
more, the extracellular concentration of ATP and that in the
blood was elevated in sepsis models [28, 29]. However, the
present results demonstrated no difference in ATP-induced
hypothermia in the Gal-9-KO groups compared with con-
trols. Therefore, Gal-9 may not be involved in the adenosine
receptor-mediated thermoregulation mechanism in response
to LPS-induced hypothermia but may be involved in other
pathways via the thermoregulatory center.

There are several methods (direct and indirect) to evalu-
ate RBF in mice [30-32], including the use of an ultrasound
device [17-19]; however, their results are generally difficult
to evaluate. In the present study, the data of RBF at 0 h were
comparable between all groups; therefore, we could evaluate
each group relative to each other.

We did not measure the systemic blood pressure in the
present study and, therefore, cannot eliminate the possibility
that Gal-9 contributes to it. LPS at the dosage used in this
study decreased the blood pressure at about 10 h [21], which
was the time point where RBF was reduced. However, we
did not obtain data that could be used to investigate the time
course association between blood pressure, RBF, and body
temperature.

Conclusion

We demonstrated that Gal-9 has an important role in LPS-
induced hypothermia and AKIL

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/510157-021-02152-2.
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