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Quantitative increase in short-chain fatty acids,
especially butyrate protects kidney from ischemia/
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ABSTRACT

Short-chain fatty acids (SCFAs), the end products of
fermentation carried out by the intestinal microbiota,
were demonstrated to produce anti-oxidant and
anti-inflammatory effects. Butyrate, part of the
SCFAs, also shows the same effect. Renal ischemia/
reperfusion (I/R) injury commonly occurs in renal
transplantation and is often accompanied by
oxidative stresses and inflammatory responses. In
this study, we explore butyrate effect on renal I/R
injury and SCFAs changes in renal transplant. Male
Sprague-Dawley rats were pretreated with butyrate
as research, and underwent the surgery of renal
ischemia for 45min followed by reperfusion. 90 rats
were randomly divided into 3 groups (n=30each
group): (1) sham-operated group; (2) butyrate-
treated group; (3) control group. The samples of
blood and renal were collected immediately for
further studies. Thirty-two patients were enrolled

to investigate the levels of SCFAs after the renal
transplantation. Rats model showed that butyrate
treatments significantly enhanced the function and
structure of kidney, as evidenced by the lower serum
creatinine levels and less pathological damages

of renal tissue. With the recovery of renal function
after renal transplantation, SCFAs increased,

which were negatively correlated with creatinine.
Butyrate expressed like SCFAs. In this study, we
demonstrated that butyrate increased with the
recovery of renal function after renal transplantation.
Most importantly, butyrate treatments alleviated the
renal damages caused by I/R via the upregulation of
intracellular oxidant stress and inflammations.

INTRODUCTION

Renal transplantation is the effective treat-
ment for patients with end-stage chronic
kidney disease. However, this treatment comes
with severe limitations due to the insufficient
number of donors. Thus, cardiac death donors
have become the most common source for
donations. However, this treatment was accom-
panied by serious risks including primary graft
non-function and acute rejection.’ Those risks
are primarily caused by the prolonged ischemic
damages caused by renal retrieval, preserva-
tion, engraftment and further serious injuries
by caused reperfusion.” Therefore, ischemia/

Significance of this study

What is already known about this subject?

» Short-chain fatty acids (SCFAs), the end
products of fermentation carried out by the
intestinal microbiota, were demonstrated to
produce anti-oxidant and anti-inflammatory
effects.

» Previous study has demonstrated that
reactive oxygen species induces apoptosis,
leading to cell death in kidney tissue after
reperfusion of the ischemia.

» Renal ischemia/reperfusion (I/R) injury
commonly occurred in renal transplantation
and is often accompanied by oxidative
stresses and inflammatory responses.

What are the new findings?

» With the recovery of renal function after

renal transplantation, SCFAs increased,

which were negatively correlated with

creatinine.

Butyrate expressed like SCFASs.

Rats model showed that butyrate

treatments significantly enhanced the

function and structure of kidney, as

evidenced by the lower serum creatinine

levels and less pathological damages of

renal tissue.

» Butyrate-recipient rats demonstrated less
I/R injury compared with saline-recipient
rats.

vy

How might these results change the focus

of research or clinical practice?

» Butyrate increased with the recovery of
renal function after renal transplant.

» Most importantly, butyrate treatments
alleviated the renal damages caused by I/R
via the upregulation of intracellular oxidant
stress and inflammations.

reperfusion (I/R) injury reduction and dona-
tion after cardiac death (DCD) transplantation
improvements are of critical importance in the
clinical operations of renal transplantation.
However, although the wide attentions have
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been payed to this research field, the detailed molecular
mechanisms of I/R injuries are still not clear.

I/R injury is caused by the interruption of blood flow
for a certain period of time and aggravated by the isch-
emia of tissue. I/R injury predominately effects the clinical
outcomes of renal transplantation. This injury is able to
cause acute or chronic rejection after renal transplantation,
especially when the source of donation comes from DCD
donors. Because the organ is retrieved from donor without
heart beats, it may lead to high morbidities and mortalities
of the recipients after the transplantation.’

Although there are intensive studies in the cause and
pathology of I/R, the underlying mechanisms of how I/R
causes the damages in the organ are still no clear. I/R injury
is initially caused by reactive oxygen species (ROS) and
inflammatory reactions via the functions of chemokines and
cytokines.* Previous studies have demonstrated that ROS
induces apoptosis, which will lead to cell death in kidney
tissue after reperfusion of the ischemia.’

Short-chain fatty acids (SCFAs) generally refers to the
fatty acids containing 2—4 carbon molecules and straight-
chain backbones, such as acetate, propionate and butyrate.
SCFAs are the products made by gut microbiota in the colon
and cecum fermenting dietary fiber.® Recent studies show
that SCFAs produce potential anti-inflammatory and immu-
nomodulatory functions.” Butyrate, a part of SCFAs, has
drawn worldwide attention in the studies of cancer treat-
ments as a potential therapeutic agent, due to the inhibitory
effects to histone deacetylase (HDAC).® Recently, Kim et
al found that the anti-inflammatory and neuroprotective
influences of HDAC inhibitors in rat ischemic model of
stroke.” Therefore, it is of critical importance to under-
stand the express of butyrate after renal transplantation and
whether pretreatment of butyrate is able to prevent the I/R
injury in the renal.

In this study, we examined the changes of SCFAs and
the relation with renal function after renal transplanta-
tion. Most importantly, the potential effects of butyrate
in preventing I/R-associated renal injury through its regu-
lation in related to the oxidative stress and apoptosis was
investigated.

MATERIALS AND METHODS

Animals

Sprague-Dawley (SD) rats (male, 200-250g) were commer-
cially purchased from the Department of Laboratory
Animal Center of Soochow University. Rats were kept in
a laminar flow atmosphere under specific pathogen-free
(SPF) environment. Animal experiments were carried out
according to the National Institutes of Health guideline
and fully authorized by the Soochow University Laboratory
Animal Center.

Renal I/R animal model experiments

Ninety rats were randomly divided into three groups
(n=30each group): (1) sham-operated group (laparotomy
was carried out without renal ischemia); (2) butyrate-treated
group (tail vein injection 30 min prior to the renal I/R oper-
ation); (3) control group (saline were administrated via tail
vein injection). Sham group: after successful anesthesia, the
right kidney was first removed and the left kidney and its

pedicle were dissociated, but the pedicle was not clipped.
The abdominal wall was closed by suture after surgery. I/
R+butyrate group: the operation process is the same as
that of sham group. After right kidney resection, the left
kidney and its pedicle are fully exposed and dissociated,
and the left kidney pedicle is clamped for 45 min, followed
by opening and resuming perfusion, so as to construct an
I/R model. The change of renal color from dark red to red
indicates successful reperfusion. Butyrate (Sigma, 100 mg/
kg) was delivered through tail vein injection 30 min before
I/R. Control group: the surgical procedure was carried out
the same as the I/R+butyrate group, with aliquot of saline
(100 mg/kg) administration instead of butyrate. At 6 hours,
12hours and 24hours after the ischemia, 10 randomly
chosen rats were euthanized in each group. Blood samples
were collected by inferior vena cava puncture and kidney
tissue were collected freshly. Serum was isolated from blood
sample by centrifuging at 4500 % g for 10 min, and was kept
at —80°C. Whole kidney tissue for each rat was separated
into two pieces and were fixed in 4% paraformaldehyde or
stored at —80°C, respectively.

Kidney damage assessments

To assess renal function and cellular injury following renal
ischemia, blood urea nitrogen (BUN) and serum creatinine
(CR) levels in blood samples collected at 6 hours, 12 hours
and 24 hours after the reperfusion were tested in order to
evaluate the renal functional changes and cellular damages
after renal ischemia. Assessments were carried out by stan-
dard automatic analyzer (type 7150, Hitachi).

Histopathology

Kidney tissues were fixed in 4% paraformaldehyde and
embedded in paraffin. Slices (4 um) were stained with
H&E. Markers for inflammation and tissue injuries were
evaluated.

Myeloperoxidase activity and malondialdehyde
assessments

Myeloperoxidase (MPO) activities in tissue served as an
important maker for neutrophil infiltration, and the assess-
ments were carried out as previously. Renal malondialde-
hyde (MDA) level was assessed by the evaluation of lipid
peroxidation.'® Kidney tissue samples were prepared by
homogenizing in 150 mM potassium chloride buffer on ice.
MDA levels were assessed by spectrophotometric analysis.
Results were demonstrated as nmol MDA/gram tissue.

TUNEL

Terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick-end labeling (TUNEL) was carried out for the
assessments of apoptosis in the kidney tissues. Paraffin slices
of kidney tissues were processed by apoptosis detection
commercial kit (Roche, Shanghai, China). The slices were
counterstained with hematoxylin. Total nephrocytes and
TUNEL-positive cells were measured and analyzed.

Enzyme-linked immunosorbent assay

Serum was isolated from blood sample. Tumor necrosis
factor-alpha (TNF-a) and interleukin-6 (IL-6) were detected
by ELISA according to the kit instructions (R&D, USA).
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Clinical research objects

Thirty-two patients who underwent allograft renal trans-
plantation from January to May 2020 were selected,
including 20 males and 12 females, within an average age
of 43+9.6 years. Inclusion criteria: (1) renal allograft recip-
ients aged 18-60 years; (2) the donor and recipient have
the same ABO blood type; (3) preoperative group reactive
antibody <10%; (4) postoperative routine application of
tacrolimus (FK506) +metmecolcophenol capsules +gluco-
corticoid triple immunosuppression regimen.

Clinical data

Sterile specimen tubes were used to collect fecal specimens
from patients after renal transplantation on the first and
seventh days, and 2mL venous blood was collected from
all participants. Determination of SCFAs content: 1g stool
sample was placed in a centrifuge tube and mixed with 5-10
times of double distilled water; 1mL of the mixture was
taken for the night, and then 0.2 mL of the mixed solution
was added. The mixture was stored overnight at —20°C in
the refrigerator. After thawing, the supernatant was centri-
fuged at 12,000rpm for 10 min, and the supernatant was
centrifuged at 12,000 rpm for 10 min before the measure-
ment. The relative correction factors of organic acids such
as acetic acid, propionic acid and butyric acid can be calcu-
lated by the respective (or concentration) and peak area of
the standard sample and the internal standard. Then the
concentration of acetic acid, propionic acid and butyric acid
in each sample can be calculated according to the weight (or
concentration) of acetate, propionate and butyrate in direct
proportion to their peak area. BUN and serum CR were
detected by automatic analyzer (type 7150, Hitachi). The
concentration of FK506 was measured in all patients.

Statistical analysis

Paired t-test, analysis of variance or Kaplan-Meier tests
were applied for the statistical analysis to where it is appro-
priate. Statistical significance p<0.05 was set as significant.
All data were shown as means+SD. Sample size for each
group was marked in the figure legends.

RESULTS

Butyrate pretreatment attenuate renal I/R injury

Serum BUN and CR levels were evaluated for the assessments
of butyrate functions in renal I/R injury. Thirty minutes of
partial renal ischemia were carried out after the rats were
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Figure 1

treated with sodium butyrate or saline. As a result, signifi-
cant increase in the serum BUN and CR levels were demon-
strated in saline-treated group 6hours, 12hours, 24 hours
after I/R. In the butyrate-treated group, the serum levels
of BUN and CR significantly decreased 6 hours, 12hours,
24 hours after I/R, suggesting that the treatment of butyrate
at the dose of 300mg/kg in rats significantly rescued the
renal injury caused by I/R (figure 1). The protective effects
of butyrate were further demonstrated by the change in real
pathological results after I/R (figure 2). In the vehicle group,
the renal tubular epithelial cells were significantly swollen.
Vacuolar degeneration, dilatation and necrotic exfoliated
cells, interstitial congestion and edema, a large number of
inflammatory cells infiltrated, perivascular dilatation and
blood stasis. In contrast, butyrate treatments before I/R
significantly rescued those changes in pathology. Renal
tubular epithelial cell swelling and necrosis were observed
in very limited areas of the renal sample, indicating actuated
neutrophil infiltration in the butyrate-treated rats.

Butyrate treatments attenuate neutrophil infiltration and
lipid peroxidation

Evidenced by the significantly increased MPO activities in
the renal tissues of saline-treated group, neutrophil infil-
tration was induced by I/R. In butyrate-treated group,
MPO activation were significantly reduced in 6hours,
12 hours, 24 hours after I/R compared with saline-treated
group (p<0.05, figure 3A), suggesting an inhibitory effect
of butyrate treatment to neutrophil infiltration. Also, the
renal MDA level, as an indicator for lipid peroxidation,
significantly elevated in sham-operated groups in 6hours,
12 hours, 24 hours after comparing with the saline-treated
group (p<0.001). Butyrate (300 mg/kg) treatments signifi-
cantly suppressed the MDA level after renal I/R (p<0.05)
(figure 3B).

Butyrate inhibits renal tubular epithelial cell apoptosis
induced by renal I/R

TUNEL assays were carried out in order to examine renal
tubular epithelial cell apoptosis. In the results (figure 4A),
I/R after saline treatments significantly elevated TUNEL-
positive cell number compared with sham-operation. The
TUNEL-positive cell was very limited in sham-operated
rats, meanwhile significantly larger number of positive cells
were observed in saline-treated rats. Importantly, signifi-
cantly fewer TUNEL-positive renal tubular epithelial cells
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Effects of butyrate on renal injury after renal ischemia/reperfusion (I/R). Blood urea nitrogen (BUN) (A) and creatinine (CR) (B)

serum levels of samples collected 6 hours, 12 hours, 24 hours after I/R from the sham-operated, saline and butyrate-treated rats (n=10/
group, one-way analysis of variance, *p<0.05vs the sham group, #p<0.05 vs the vehicle group).
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Figure 2 H&E staining of renal slices of sham-operated, saline and ischemia/reperfusion (I/R)+butyrate-treated rats 24 hours after renal
I/R (x50). Massive hemorrhages and necrosis with neutrophil infiltration were observed in the kidney of saline-treated rats, meanwhile,
butyrate-treated rats demonstrated attenuated pathological damages induced by I/R. Limited areas and severity of renal tubular epithelial
cell swelling and necrosis were demonstrated by the H&E staining, indicating less neutrophil infiltration.

were observed in the renal tissue of butyrate-treated rats.
The above observation consisted of microscopic TUNEL-
positive cell counting (figure 4B).

Butyrate inhibits renal I/R-induced inflammatory cytokine
increase

It was previously demonstrated that various inflammatory
cytokines, including TNF-o and IL-6, participated in the
renal I/R injury.* In our results, revealed by ELISA of the
serum collected from rats after I/R, butyrate treatments
demonstrated significantly lower level of TNF-o. and IL-6 at
6 hours, 12hours, 24 hours after I/R compared with saline
treatments (figure 5).

Expression of SCFAs, including butyrate, increases over
time and was negatively correlated with creatinine in
renal transplantation recipients

Serum BUN and CR levels were measured for the assess-
ments of SCFAs functions in renal I/R injury. SCFAs levels
on the seventh day after the renal transplant were signifi-
cantly elevated compared with those on the first day after
the surgeries (table 1). In contrast, BUN and CR levels on
the seventh day after the renal transplantation were signifi-
cantly lower than those on the first day after the surgeries
(figure 6A-D). SCFAs were negatively correlated with creat-
inine. Butyrate was also negatively correlated with creati-
nine (figure 6E-F).
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DISCUSSION

Renal I/R injury contributed to the most cases of renal
dysfunction and rejection after renal transplantation in
clinic. It was especially common happened in the cases
where the sources of kidney were from non-heart-beating
donors.'! It was of critical importance in clinical treat-
ments to limit the I/R injury after renal transplantation in
order to improve the outcomes of operations. Therefore,
novel drugs for effective treatment and advanced technol-
ogies were urgently demined. The latest research suggested
interaction between gut microbiota and kidney physiology,
particularly focusing on SCFAs produced by gut micro-
biota."? It was also found that the SCFAs levels significantly
decreased in patients with chronic kidney disease (CKD),
meanwhile butyrate supplementation produced potential
effects in delaying the progression CKD.'® SCFA levels and
effects were not clear after renal transplantation.

HDAC inhibitors, butyrate, has been widely studied for
effective treatments for a variety of diseases. Butyrate was
recently demonstrated presenting an anti-inflammatory
effects through the inhibition of pro-inflammatory cyto-
kine production.’*** In previous studies, HDAC inhibitors
were found presenting strong effects in neuroprotection
in rat model of focal cerebral ischemia,” and cardiopro-
tection in heart ischemic injury.’* In this study, evidenced
by improving renal function and tissue pathology through
the assessments of renal tubular epithelial cell alleviated
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Figure 3 Butyrate treatments affecting the myeloperoxidase (MPO) activities and malondialdehyde (MDA) levels after renal ischemia/
reperfusion (I/R). Reduced MPO activities (A) and MDA levels (B) were observed in butyrate-treated rats (n=10/group, *p<0.05vs the sham

group, #p<0.05vs the vehicle group). Data were shown as means=SD.
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Figure 4 Effect of butyrate on renal tubular epithelial cell apoptosis and cell proliferation after renal ischemia/reperfusion (I/R). (A)
Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling (TUNEL) assay on renal slices of sham-operated, saline and
butyrate-treated rats. High TUNEL-positive renal tubular epithelial cell numbers were observed in saline-treated rats after I/R, whereas
only very limited TUNEL-positive cells were observed in butyrate-treated rats. Representative images of TUNEL-positive staining cells. (B) In
saline-treated group, the number of positive cells were higher than in butyrate pretreatment group. Data were shown as means+SD, n=10/

group. *P<0.05vs the sham group, #p<0.05 vs the vehicle group.

apoptosis and neutrophil infiltration, butyrate treatment
demonstrated strong effects in attenuating renal I/R injury
and the subsequent histopathological changes induced by
I/R.

Butyrate demonstrated effects in anti-inflammation
and anti-oxidation, thus contributed to the protection
of kidneys.'® Combined with previous study, our results
demonstrated the protective effects of butyrate through
suppression of the MPO expression in renal tissue and inhi-
bition of pro-inflammatory cytokines in the serum. MPO
is an enzyme expressed in neutrophils, and has been used
as an indicator for neutrophil infiltration.” Butyrate treat-
ments (300 mg/kg) before renal I/R remarkably suppressed
the MPO activities in kidney tissue. In this study, we
demonstrated the suppressive effects of butyrate against
MPO activities in renal I/R, indicating butyrate attenuated
the renal damages caused by inflammation through the inhi-
bition of oxidative stress.

Renal MDA levels have been used as a biomarker for the
assessment of oxidative damages.'® In this study, we demon-
strated the significant elevation of renal MDA levels after
renal I/R, meanwhile the treatment of butyrate before I/R
significantly rescued this change caused by renal I/R, which
proved the hypothesis that butyrate was able to attenuate

E3 IIR
E3 |/R+ butyrate

the renal injury caused by I/R through the modulation in
oxidative stress.

Apoptosis of renal tubular epithelial cell contributes to
the renal injury caused by I/R. As we demonstrated, renal
I/R caused the elevation in TUNEL-positive cell numbers
in the kidney, while butyrate treatment before I/R recused
this change potentially through the inhibition of apoptosis.
Other factors, such as ROS accumulation, massive granulo-
cyte infiltration and hepatocyte apoptosis, also participated
in the I/R injury. Therefore, enhancement in the cleaning
abilities in oxidant stress certainly was able to reduce the
severity of I/R injury."’

Cytokines produce dominate effects in the responses to
postoperative stress. Especially, cytokines such as TNF-o
and IL-6 contribute to the subsequent injury through their
pro-inflammatory effects.” In this study, butyrate treatment
before I/R inhibited the elevation of TNF-a and IL-6. This
result is in accord with previous studies demonstrating the
suppressive effects of butyrate in the regulation of inflam-
matory cytokines TNF-ot and IL-6 expressions.”’ There-
fore, the renal protection of butyrate potentially achieved
through its inhibitory effects to inflammation. This study
demonstrated the suppressive effects of butyrate to I/R--
induced TNF-o and IL-6 expression in renal tissues.

B 25-
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Figure 5 Effects of butyrate on inflammatory cytokine production. Serum tumor necrosis factor-alpha (TNF-o) and interleukin-6 (IL-6)
levels elevated significantly in saline-treated rats after ischemia/reperfusion (I/R), rescued by butyrate treatment prior to renal I/R. Data are
shown as meansSD, n=10/group. *P<0.05vs the sham group, #p<0.05 vs the vehicle group.
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Table 1  Clinical laboratory data of all participants

First day Seventh day P value
Acetate, pmol/g 3.7£3.4 7.9+5.6 0.018**
Propionate, pmol/g 0.5+0.4 1.7£1.2 0.004**
Butyrate, pmol/g 2.8+1.6 53+24 <0.001***
SCFAs, pmol/g 6.5+5.4 12.2+8.6 0.01**
(acetate +propionate+butyrate)
BUN, pmol/L 13.3+6.1 10.5+4.5 0.026*
CR, mmol/L 391.7+318.6 189.9+145.2  0.032*

Data are presented as mean+SD.

P value of each group was measured by paired t-test. “P<0.05; **p<0.01;
***p<0.001.

BUN, blood urea nitrogen; CR, creatinine; SCFA, short-chain fatty acid.

We also examined the expression of SCFAs in renal
transplantation patients. In our study, the expression of
SCFAs increased on the seventh day than the first day after
renal transplantation, which was negatively correlated
with creatinine. Butyrate, a component of SCFAs, gives
the same result. BUN/CR after renal transplantation was
affected by many factors, especially immunosuppressants.

£3 1stday
E3 7th day

umolg

propionate ln

(e}
]

-
.

BUN, umol/L
S

0. “

1st day

E 300
r=-0.46
P=0.0001
"o 0 20 3 40 50
SCFAs

SCFAs were also significantly altered after renal trans-
plantation, which may be attributed to oxidative stress
levels and expression of inflammatory factors caused by
I/R. SCFAs improve renal function after an injury through
modulation of the inflammatory process was associated
with levels of local and systemic inflammation, oxidative
cellular stress, cell infiltration/activation and apoptosis.®
In this study, data were derived from an uncontrolled
correlation between SCFA and BUN/CR in renal trans-
plant patients. SCFAs play a protective role in acute
kidney injury (AKI).*? Dietary manipulation of the gut
microbiome protects against AKI, mediated by HDAC
inhibition and SCFAs.** Yamamura et al** founded serum
SCFAs were positively associated with fecal SCFAs even
after adjusting for age and sex. Furthermore, fecal acetate
was likely to be positively associated with serum acetate.
Intestinal microbiota control AKI severity by immune
modulation. Targeting the intestinal microbiota might
provide a novel therapeutic strategy in AKL.*> However,
these data still need to be investigated in controlled
studies for further validation.

-

SCFAs, umol/g

1stday
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o
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o
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Figure 6 Clinical laboratory data of all participants after renal transplantation on first and seventh days. (A and B) Acetate, propionate,
butyrate and short-chain fatty acids (SCFAs) levels 7 days after the renal transplant were significantly elevated compared with those on

1 day. (C and D) By contrast, blood urea nitrogen (BUN) and creatinine (CR) levels 7 days after the renal transplant were significantly
lower than those on 1 day after the surgeries. P value of each group was measured by paired t-test. *P<0.05; **p<0.01; ***p<0.001.
The correlation analysis of SCFAs and butyrate with creatinine for all participants. (E) SCFAs were negatively correlated with creatinine. (F)

Butyrate was also negatively correlated with creatinine.
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CONCLUSIONS

As a conclusion, in this study, we demonstrated the renal
protective effects of butyrate in I/R-induced injury through
the suppression of oxidative stress, apoptosis and cell prolif-
eration. In clinical application, whether it can achieve anti-
oxidant and anti-inflammatory is affected by regulating gut
microbiota and increasing SCFAs, especially butyrate, so
as to better improve renal function. Further investigation
in the potential application of butyrate is especially mean-
ingful, thus large animal model in vivo studies and clinical
trials are of critical clinical importance.
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