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Dexmedetomidine Might Exacerbate Acute Kidney Injury,

While Midazolam Might Have a Postconditioning Effect:

A Rat Model of Lipopolysaccharide-Induced Acute Kidney Injury
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Background: The preconditioning effects of dexmedetomidine and propofol on septic acute kidney in-

jury (AKI) have been reported, but the postconditioning effects remain unknown. This study investi-

gated the postconditioning effects of dexmedetomidine, midazolam, and propofol on septic AKI.

Methods: Forty-eight male Wistar rats were intraperitoneally administered lipopolysaccharide (LPS; 8.3

mg kg－1) or normal saline. Twenty-four hours later, rats were allocated to specific anesthetic groups (n=

6 each) and exposed for 6 h, as follows: C, control (no anesthetic); D, dexmedetomidine (5 μg kg－1 h－1);

M, midazolam (0.6 mg kg－1 h－1); or P, propofol (10 mg kg－1 h－1). Serum creatinine (Cr) and cystatin C

(CysC) were measured at the end of anesthesia. Western blot and immunofluorescent analyses of kid-

ney samples were performed.

Results: Among LPS-treated groups, D group showed worsened renal dysfunction (L-C vs L-D: Cr, P=

0.002, effect size (η2)=0.83; CysC, P=0.004, η2=0.71), whereas M group showed improved renal function

(L-C vs L-M: Cr, P=0.009, η2=0.55). In immunofluorescent analysis of renal tubules, D group showed in-

creased expression of nuclear factor κB (NFκΒ) (L-C vs L-D: NFκΒ, P=0.002, η2=0.75; phospho-NFκΒ, P=

0.018, η2=0.66) and inhibitor of κ light polypeptide gene enhancer in B-cell kinase β (IKKβ) (L-C vs L-D:

IKKβ, P=0.002, η2=0.59; phospho-IKKα/β, P=0.004, η2=0.59), whereas M group showed decreased NFκB

expression (L-C vs L-M: NFκB, P=0.003, η2=0.55; phospho-NFκB, P=0.013, η2=0.46).

Conclusions: Dexmedetomidine administration might worsen septic AKI, while midazolam might pre-

serve kidney function via the NFκΒ pathway. (J Nippon Med Sch 2023; 90: 387―397)
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Introduction

Sepsis is a leading cause of death worldwide, with a 20%

mortality rate among hospitalized adults1. Sepsis ac-

counts for 40-50% of all cases of acute kidney injury

(AKI), increasing the mortality rate to 60%2,3. Septic AKI

can cause shock status, systemic inflammatory response

syndrome, and local organ injury such as inflammation

and damage to renal tubules. Important elements in AKI

pathology include the induction of both inflammation

and an excessive immune response, microcirculatory dis-

turbances, and cell death including necrosis and apopto-

sis/mitochondrial damage, which can lead to major or-

gan damage (including the kidneys) through the toll-like

receptor 4/nuclear factor κB (NFκB) activation pathway.

NFκB is widely known as a regulator in the acute phase

of inflammatory reactions such as sepsis4.

Dexmedetomidine, midazolam, and propofol are

widely used intravenous anesthetics in intensive care and

perioperative settings, but the appropriate sedation and

dosage must be considered with care, as some agents

and dosages can exacerbate severe hypotension and mi-

crocirculatory disturbances caused by sepsis. In the

lipopolysaccharide (LPS)-induced model of sepsis, the

common intravenous anesthetic agents dexmede-

Correspondence to Akiko Hata, Department of Anesthesiology and Pain Medicine, Graduate School of Medicine, Nippon Medi-

cal School, 1―1―5 Sendagi, Bunkyo-ku, Tokyo 113―8602, Japan

E-mail: s11-113wa@nms.ac.jp

https://doi.org/10.1272/jnms.JNMS.2023_90-406

Journal Website (https://www.nms.ac.jp/sh/jnms/)



A. Hata, et al

388 J Nippon Med Sch 2023; 90 (5)

tomidine5―12 and propofol13 inhibit activation of the NFκB

pathway and decrease oxidative stress reactions or pro-

duction of tumor necrosis factor-α (TNFα). Those previ-

ous reports involved animal research in which the anes-

thetic agents were administered before the onset of sep-

sis, thus representing preconditioning effects. The post-

conditioning effects of anesthetics after the establishment

of septic AKI are still unclear, even though this clinical

situation is much more common.

The present study aimed to investigate and compare

the postconditioning effects of dexmedetomidine, mida-

zolam, and propofol in a rat model of septic AKI, focus-

ing on the NFκB activation pathway.

Materials and Methods

Ethics Statement

All protocols for animal experiments were approved

by the Animal Research Committee at Nippon Medical

School (approval no. 2020-028; approval date: 01 April

2020). All experimental protocols were performed in ac-

cordance with the ARRIVE guidelines14.

Animal Welfare and LPS Administration

A total of 57 male Kwl:Wistar rats (mean±standard de-

viation body weight, 295±9.7 g; age, 9 weeks; Tokyo

Laboratory Animals Science Co., Tokyo, Japan) were kept

in cages at 26°C and 40-70% humidity under a 12-h:12-h

light:dark cycle in a specific pathogen-free facility, with

ad libitum access to food and water. Rats were randomly

assigned to eight groups: control (C); dexmedetomidine

(D); midazolam (M); propofol (P); LPS-treated control (L-

C); LPS-treated dexmedetomidine (L-D); LPS-treated mi-

dazolam (L-M); or LPS-treated propofol (L-P). LPS-

treated groups received intraperitoneal injection of LPS O

55 (8.3 mg kg－1; FUJIFILM Wako Pure Chemical Corpora-

tion, Tokyo, Japan) dissolved in 1 mL of normal saline.

Groups that did not receive LPS were administered 1 mL

of normal saline intraperitoneally. After injection, rats

had ad libitum access to food and water for 24 h, during

which time the AKI should have become established15.

Examiners were not blinded to group allocation during

subsequent experiments. Nine rats that died within 24 h

after LPS administration were excluded. The remaining

48 rats were included in this study (n=6 per group).

Anesthesia, Analgesia, and Euthanasia Protocol

An intravenous line was secured from the tail vein in

each rat, and maintenance fluid (normal saline, 1 mL h－1)

was administered with each anesthetic for 6 h, with or

without prior LPS injection: C, no anesthesia; D,

dexmedetomidine at 5 μg kg－1 h－1; M, midazolam at 0.6

mg kg－1 h－1; and P, propofol at 10 mg kg－1 h－1 (n=6). The

dose of each anesthetic was determined according to re-

sults from previous reports using rats16―19.

Sedation depth was assessed using the Rat Grimace

Scale without stimulation every hour20. At the end of an-

esthesia, noninvasive blood pressure and heart rate were

measured at the tail. Blood and kidney samples were col-

lected under anesthesia with 5% sevoflurane, after which

the rats were killed by exsanguination.

Measurement of Serum Creatinine (Cr) and Cystatin

C (CysC)

Serum levels of Cr were measured using the enzymatic

method, and serum levels of CysC were measured by

enzyme-linked immunosorbent assay in accordance with

the protocol of the manufacturer (Oriental Yeast Co., To-

kyo, Japan). Detailed information on these methods is

provided in the Supplementary material (https://doi.or

g/10.1272/jnms.JNMS.2023_90-406).

Western Blot Analysis

Protein was extracted from kidney samples using cell

lysis buffer (Cell Signaling Technology, Danvers, MA,

USA) and quantified by the Bradford method using Soft-

Max Pro/SpectraMax (Molecular Devices, San Jose, CA,

USA). Forty micrograms of protein sample was loaded

onto a 10% Mini-PROTEAN TGX precast gel (Bio-Rad,

Hercules, CA, USA) for electrophoresis. After electropho-

resis, protein samples were transferred to a polyvinylid-

ene difluoride membrane using the TransBlot Turbo Tran-

scription System (Bio-Rad). Membranes were blocked

with 5% enhanced chemiluminescence (ECL) prime

blocking reagent (GE Healthcare, Chicago, IL, USA) in

Tris-buffered saline containing Tween (Bio-Rad) for 30

min at room temperature, and incubated overnight at

4°C with each primary antibody, namely, anti-phospho-

NFκΒ (pNFκB); anti-NFκΒ; anti-phospho inhibitor of κ
light polypeptide gene enhancer in B-cells kinase α/β
(pIKKα/β), anti-IKKβ; anti-TNF receptor-associated fac-

tor 6 (TRAF6) primary antibody (1:1,000; Cell Signaling

Technology). This was followed by incubation with

horseradish peroxidase-conjugated secondary antibody

(1:2,000; Cell Signaling Technology) for 1 h at room tem-

perature. GAPDH was selected as an endogenous control

(Cell Signaling Technology). Detailed antibody informa-

tion is listed in the Supplementary material. Protein

bands were visualized using ECL prime Western Blotting

detection reagent (GE Healthcare) and ChemiDoc Touch

(Bio-Rad). Optical density was normalized relative to the

GAPDH used as a loading standard, and the target pro-

tein expression/GAPDH ratio was calculated relative to



Renal Effects of Anesthetics in Sepsis

J Nippon Med Sch 2023; 90 (5) 389

the average ratio of the control group of all membranes.

The intensity of protein expression was assessed using

ImageJ version 1.46 software (National Institutes of

Health [NIH], Bethesda, MD, USA). Quantification of im-

age data was performed in a blinded manner.

Immunofluorescent Analysis

Kidney samples were stored in 4% paraformaldehyde,

which was then replaced with 40% sucrose solution.

Samples were coated with optical cutting temperature

compound (Sakura Finetek Japan Co., Tokyo, Japan) and

cryo-sectioned at a thickness of 6 μm (Cryostat; Sakura

Finetek Japan Co.). Slices were blocked using 5% donkey

serum (Sigma-Aldrich, St. Louis, MO, USA) and incu-

bated with each primary antibody (anti-NFκΒ, anti-

pNFκΒ, anti-pIKKα/β (1:500; Cell Signaling Technology)

or anti-IKKβ (Novus Biologicals, Centennial, CO, USA))

overnight at room temperature. Incubation with each sec-

ondary antibody (Alexa 488, 1:500; Abcam, Cambridge,

UK and Alexa 568, 1:500; Invitrogen, Waltham, MA,

USA) was then performed for 1 h at room temperature.

Multiple immunostaining was performed to observe the

expression of different antigens in the same sample21. Nu-

clear staining was performed using Vectashield mounting

medium containing 4 ’, 6-diamidino-2-phenylindole

(DAPI) (Merck-Millipore, Darmstadt, Germany). Cells

were observed using a BX53/DP74 wide-field fluores-

cence microscope (Olympus, Tokyo, Japan). A fixed expo-

sure time of 300 msec was used for red pNFκB and red

pIKKα/β, 300 msec for green NFκB, and 400 msec for

green IKKβ. The black balance was adjusted to compen-

sate for the background. Images were analyzed and

quantified using ImageJ version 1.46 software (NIH) and

were processed with 50 pixels for blue fluorescent and

450 pixels for red and green fluorescent. The processed

images were cropped with each glomerulus and tubule

as the region of interest, and target intensity per cell was

calculated by dividing total intensity by the number of

nucleated cells to obtain target intensity per cell. Three

regions were obtained for each sample, and the average

value was calculated. Quantification of image data was

performed in a blinded manner. Detailed information on

these processes is provided in the Supplementary mate-

rial.

Statistical Analysis

To show a 30% change with 80% power at a 5% sig-

nificance level, a group size of n=6 was needed. Numeri-

cal data are shown as mean and standard deviation, and

on dot plots. One-way analysis of variance with post-hoc

Tukey-Kramer testing was applied for comparisons. A P

value of <0.05 was considered to indicate statistical sig-

nificance. Data were analyzed using GraphPad Prism

version 5 (GraphPad Software, San Diego, CA, USA).

Results

Anesthetic and LPS Administration Caused No Sig-

nificant Changes in Vital Signs

All rats survived the anesthesia protocol (n=48). No

significant differences in body weight were found be-

tween groups. Control groups showed no difference in

the degree of sedation with or without LPS administra-

tion (C vs L-C: 2.55±0.89 vs 3.56±0.83, P=0.262) (Fig. 1A).

On the other hand, as compared with the C group, a sig-

nificant difference in sedation depth was identified in all

anesthesia groups with or without LPS administration (C

vs D vs M vs P vs L-D vs L-M vs L-P: 2.55±0.89 vs 3.95±

0.49 vs 4.00±0.76 vs 4.59±0.43 vs 3.90±0.74 vs 4.03±0.56

vs 4.61±0.41, P=0.035 (C vs D), P=0.026 (C vs M), P<0.001

(C vs P), P=0.046 (C vs L-D), P=0.021 (C vs L-M), P<

0.001 (C vs L-P)) (Fig. 1A). All rats in anesthesia groups

were kept under moderate sedation (Rat Grimace Scale,

3-5) and showed no significant differences (Fig. 1A). Vital

signs did not differ between anesthetics with or without

LPS administration, as compared with the C group (Fig.

1B～1E).

Dexmedetomidine Administration Exacerbated Septic

AKI while Midazolam Had Renoprotective Effects

Renal parameter analysis showed that LPS administra-

tion itself exacerbated renal dysfunction (serum Cr: C vs

L-C, 0.26±0.02 mg dL－1 vs 0.32±0.02 mg dL－1, P=0.005; se-

rum CysC: 1.58±0.20 μg mL－1 vs 1.97±0.22 μg mL－1, P=

0.007). Among the combinations of anesthetic agents and

LPS administration, dexmedetomidine administration

worsened renal dysfunction (serum Cr: L-C vs L-D, 0.32±

0.02 mg dL－1 vs 0.39±0.03 mg dL－1, P=0.002; serum CysC:

1.97±0.22 μg mL－1 vs 2.55±0.22 μg mL－1, P=0.004)

whereas no significant difference was detected with pro-

pofol administration (serum Cr: L-C vs L-P, 0.30±0.02 mg

dL－1 vs 0.30±0.02 mg dL－1, P=0.887; serum CysC: 2.08±

0.18 μg mL－1 vs 1.98±0.18 μg mL－1, P=0.842). Midazolam

administration alleviated renal dysfunction in terms of

serum Cr but not in terms of CysC (serum Cr: L-C vs L-

M, 0.31±0.03 mg dL－1 vs 0.26±0.03 mg dL－1, P=0.009;

CysC: L-C vs L-M: 1.98±0.24 μg mL－1 vs 1.90±0.13 μg

mL－1, P=0.893) (Fig. 2).

Western Blot Analysis Showed No Significant

Changes in the NFκB Pathway

Western blot analysis showed no significant differences

among anesthetics with or without LPS administration
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Fig. 1 Sedation depth and vital signs during anesthesia for 6 h with/without LPS administration. A)
Mean Rat Grimace Scale score assessed every hour during anesthesia. B) Mean systolic blood 

pressure measured from the tail vein at the end of anesthesia (mm Hg). C) Mean diastolic blood 

pressure at the end of anesthesia (mm Hg). D) Mean blood pressure at the end of anesthesia (mm 

Hg). E) Mean heart rate measured from the tail vein at the end of anesthesia (beats min–1). C, con-

trol; D, dexmedetomidine; M, midazolam; P, propofol; L, lipopolysaccharide (LPS) administra-

tion; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; HR, 

heart rate. n=6 per group, one-way analysis of variance with post-hoc Tukey-Kramer test, P<0.05, 

# compared with the C group.

for pNFκB, NFκB, pIKKα/β, IKKβ, or TRAF6 (Fig. 3).

Since these results may not reflect localized protein ex-

pression involved in pathogenesis, we used im-

munostaining of renal tissue to compare differences in

expression.

LPS Administration Itself Stimulated NFκB Activa-

tion in Renal Tubules and Glomeruli

To clarify micropathological changes in septic AKI, im-

munofluorescent analysis of kidney samples was per-

formed (Fig. 4, 5; Supplementary Fig. 1: https://doi.or

g/10.1272/jnms.JNMS.2023_90-406). LPS administration

increased NFκB activation in renal tubules (C vs L-C:

pNFκB, 1.00±0.24 vs 1.64±0.32, P=0.013; NFκB, 1.00 ±0.34

vs 1.84±0.33, P=0.018) (Fig. 4B, 4C) without any signifi-

cant change in IKKβ activation (C vs L-C: pIKKα/β, 1.00

±0.29 vs 1.24±0.37, P=0.837; IKKβ: 1.00±0.40 vs 1.32±0.48,

P=0.633) (Fig. 4E, 4F). LPS administration also promoted

NFκB activation in renal glomeruli (C vs L-C: pNFκB,

1.00±0.54 vs 1.70±0.33, P=0.042; NFκB, 1.00±0.40 vs 2.45±

0.65, P=0.016) (Fig. 5B, 5C) without any significant

change in IKKβ activation in renal glomeruli (C vs L-C:

pIKKα/β, 1.00±0.52 vs 0.78±0.39, P=0.877; IKKβ, 1.00±

0.98 vs 1.23±0.50, P=0.954) (Fig. 5E, 5F).
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Fig. 2 Renal parameter changes after anesthesia for 6 h 

with/without LPS administration. A) Values of se-

rum creatinine measured by enzyme method (mg 

dL–1). B) Values of serum cystatin C measured by 

enzyme-linked immunosorbent assay (μg dL–1). C, 

control; D, dexmedetomidine; M, midazolam; P, 

propofol; L, lipopolysaccharide (LPS) administra-

tion; Cr, serum creatinine; CysC, serum cystatin C. 

n=6 per group, one-way analysis of variance with 

post-hoc Tukey-Kramer test, P<0.05, # compared 

with the C group, * compared with the L-C group.

Dexmedetomidine Administration Stimulated, and

Midazolam Suppressed, NFκB and IKKβ Activation in

Renal Tubules of Septic AKI Rats

In renal tubules, significant differences between D and

L-D groups were identified in the expressions of pNFκB,

NFκB, and IKKβ, but no such differences were seen be-

tween the M and L-M groups or between the P and L-P

groups.

Among LPS-treated groups, the L-D group showed the

greatest increase in expressions of pNFκB and NFκB in

tubules, while the L-M group showed lower expressions

than did the L-C and L-D groups. Expressions of

pIKKα/β and IKKβ were higher in the L-D group than

in the L-C group. The L-M group showed lower expres-

sions of pIKKα/β and IKKβ than the L-D group, with no

significant differences as compared with the L-C group

(Table 1A, Fig. 4).

Only Dexmedetomidine Administration Promoted

NFκB Activation in Renal Glomeruli of Septic AKI

Rats

In glomeruli, significant differences in protein expres-

sion in relation to LPS administration in anesthetic

groups were found for pNFκB and NFκB with dexmede-

tomidine and for NFκB with propofol but not with mida-

zolam.

In a comparison of anesthetic agents, only the L-D

group showed greater expression of pNFκB than the L-C

group. The L-M group had lower expression of pNFκB

and NFκB than the L-D group, with no significant differ-

ence as compared with the L-C group. Expressions of

IKKβ showed no significant differences among LPS-

treated groups. The L-M group showed lower pIKKα/β
expression than the L-D group but not the L-C group

(Table 1B, Fig. 5).

Discussion

This study compared the renal effects of intravenous an-

esthetics administered after the onset of LPS-induced

septic AKI, focusing on the NFκB pathway. Dexmede-

tomidine administration exacerbated AKI via activation

of the NFκB pathway, while midazolam administration

alleviated AKI by suppressing activation of the NFκB

pathway in renal tubules. Propofol administration had no

obvious effect on LPS-induced AKI. This study revealed

differential renal effects of the above anesthetic agents in

vivo under identical conditions in a rat model of septic

AKI.

Previous studies reported that administering dexmede-

tomidine before LPS suppressed NFκB activation or other

factors via anti-inflammatory and antioxidant effects in

renal tissue, indicating the preconditioning effects on

AKI5―7,9―12. However, in the present study, dexmede-

tomidine administration after septic AKI establishment

exacerbated AKI and increased pIKKα/β, IKKβ, NFκB,

and pNFκB expressions in renal tubules. Some clinical

trials comparing outcomes among critically ill patients

treated with dexmedetomidine, midazolam, and propofol

found that dexmedetomidine treatment could induce ad-

verse events, including bradycardia, severe hypotension,

and cardiac arrest, possibly leading to reduced renal

blood flow22. Subclinical data suggest that dexmede-

tomidine might reduce renal medullary oxygenation as

well as renal blood flow in a dose-dependent manner in

critically ill adults in intensive care units and healthy

sheep23. Tissue hypoxia has been reported to activate IKK

and NFκB24. In this rat model experiment, dexmede-
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Fig. 3 Western blot analysis of NFκB pathway parameters after anesthesia for 6 h with/without LPS 

administration. A) Representative images of Western blotting assessment of pNFκB, NFκB, 

pIKKα/β, IKKβ, and TRAF6. B) Expression of pNFκB relative to control. C) Expression of NFκB 

relative to control. D) Expression of pIKKα/β relative to control. E) Expression of IKKβ relative 

to control. F) Expression of TRAF6 relative to control. C, control; D, dexmedetomidine; M, mid-

azolam; P, propofol; L, lipopolysaccharide (LPS) administration; PC, positive control (HeLa 

whole-cell lysate); NFκB, nuclear factor κB; pNFκB, phospho-nuclear factor κB; IKKβ, inhibitor of 

κ light polypeptide gene enhancer in B-cell kinase β; pIKKα/β, phospho-inhibitor of κ light poly-

peptide gene enhancer in B-cell kinase α/β; TRAF6, tumor necrosis factor receptor-associated 

factor 6. n=6 per group, one-way analysis of variance with post-hoc Tukey-Kramer test, P<0.05, # 

compared with C group, * compared with L-C group.

tomidine administration after onset of LPS-induced sep-

sis may have similarly caused such vasoactivity as a re-

sult of reduced renal blood flow. However, renal oxy-

genation was not measured, so further studies are

needed to clarify these issues.

In terms of midazolam administration before LPS-

induced sepsis, several subclinical investigations have

shown that midazolam could suppress NFκB pathway
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Fig.　4　Immunofluorescent analysis of protein expression in renal tubules after anesthesia for 6 h with/without LPS ad-

ministration. A) Representative immunofluorescent images of renal tubules targeting pNFκB and NFκB. B) Im-

munofluorescent intensity analysis of pNFκB in renal tubules (relative to control). C) Immunofluorescent inten-

sity analysis of NFκB in renal tubules (relative to control). D) Representative immunofluorescent images of renal 

tubules targeting pIKKα/β and IKKβ. E) Immunofluorescent intensity analysis of pIKKα/β in renal tubules (rel-

ative to control). F) Immunofluorescent intensity analysis of IKKβ in renal tubules (relative to control). C, con-

trol; D, dexmedetomidine; M, midazolam; P, propofol; L, lipopolysaccharide (LPS) administration; NFκB, nucle-

ar factor κB; pNFκB, phospho-nuclear factor κB; IKKβ, inhibitor of κ light polypeptide gene enhancer in B-cell 

kinase β; pIKKα/β, phospho-inhibitor of κ light polypeptide gene enhancer in B-cell kinase α/β. Red: pNFκB, 

pIKKα/β; green: NFκB, IKKβ; blue: DAPI. Scale bar=100 μm, ×40 magnification, n=6 per group, one-way analy-

sis of variance with post-hoc Tukey-Kramer test, P<0.05, # compared with C group, * compared with L-C group, 

‡ compared with L-D group.
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Fig.　5　Immunofluorescent analysis of protein expression in glomeruli after anesthesia for 6 h with/without LPS ad-

ministration. A) Representative immunofluorescent images of renal glomeruli targeting pNFκB and NFκB. B) 

Immunofluorescent intensity analysis of pNFκB in renal glomeruli (relative to control). C) Immunofluorescent 

intensity analysis of NFκB in renal glomeruli (relative to control). D) Representative immunofluorescent images 

of renal glomeruli targeting pIKKα/β and IKKβ. E) Immunofluorescent intensity analysis of pIKKα/β in renal 

glomeruli (relative to control). F) Immunofluorescent intensity analysis of IKKβ in renal glomeruli (relative to 

control). C, control; D, dexmedetomidine; M, midazolam; P, propofol; L, lipopolysaccharide (LPS) administra-

tion; NFκB, nuclear factor κB; pNFκB, phospho-nuclear factor κB; IKKβ, inhibitor of κ light polypeptide gene 

enhancer in B-cell kinase β; pIKKα/β, phospho-inhibitor of κ light polypeptide gene enhancer in B-cell kinase 

α/β. Red: pNFκB, pIKKα/β; green: NFκB, IKKβ; blue: DAPI. Scale bar=100 μm, ×40 magnification, n=6 per 

group, one-way analysis of variance with post-hoc Tukey-Kramer test, P<0.05, * compared with L-C group, ‡ 

compared with L-D group.
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Table　1　Protein expression results from immunofluorescent analysis

A. Tubules D vs L-D M vs L-M P vs L-P

pNFκB 1.53 (0.19) vs 2.38 (0.56), P=0.006* 1.37 (0.39) vs 1.00 (0.18), P=0.220 1.65 (0.31) vs 1.65 (0.27), P=1.000

NFκB 1.64 (0.42) vs 2.91 (0.50), P<0.001* 1.38 (0.36) vs 1.05 (0.11), P=0.338 1.61 (0.42) vs 1.74 (0.39), P=0.948

pIKKα/β 1.88 (0.47) vs 2.40 (0.63), P=0.091 1.09 (0.14) vs 1.24 (0.17), P=0.806 1.34 (0.60) vs 1.71 (0.68), P=0.664

IKKβ 1.74 (1.15) vs 3.39 (0.80), P=0.013* 1.38 (0.45) vs 1.47 (0.33), P=0.986 1.30 (0.29) vs 2.13 (0.94), P=0.146

L-C vs L-D L-C vs L-M L-D vs L-M

pNFκB 1.64 (0.32) vs 2.38 (0.56), P=0.018* 1.64 (0.32) vs 1.00 (0.18), P=0.013* 2.38 (0.56) vs 1.00 (0.18), P<0.001*

NFκB 1.84 (0.33) vs 2.91 (0.50), P=0.002* 1.84 (0.33) vs 1.05 (0.11), P=0.003* 2.91 (0.50) vs 1.05 (0.11), P<0.001*

pIKKα/β 1.24 (0.37) vs 2.40 (0.63), P=0.004* 1.24 (0.37) vs 1.24 (0.17), P=1.000 2.40 (0.63) vs 1.24 (0.17), P=0.001*

IKKβ 1.32 (0.48) vs 3.39 (0.80), P=0.002* 1.32 (0.48) vs 1.47 (0.33), P=0.937 3.39 (0.80) vs 1.47 (0.33), P=0.003*

B. Glomeruli D vs L-D M vs L-M P vs L-P

pNFκB 1.33 (0.14) vs 2.63 (0.40), P<0.001* 1.01 (0.25) vs 1.14 (0.38), P=0.903 1.16 (0.60) vs 1.72 (0.60), P=0.362

NFκB 1.60 (0.54) vs 5.24 (3.48), P=0.026* 1.26 (0.23) vs 1.87 (1.12), P=0.520 1.25 (0.76) vs 3.08 (1.48), P=0.023*

pIKKα/β 0.90 (0.38) vs 1.52 (0.56), P=0.092 0.66 (0.37) vs 0.79 (0.20), P=0.949 0.75 (0.30) vs 1.34 (0.59), P=0.218

IKKβ 0.75 (0.56) vs 1.37 (0.72), P=0.393 0.94 (0.63) vs 0.66 (0.50), P=0.880 0.92 (0.66) vs 0.98 (0.77), P=0.999

L-C vs L-D L-C vs L-M L-D vs L-M

pNFκB 1.70 (0.33) vs 2.63 (0.40), P=0.005* 1.70 (0.33) vs 1.14 (0.38), P=0.143 2.63 (0.40) vs 1.14 (0.38), P<0.001*

NFκB 2.45 (0.65) vs 5.24 (3.48), P=0.101 2.45 (0.65) vs 1.87 (1.12), P=0.549 5.24 (3.49) vs 1.87 (1.12), P=0.043*

pIKKα/β 0.78 (0.39) vs 1.52 (0.56), P=0.089 0.78 (0.39) vs 0.79 (0.20), P=1.000 1.52 (0.56) vs 0.79 (0.20), P=0.040*

IKKβ 1.23 (0.50) vs 1.37 (0.72), P=0.991 1.23 (0.50) vs 0.66 (0.50), P=0.548 1.37 (0.72) vs 0.66 (0.50), P=0.280

C, control; D, dexmedetomidine; M, midazolam; P, propofol; L, lipopolysaccharide administration; NFκB, nuclear factor κB; 

pNFκB, phospho-nuclear factor κB; IKKβ, inhibitor of κ light polypeptide gene enhancer in B-cell kinase β; pIKKα/β, phos-

pho-inhibitor of κ light polypeptide gene enhancer in B-cell kinase α/β. n=6 per group, one-way analysis of variance with 

post-hoc Tukey-Kramer test, *P<0.05

activation in human macrophages and reduce inflamma-

tory mediators25,26. We have confirmed that the L-M

group, which received midazolam after LPS administra-

tion, showed a significant decrease in IL-6 expression in

renal tissue compared to the L-C group (Supplementary

Fig. 2: https://doi.org/10.1272/jnms.JNMS.2023_90-406).

These results suggest that administration of midazolam

after LPS-induced sepsis may have reduced the inflam-

matory response and alleviated septic AKI via suppres-

sion of NFκB activation in renal tubules.

NFκB is a protein complex that regulates DNA tran-

scription, cytokine production, and cell survival and is

associated with inappropriate immune development, in-

cluding in sepsis27,28. Western blot analysis of randomly

sampled partial kidneys from each group revealed that

the major proteins in the NFκB pathway showed no sig-

nificant differences in expression, although IKKβ showed

signs of a slight increase in expression with the onset of

AKI. Therefore, to more precisely analyze fluctuations in

the NFκB pathway, detailed localization analysis using

fluorescence immunostaining was performed. Im-

munofluorescence staining allowed clear assessment of

the localization of proteins in the NFκB activation path-

way. As shown in Figure 4 and Supplementary Figure 1,

we believe that NFκB activation occurs at the site of the

proximal tubules. However, since specific staining of tis-

sues was not performed, further investigation of localiza-

tion is needed. Although further validation is needed to

identify the mechanisms of pathogenesis, as mentioned

above, this study remains valuable as it is the first to re-

veal postconditioning effects approximating clinical con-

ditions. In addition, the findings highlight the need for

physicians to select appropriate anesthetic agents for pa-

tients with septic AKI.

In this study, serum Cr and CysC were chosen as indi-

cators of LPS-induced AKI. Serum Cr, which is included

in the Kidney Disease: Improving Global Outcomes diag-

nostic criteria, is widely used for the diagnosis and

evaluation of AKI and its severity29 but might be overesti-

mated under conditions of a mildly reduced glomerular

filtration rate (GFR)30. Some clinical trials have shown

that serum CysC can detect AKI as much as 24 h earlier

than Cr31―33, but this value may be less reliable if GFR is

significantly reduced33. As the present study observed

early AKI after LPS administration, serum CysC was

measured simultaneously with Cr, referring to clinical tri-

als32,33. Both Cr and CysC levels were significantly ele-

vated in the L-D group. On the other hand, midazolam



A. Hata, et al

396 J Nippon Med Sch 2023; 90 (5)

significantly alleviated the increase in Cr, although CysC

showed no significant difference from the L-C group, de-

spite mean values tending to be slightly lower. One pos-

sibility is that the slight improvement in GFR in the L-M

group was not reflected in serum CysC levels for the

above reasons.

Several limitations to this study must be kept in mind.

First, the anesthetic dose and exposure time were fixed,

and the exact equipotent dose of anesthetics in rats re-

mained unclear. Dose- and time-dependent effects should

therefore be examined. Second, baseline serum Cr and

CysC values could not be obtained. Last, continuous

blood pressure monitoring could be helpful to rule out

potential hypotension during anesthesia, although all

groups were lightly sedated and there were no differ-

ences in the degree of sedation during the experiment.

In conclusion, dexmedetomidine administration before

LPS-induced sepsis exacerbated septic AKI via IKK and

NFκB activation, mainly in renal tubules, while midazo-

lam administration had renoprotective effects.
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