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Deletion of TLR4 reduces apoptosis 
and improves histology in a murine 
kidney transplant model
Swati Jain1, Robert Plenter1, Trevor Nydam1, Ronald G. Gill1 & Alkesh Jani1,2*

Acute kidney injury (AKI) after transplantation of human deceased donor kidneys is associated with 
upregulation of tubular toll like receptor 4 (TLR4), but whether TLR4 is required for AKI is unknown. 
We hypothesized that TLR4 knockout mice (TLR4KO) subjected to cold ischemia followed by kidney 
transplant (CI + Txp) would be protected from AKI. C57Bl/6J wild type or TLR4KO kidneys were 
subjected to CI + Txp into wild type recipients. Tubular cell apoptosis, tubular injury and cast formation 
were significantly improved in recipients of TLR4KO kidneys. TLR4KO kidneys also demonstrated 
significantly decreased expression of the effector caspase 8. Brush border injury scores and serum 
creatinine were not different in recipients of TLR4KO versus wild type kidneys. Phosphorylated RIP3 
and MLKL through which TLR4 signals programmed necrosis were expressed in both recipient groups. 
In addition, TNF-α and TNFR1 expression were significantly increased in recipient serum and TLR4KO 
kidneys respectively after CI + Txp, suggesting continued activation of programmed necrosis despite 
TLR4 deletion. Our results suggest that TLR4 deletion decreases apoptosis via inhibition of the death 
receptor pathway and decreases tubular injury and cast formation.

Tubular cell apoptosis is a feature of cold ischemic injury in both  human1–4 and mouse donor kidneys. We have 
previously demonstrated in mice that prolonged cold ischemia (CI) is a risk factor for acute kidney injury (AKI) 
after kidney  transplantation3. We have also shown that mouse kidneys subjected to cold ischemia followed by 
transplantation (CI + Txp) have significantly increased tubular apoptosis in association with increased TLR4 
and caspase 8 protein expression compared to kidneys transplanted without cold  ischemia5. Whether TLR4 and 
caspase 8 are directly responsible for apoptosis seen during cold ischemic injury is unknown.

Acute Tubular Necrosis (ATN) has been traditionally seen as an uncontrolled and passive  process6. However, 
recent work suggests that necrosis may occur as a regulated process mediated by receptor-interacting protein 
kinase 3 (RIP3)7,8 in response to Toll-like receptor 4 (TLR4)  stimulation7–10. In this regard, increased TLR4 
expression is seen in human deceased-donor versus living-donor kidneys not exposed to cold  ischemia11, and 
donor kidneys with TLR4 loss-of-function mutations have higher rates of immediate graft function versus wild-
type  kidneys11. We have previously shown that donor kidneys subjected to cold ischemia followed by kidney 
transplantation (CI + Txp) have significantly higher ATN scores in association with increased RIP kinase 3 
(RIP3) and TLR4 protein  expression5. However, whether increased TLR4 is actually required for this regulated, 
programmed necrosis is unknown. We hypothesized that deletion of TLR4 would protect mouse donor kidneys 
subjected to cold ischemia followed by kidney transplantation (CI + Txp) from apoptosis and programmed 
necrosis. We compared, apoptosis, histology and function of donor kidneys from TLR4 knockout (TLR4KO) 
mice to wild type donor kidneys subjected to cold ischemia followed by kidney transplantation (CI + Txp).

Methods
In vitro cold storage–rewarming (CS/REW) model. M-1 (ATCC CRL-2038) renal tubular epithelial 
cells (RTECs) were subjected to cold storage (CS) in cold saline for 24 h at 4 °C and rewarmed (REW) in normal 
media at 37 °C for 24 h as previously  described3,12–14.

Animals. Inbred male wild-type (WT) C57Bl/6J and TLR4 knockout mice on a C57Bl/6J background 
(B6(Cg)-Tlr4tm1.2Karp/J, 029015), weighing 20–25 g were purchased from the Jackson Laboratory (Bar Har-
bor, ME) and were housed under pathogen-free conditions at the University of Colorado Denver, Barbara Davis 
Center Animal Facility according to NIH Guidelines and with approval of the University of Colorado Denver 
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IACUC. Experiments were performed at the Transplant Microsurgery Facility (University of Colorado). The 
study protocol was approved by the University of Colorado Denver Institutional Animal Care and Use Commit-
tee. The study was carried out in compliance with the ARRIVE guidelines.

Mouse kidney transplant. Kidney transplants were performed as previously  described15,16. Briefly, after 
perfusion with heparinized saline the donor kidney, vessels and ureter from a WT or TLR4KO mouse, were 
removed and stored in saline at 4 °C for 30 min until transplantation. The WT recipient mice were prepared 
before the end of the cold storage period. Following bilateral recipient nephrectomy, the donor kidney was 
placed in the right flank and the arterial cuff was anastomosed to the recipient aorta and the renal vein was 
anastomosed to the inferior vena cava. The recipient bladder was prepared and the ureter anastomosed to the 
bladder according the procedure developed by Han et al.17 Thus, WT or TLR4KO kidneys subjected to cold 
storage were transplanted into WT recipients. Total implant time was approximately 30–40 min. Anesthesia was 
achieved with pentobarbital (60 mg/kg IP), and analgesia was attained with buprenorphine SR (1.0 mg/kg SC).

The transplanted kidney was removed on post-transplant day 1 and serum creatinine was measured as previ-
ously described by our group and other  groups3,18. The kidney transplant was then immediately sectioned for 
snap freezing in liquid nitrogen, or fixation in 10% phosphate-buffered formalin (cold storage plus transplant 
group). All animals demonstrated excellent reperfusion at the time of transplant. Similarly, the warm- and cold-
ischemia times were not different between the groups.

Renal function. Serum creatinine was measured using a creatinine enzymatic kit (Pointe Scientific, C7548) 
on kidney transplant recipients of WT and TLR4KO kidneys on POD1.

Renal histology. All histological parameters were assessed by a nephropathologist and observers blinded to 
the treatment modality. Slides were stained for PAS and scanned using the Aperio scanner. Histological injury 
was quantitated by counting the percent of tubules that displayed loss of brush border, cast formation, tubular 
simplification and tubule dilatation as previously  described1,3,13,19,20. Each high-power field (400 ×) was divided 
into 6 quadrants. Every parameter was examined in both cortex and medulla and at least 150–200 tubules were 
examined per section.

Brush border injury score. Tubules that displayed the loss of brush border were quantified as previously 
 described1,3,13,19,20. Each tubule was assessed for severity of brush-border injury as follows: circumference of the 
tubule with less than 25% of BBI was given a score 1; tubule with 26–50% BBI was given a score 2; tubule with 
51–75% BBI was given a score of 3; and a tubule with more than 76% of BBI was given a score of 4. The total score 
was calculated as mean BBI score per number of tubules in each quadrant.

Cast formation and tubular simplification. Each tubule was checked for cast formation and number of 
cast were counted in each  quadrant1,3,13,19,20. Tubular injury was quantified by the presence of flattened tubular 
cells with nuclei and minimal cytoplasm in the tubule.

Morphological quantification of apoptosis. Cellular rounding and shrinkage, nuclear chromatin com-
paction and formation of apoptotic bodies were accounted for the detection of the apoptotic tubular epithelial 
cells on PAS  staining1,13,19,21. Apoptotic tubular epithelial cells were quantified in blinded fashion per high-power 
field (400 ×).

Apoptotic cell detection via TUNEL staining. Nuclear DNA fragmentation, an important biochemical 
hallmark of apoptosis was used to detect apoptotic cells using DeadEnd Colorimetric TUNEL assay kit (Pro-
mega, G7130). The brown colored TUNEL positive cells were quantified at 400 × magnification in 10 randomly 
selected quadrant fields in blinded  fashion3,13.

Western blot analysis. Western bolt experiments were performed with a primary antibody for TLR4 (Cell 
Signaling, 2219), Cleaved caspase-8 (Cell Signaling, 8592), RIP3 (ProScience, 2283), phospho RIP3 (Cell Sign-
aling, 57220), MLKL (Santa Cruz Biotech, sc-165025), phospho MLKL (Cell Signaling, 37333), TNFR1 (Santa 
Cruz Biotech, sc8436) and βactin (cell signaling, 4970/58169) overnight at 4 °C coupled with appropriate sec-
ondary antibody as previously  described3. ECL was used as a method of detection. Chemiluminescence was 
recorded with an Image Station 440CF and results analyzed with the 1D Image Software (Kodak Digital Science, 
Rochester, NY).

TNF-α ELISA. TNF-α concentration in the serum was quantified by ELISA (R&D systems, MTA00B) fol-
lowing the manufacturer’s instructions. Quantification measurement was done relative to standard curves.

Statistics. Statistical analysis was performed with GraphPad Prism 5 software (GraphPad Software, Inc.). 
Two groups with n = 7 each were analyzed by unpaired two-tailed Student t test. Results are presented as 
mean ± SEM and p < 0.05 was considered significant. p = ns refers to a non-significant value.
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Results
We have recently shown that mouse kidneys subjected to cold storage followed by transplantation (CI + Txp) have 
significantly increased whole kidney expression of  TLR45. To determine whether TLR4 is specifically expressed 
by mouse renal tubular epithelial cells (RTECs), we subjected mouse RTECs to an in-vitro model of cold storage 
followed by rewarming (CS/REW) as we have previously  described3,12–14. Mouse RTECs subjected to CS/REW 
demonstrated a significant increase in expression of TLR4 compared to control cells (Fig. 1).

Renal histology in kidneys subjected to CI + Txp. We then quantified the number of apoptotic cells 
both by morphologic assessment and by TUNEL assay. The number of tubular apoptotic cells was significantly 
reduced in the TLR4KO-WT group versus WT–WT group both morphologically (Fig. 2a,b) and by TUNEL 
assay (Fig. 2c–d).

We have previously demonstrated that there is an increase in active caspase-8 expression in kidneys trans-
planted after cold  ischemia5. Therefore, we examined the expression of caspase-8 in wild type and TLR4KO 
kidneys subjected to CI + Txp. Cleaved capsase-8 protein expression was significantly reduced in TLR4 KO 
kidneys subjected to CI + Txp compared to wild-type (Fig. 3).

Histological parameters (Fig. 4a) were also assessed in both control and TLR4KO groups. Histological exami-
nation also revealed that wild type kidneys subjected to CI and then transplanted into WT recipients had sig-
nificant loss of tubular cell volume and tubular simplification quantified as tubular injury (Figs. 4b, 5a) and cast 
formation (Figs. 4b, 5b). In contrast, TLR4KO kidneys subjected to CI and then transplanted had significantly 
less tubular injury and cast formation (Figs. 4, 5).

Brush border injury and its severity were not significantly different between TLR4KO and WT donor kidneys 
subjected to CI + Txp (Figs. 4b, 5c,d).

Renal function. Interestingly, despite differences in several of the features described above between wild 
type and TLR4KO kidneys, kidney function as assessed by serum creatinine was not significantly different in the 
recipients of WT or TLR4KO kidneys (WT–WT sCr = 2.49 ± 0.22 vs. TLR4KO-WT sCr = 2.71 ± 0.25) (Fig. 6).

Effectors of programmed necrosis. In addition, we examined WT and TLR4KO kidneys for the pres-
ence of effectors of programmed necrosis, namely receptor interacting protein kinase 3 (RIP3), and its substrate, 
mixed lineage kinase domain like protein (MLKL)7. Total and phospho RIP3 as well as MLKL and its phospho-
rylated form (pMLKL) were not significantly different in recipients of wild type donor kidney or TLR4 knock out 
kidneys (Fig. 7a–e) suggesting continued activation of programmed necrosis despite TLR4 deletion.

Since necroptosis is also mediated by death  receptors22 we then looked for expression of TNFR1 and its 
ligand TNF-α23,24. Both TNFR1 and serum TNF-α were significantly, increased in TLR4KO kidneys and recipi-
ent serum respectively after CI + Txp compared to WT kidneys (Figs. 8, 9), suggesting another possible pathway 
to trigger necroptosis.

Discussion
Toll-like receptors (TLRs) are an evolutionarily conserved family of pattern recognition receptors that recognize 
microbial molecules and activate the innate immune  system25. Toll-like receptors are also present on innate 
immune cells and on T and B lymphocytes and have been proposed as a bridge between the innate and acquired 
immune  systems26.

TLR4 is constitutively expressed on tubular cells and is important in mediating the inflammatory response to 
bacterial  products25,  diabetes27 and warm ischemia reperfusion  injury28. Moreover, TLR4 is upregulated during 
renal injury due to inflammation from ischemia or nephrotoxic  drugs26.

In the context of kidney transplantation, AKI after transplantation of human deceased donor kidneys is associ-
ated with upregulation of  TLR411, but the mechanism and causal connection by which TLR4 may mediate AKI is 
unknown. An association has been demonstrated between immediate graft function and two co-segregating mis-
sense TLR4 mutants, Asp299Gly and Thr399Ile. Immediate graft function was significantly higher in recipients 

Figure 1.  Immunoblot and densitometry for tubular toll like receptor 4 (TLR4) in-vitro: (a,b) Cells subjected 
to cold storage followed by rewarming (CS/REW) had significantly increased expression of TLR4 compared to 
the control cells which were kept at 37 °C (0.980 ± 0.051 vs. 0.675 ± 0.059; **p < 0.01 vs. Control). Immunoblots 
from three separate experiments were identical to the representative picture. β-actin is used as a protein 
loading control. Data were analyzed using an unpaired two-tailed Student t test. Values are means ± SEM. n per 
group = 4. The uncropped blots are presented in Supplementary Figure 1.
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of a donor kidney with a mutated TLR4. The human studies highlight an important association between TLR4 
and AKI after transplantation but the mechanism by which protection is mediated by TLR4 mutations is unclear.

We have previously demonstrated that renal tubular epithelial cell apoptosis is increased by in vitro cold 
storage followed by  rewarming13,21. Furthermore, we have recently shown that murine donor kidneys subjected 
to cold ischemia followed by transplantation (CI + Txp) have significantly more tubular cell apoptosis and ATN 
than wild type control kidneys, and kidneys subjected to either cold ischemia alone or transplantation  alone5,13,21. 
The latter occurred in the setting of increased whole kidney TLR4 and caspase-8 protein expression. TLR4 is 
associated with activation of caspase 8 and the extrinsic apoptotic  pathway29–31. It is possible therefore that TLR4 
mediates injury by increasing apoptosis, necrosis or both during CI + Txp.

In the current study we first confirmed that TLR4 can be expressed on tubular epithelial cells and is upregu-
lated by cold storage and rewarming (Fig. 1). Next, we found that tubular cell apoptosis was significantly reduced 
in recipients of TLR4KO kidneys compared to recipients of WT kidneys. We have also previously shown that 
CI + Txp primarily induces the extrinsic pathway of apoptosis, along with increased expression of  TLR45. In con-
trast transplanted donors kidneys without cold ischemia (i.e., with warm ischemia/reperfusion alone) had excel-
lent renal function, low caspase 8 protein expression which was not significantly different to non-transplanted 
controls, and little apoptosis which was not significantly different to non-transplanted  controls5.

In the current study we observed a significant decrease in the protein expression of caspase 8 in TLR4KO 
kidneys suggesting that TLR4 mediates apoptosis after CI + Txp by increasing death receptor pathway apoptosis.

TLR4 has been shown to cause programmed necrosis by signaling through receptor-interacting kinases 1 and 
 37–10. Phosphorylation of RIP3 at Thr231 and Ser232 leads to activation and homotrimerization of mixed lineage 
kinase domain-like protein (MLKL)32,33, which then anchors to the plasma membrane and triggers programmed 
necrosis. We have shown that CI followed by transplantation is associated with a significant increase in protein 
expression of TLR4, RIP1, RIP3 and phospho MLKL (pMLKL)5. RIP kinases 1 and 3 can also be activated by 
TNF-α /TNFR1  signaling34 (supplement Figure 5). We found that donor kidney TNFR1 protein expression and 
recipient serum TNF-α concentration were also significantly increased following transplantation of kidneys 

Figure 2.  Assessment of tubular cell apoptosis: (a) Representative renal histology pictures of transplanted wild 
type and TLR4 knockout kidneys. Renal tubular apoptotic cells were counted based on morphological criteria 
(as described in the “Methods” section). (b) Kidneys transplanted from TLR4KO donors had significantly 
fewer apoptotic tubular epithelial cells compared to kidneys transplanted from wild type donors (6.655 ± 1.717 
vs. 2.172 ± 0.412; *p < 0.05 vs. TLR4KO-WT). (c) Representative pictures of TUNEL staining (brown) 
demonstrating reduced staining in TLR4KO kidneys and the presence of TUNEL positive epithelial cells in the 
parenchyma and tubule lumen. (d) Kidneys transplanted from TLR4 knockout donors had significantly fewer 
apoptotic cells compared to kidneys transplanted from wild type donors (2.310 ± 0.421 vs. 1.172 ± 0.205; *p < 0.05 
vs. TLR4KO-WT). Data were analyzed using an unpaired two-tailed Student t test. Values are means ± SEM. 
n per group = 7. WT–WT represents kidney transplanted from wild type donor to wild type recipient and 
TLR4KO-WT represents kidney transplanted from TLR4 knockout donor to wild type recipient.
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subjected to  CI5. Thus, involvement of TLR4 and TNFR1 in donor kidneys subjected to cold ischemia followed 
by transplantation implicate the innate immune system in the development of tubular injury and  necrosis26.

In both the aforementioned human and murine studies, an unanswered question is whether increased TLR4 
expression is a cause or simply consequence of injury that occurs after CI + Txp?

In the current study we observed a significant decrease in tubular injury and cast formation in recipients of 
TLR4KO kidneys compared to recipients of WT kidneys, suggesting a causative role for TLR4 in causing tubular 
injury after CI + Txp. To our knowledge, TLR4 has not been implicated in the formation renal casts. TLR4 staining 
of tubular casts was observed in an experimental nephron reduction model of CKD, possibly due to shedding of 
TLR4 expressing injured tubular  cells35. Also, TLRs can activate the inflammasome-caspase-1 pathway through 
caspase-836,37 and we observed less active caspase-8 in TLR4KO kidneys after transplantation. It is possible 
therefore, that the significantly decreased caspase-8 contributed to decreased tubular cell injury observed in the 
recipients of TLR4KO kidneys which in turn contributed to decreased cast formation.

Serum creatinine and brush border injury scores were not significantly different in recipients of WT or 
TLR4KO kidneys. In addition, even though tubular cell apoptosis and injury were significantly reduced, they were 
not eliminated in TLR4KO kidneys. We previously demonstrated that tubular cell apoptosis and programmed 
necrosis occurred after CI + Txp in association with increased donor kidney serum TNF-α and donor kidney 
TNFR1  expression5. We therefore examined the recipient serum for the evidence of TNF-α and donor kidneys 
for evidence of TNFR1 expression and found them to be significantly increased, in association with phos-
pho RIP3 and phospho-MLKL expression. Taken together these findings suggest multiple, possibly redundant 
pathways exist to trigger programmed necrosis after CI + Txp. In this regard, we previously demonstrated that 
pan-caspase inhibition of wild-type kidneys subjected to CI + Txp significantly reduced but did not completely 
eliminate tubular cell apoptosis, again suggesting caspase-independent pathways may play a role in AKI after 
kidney  transplantation3. Therefore, a combined approach with inhibition of both TLR4 and TNFR1, as well as 
caspase dependent and independent apoptosis may be required to completely block apoptosis and programmed 
necrosis after cold ischemia followed by kidney transplantation.

There are several limitations to our study that should be considered. Due to the sensitivity of mouse kid-
neys to cold ischemia, we employed a CI time of 30 min, which is shorter than the typical cold ischemia times 
used for human kidneys. We and other investigators have demonstrated that mouse kidneys subjected to one 
hour of cold storage had widespread tubular necrosis in ~ 60% of tubules, and increased serum creatinine after 
 transplantation3,38. Mouse kidneys have greater susceptibility to cold ischemia than human kidneys, a finding 
that is consistent with the observation that mouse kidneys are also more susceptible to warm ischemia–reperfu-
sion injury (IRI). Brief periods of ~ 18–30 min of warm IRI result in widespread tubular necrosis and  AKI39–45. 
Despite this difference, the shorter periods of cold ischemia in mice still produce histological injury and AKI 
that closely resembles biopsies of human kidney transplants with  DGF46,47.

Figure 3.  Immunoblot and densitometry for cleaved caspase-8: (a,b) Transplanted TLR4KO kidneys had 
significantly less expression of cleaved caspase-8 in comparison to kidneys transplanted from wild type donors 
(0.532 ± 0.030 vs. 0.358 ± 0.037; **p < 0.01 vs. TLR4KO-WT). β-actin is used as a protein loading control. Data 
were analyzed using an unpaired two-tailed Student t test. Values are means ± SEM. n per group = 7. WT–WT 
represents kidney transplanted from wild type donor to wild type recipient and TLR4KO-WT represents 
kidney transplanted from TLR4 knockout donor to wild type recipient. The uncropped blots are presented in 
Supplementary Figure 2.
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Another limitation of our study was that we did not use a preservation solution such as University of Wis-
consin (UW) solution. Our goal was to isolate the role of TLR4 as an independent variable in post-transplant 
kidney injury. We therefore excluded potentially beneficial interventions such as use of UW solution in order to 
prevent any confounding protective effect by the preservation solution.

In summary, we have shown that TLR4KO kidneys subjected to CI + Txp have improved histology com-
pared to wild-type kidneys. Both WT and TLR4KO kidneys demonstrated phospho-RIP3 and phospho-MLKL 
expression in association with increased recipient serum TNF-α and donor kidney TNFR1 expression, suggest-
ing the continued activation of programmed necrosis despite TLR4 deletion. Our results suggest inhibition of 
multiple pathways will be necessary to completely eliminate apoptosis and necrosis after cold ischemia followed 
by transplantation (CI + Txp).

Figure 4.  Assessment of tubular injury and cast formation: (a) Representative picture of an injured tubule 
displaying the flattened tubular cells, a cast and a tubule displaying loss of brush border compared to a normal 
tubule. (b) Representative renal histology pictures of transplanted wild type and TLR4 knockout kidneys 
displaying comparatively less tubular injury and cast formation in TLR4KO kidney recipient compared to WT 
kidney recipient. However, Brush border injury does not differ much in both the groups.
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Figure 5.  Assessment of brush border injury and its severity: (a,b) Tubular injury (1.583 ± 0.329 vs. 
0.416 ± 0.189) and cast formation (1.083 ± 0.268 vs. 0.375 ± 0.145) were significantly reduced in kidneys 
transplanted from TLR4 knockout donors compared to kidneys transplanted from wild type donors (**p < 0.01 
vs. TLR4KO-WT for tubular injury and *p < 0.05 vs. TLR4KO-WT for cast formation). (c,d) The percent 
of tubules displaying Brush-border injury (85.25 ± 5.0 vs. 76.98 ± 3.55) and its severity (3.075 ± 0.237 vs. 
2.820 ± 0.151) based on the percent of the circumference of the tubule displaying BBI (please see “Methods” 
section) both did not change significantly in transplanted wild type and TLR4 knockout kidneys (p = ns), 
ns not significant. Data were analyzed using an unpaired two-tailed Student t test. Values are means ± SEM. 
n per group = 7. WT–WT represents kidney transplanted from wild type donor to wild type recipient and 
TLR4KO-WT represents kidney transplanted from TLR4 knockout donor to wild type recipient.
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Figure 6.  Measurement of kidney function: Recipient serum creatinine did not differ significantly after 
transplantation of TLR4KO donor kidneys (TLR4KO-WT) compared to wild type donor kidneys (WT–
WT) (2.367 ± 0.144 vs. 2.446 ± 0.187; p = ns), ns = not significant. n per group = 7. Data were analyzed using 
an unpaired two-tailed Student t test. Values are means ± SEM. n per group = 7. WT–WT represents kidney 
transplanted from wild type donor to wild type recipient and TLR4KO-WT represents kidney transplanted from 
TLR4 knockout donor to wild type recipient.

Figure 7.  Immunoblot and densitometry for Receptor-interacting serine/threonine-protein kinase 3 (RIP3) 
and Mixed lineage kinase domain-like protein (MLKL): (a–e) Protein expression of RIP3 (1.682 ± 0.191 vs. 
1.96 ± 0.078; p = ns) and its phosphorylated form at Thr231/Ser232 (0.562 ± 0.033 vs. 0.659 ± 0.029; p = ns), as 
well as MLKL (1.051 ± 0.082 vs.1.222 ± 0.0101; p = ns) and its phosphorylated form, Ser345 (0.752 ± 0.055 vs. 
0.598 ± 0.053; p = ns) were not significantly different in transplanted wild type and TLR4 knockout kidneys. 
β-actin is used as a protein loading control. Data were analyzed using an unpaired two-tailed Student t test. 
Values are means ± SEM. n per group = 7. WT–WT represents kidney transplanted from wild type donor to 
wild type recipient and TLR4KO-WT represents kidney transplanted from TLR4 knockout donor to wild type 
recipient. The uncropped blots are presented in Supplementary Figure 3.



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16182  | https://doi.org/10.1038/s41598-021-95504-7

www.nature.com/scientificreports/

Received: 12 March 2020; Accepted: 7 July 2021

References
 1. Jani, A. et al. Caspase inhibition prevents the increase in caspase-3, -2, -8 and -9 activity and apoptosis in the cold ischemic mouse 

kidney. Am. J. Transplant. 4, 1246–1254. https:// doi. org/ 10. 1111/j. 1600- 6143. 2004. 00498. xAJT4 98 (2004).

Figure 8.  Immunoblot and densitometry for Tumor necrosis factor receptor 1 (TNFR1): (a,b) Kidneys 
transplanted from TLR4 knockout donors had significantly increased expression of TNFR1 compared to 
kidneys transplanted from wild type donors (0.360 ± 0.047 vs. 1.377 ± 0.159; ****p < 0.0001 vs. WT–WT). β-actin 
is used as a protein loading control. Data were analyzed using unpaired two-tailed Student t test. Values are 
means ± SEM. n per group = 7. WT–WT represents kidney transplanted from wild type donor to wild type 
recipient and TLR4KO-WT represents kidney transplanted from TLR4 knockout donor to wild type recipient. 
The uncropped blots are presented in Supplementary Figure 4.

Figure 9.  Serum Tumor necrosis factor-alpha (TNF-α) levels: Recipients of TLR4KO donor kidneys have 
increased serum TNF-α compared to recipients of wild type donor kidneys (9.250 ± 2.750 vs. 20.25 ± 3.425; 
*p < 0.05 vs. WT–WT). n per group = 7. Data were analyzed using unpaired two-tailed Student t test. Values 
are means ± SEM. n per group = 7. WT–WT represents kidney transplanted from wild type donor to wild type 
recipient and TLR4KO-WT represents kidney transplanted from TLR4 knockout donor to wild type recipient.

https://doi.org/10.1111/j.1600-6143.2004.00498.xAJT498


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16182  | https://doi.org/10.1038/s41598-021-95504-7

www.nature.com/scientificreports/

 2. Turkmen, K. et al. Apoptosis and autophagy in cold preservation ischemia. Transplantation 91, 1192–1197. https:// doi. org/ 10. 
1097/ TP. 0b013 e3182 1ab9c8 (2011).

 3. Nydam, T. L., Plenter, R., Jain, S., Lucia, S. & Jani, A. Caspase inhibition during cold storage improves graft function and histology 
in a murine kidney transplant model. Transplantation 102, 1487–1495. https:// doi. org/ 10. 1097/ TP. 00000 00000 002218 (2018).

 4. Castaneda, M. P. et al. Activation of mitochondrial apoptotic pathways in human renal allografts after ischemiareperfusion injury. 
Transplantation 76, 50–54. https:// doi. org/ 10. 1097/ 01. TP. 00000 69835. 95442. 9F (2003).

 5. Jain, S., Plenter, R., Nydam, T. & Jani, A. Injury pathways that lead to AKI in a mouse kidney transplant model. Transplantation 
https:// doi. org/ 10. 1097/ TP. 00000 00000 003127 (2020).

 6. Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 35, 495–516. https:// doi. org/ 10. 1080/ 01926 23070 13203 
37 (2007).

 7. Cho, Y. S. et al. Phosphorylation-driven assembly of the RIP1-RIP3 complex regulates programmed necrosis and virus-induced 
inflammation. Cell 137, 1112–1123. https:// doi. org/ 10. 1016/j. cell. 2009. 05. 037 (2009).

 8. He, S., Liang, Y., Shao, F. & Wang, X. Toll-like receptors activate programmed necrosis in macrophages through a receptor-
interacting kinase-3-mediated pathway. Proc. Natl. Acad. Sci. USA 108, 20054–20059. https:// doi. org/ 10. 1073/ pnas. 11163 02108 
(2011).

 9. Ofengeim, D. & Yuan, J. Regulation of RIP1 kinase signalling at the crossroads of inflammation and cell death. Nat. Rev. Mol. Cell. 
Biol. 14, 727–736. https:// doi. org/ 10. 1038/ nrm36 83 (2013).

 10. Ma, Y., Temkin, V., Liu, H. & Pope, R. M. NF-kappaB protects macrophages from lipopolysaccharide-induced cell death: The role 
of caspase 8 and receptor-interacting protein. J. Biol. Chem. 280, 41827–41834. https:// doi. org/ 10. 1074/ jbc. M5108 49200 (2005).

 11. Kruger, B. et al. Donor Toll-like receptor 4 contributes to ischemia and reperfusion injury following human kidney transplantation. 
Proc. Natl. Acad. Sci. USA 106, 3390–3395. https:// doi. org/ 10. 1073/ pnas. 08101 69106 (2009).

 12. Jain, S., Keys, D., Martin, S., Edelstein, C. L. & Jani, A. Protection from apoptotic cell death during cold storage followed by rewarm-
ing in 13-lined ground squirrel tubular cells: The role of prosurvival factors X-linked inhibitor of apoptosis and PhosphoAkt. 
Transplantation 100, 538–545. https:// doi. org/ 10. 1097/ TP. 00000 00000 000937 (2016).

 13. Jain, S., Keys, D., Ljubanovic, D., Edelstein, C. L. & Jani, A. Protection against cold storage-induced renal tubular cell apoptosis. 
Transplantation 99, 2311–2316. https:// doi. org/ 10. 1097/ TP. 00000 00000 000774 (2015).

 14. Jain, S. et al. Inhibition of autophagy increases apoptosis during re-warming after cold storage in renal tubular epithelial cells. 
Transplant. Int. 28, 214–223. https:// doi. org/ 10. 1111/ tri. 12465 (2015).

 15. Plenter, R., Jain, S., Ruller, C. M., Nydam, T. L. & Jani, A. H. Murine kidney transplant technique. J. Vis. Exp. https:// doi. org/ 10. 
3791/ 52848 (2015).

 16. Plenter, R. J., Jain, S., Nydam, T. L. & Jani, A. H. Revised arterial anastomosis for improving murine kidney transplant outcomes. 
J. Invest. Surg. 28, 208–214. https:// doi. org/ 10. 3109/ 08941 939. 2014. 10026 41 (2015).

 17. Han, W. R., Murray-Segal, L. J. & Mottram, P. L. Modified technique for kidney transplantation in mice. Microsurgery 19, 272–274 
(1999).

 18. Nordling, S. et al. Enhanced protection of the renal vascular endothelium improves early outcome in kidney transplantation: 
Preclinical investigations in pig and mouse. Sci. Rep. 8, 5220. https:// doi. org/ 10. 1038/ s41598- 018- 21463-1 (2018).

 19. Jani, A. et al. Perfusion storage reduces apoptosis in a porcine kidney model of donation after cardiac death. Transplantation 91, 
169–175. https:// doi. org/ 10. 1097/ TP. 0b013 e3182 013753 (2011).

 20. Jani, A. et al. Renal protection from prolonged cold ischemia and warm reperfusion in hibernating squirrels. Transplantation 92, 
1215–1221. https:// doi. org/ 10. 1097/ TP. 0b013 e3182 366401 (2011).

 21. Jain, S. et al. Inhibition of autophagy increases apoptosis during re-warming after cold storage in renal tubular epithelial cells. 
Transplant. Int. https:// doi. org/ 10. 1111/ tri. 12465 (2014).

 22. Vanden Berghe, T., Linkermann, A., Jouan-Lanhouet, S., Walczak, H. & Vandenabeele, P. Regulated necrosis: The expanding 
network of non-apoptotic cell death pathways. Nat. Rev. Mol. Cell. Biol. 15, 135–147. https:// doi. org/ 10. 1038/ nrm37 37 (2014).

 23. Locksley, R. M., Killeen, N. & Lenardo, M. J. The TNF and TNF receptor superfamilies: Integrating mammalian biology. Cell 104, 
487–501. https:// doi. org/ 10. 1016/ s0092- 8674(01) 00237-9 (2001).

 24. Hehlgans, T. & Pfeffer, K. The intriguing biology of the tumour necrosis factor/tumour necrosis factor receptor superfamily: Play-
ers, rules and the games. Immunology 115, 1–20. https:// doi. org/ 10. 1111/j. 1365- 2567. 2005. 02143.x (2005).

 25. Chowdhury, P., Sacks, S. H. & Sheerin, N. S. Toll-like receptors TLR2 and TLR4 initiate the innate immune response of the renal 
tubular epithelium to bacterial products. Clin. Exp. Immunol. 145, 346–356. https:// doi. org/ 10. 1111/j. 1365- 2249. 2006. 03116.x 
(2006).

 26. Cucchiari, D., Podesta, M. A. & Ponticelli, C. The critical role of innate immunity in kidney transplantation. Nephron 132, 227–237. 
https:// doi. org/ 10. 1159/ 00044 4267 (2016).

 27. Lin, M. et al. Toll-like receptor 4 promotes tubular inflammation in diabetic nephropathy. J. Am. Soc. Nephrol. 23, 86–102. https:// 
doi. org/ 10. 1681/ ASN. 20101 11210 (2012).

 28. Rusai, K. et al. Toll-like receptors 2 and 4 in renal ischemia/reperfusion injury. Pediatr. Nephrol. 25, 853–860. https:// doi. org/ 10. 
1007/ s00467- 009- 1422-4 (2010).

 29. Liu, B. et al. New role of Tlr4 as a mediator for inflammation-apoptosis signaling pathway in necrotizing enterocolitis. Pediatr. 
Res. 70, 137–137. https:// doi. org/ 10. 1038/ pr. 2011. 362 (2011).

 30. Crawford, E. D. & Wells, J. A. Caspase substrates and cellular remodeling. Annu. Rev. Biochem. 80, 1055–1087. https:// doi. org/ 10. 
1146/ annur ev- bioch em- 061809- 121639 (2011).

 31. Crowder, R. N. & El-Deiry, W. S. Caspase-8 regulation of TRAIL-mediated cell death. Exp. Oncol. 34, 160–164 (2012).
 32. Sun, L. et al. Mixed lineage kinase domain-like protein mediates necrosis signaling downstream of RIP3 kinase. Cell 148, 213–227. 

https:// doi. org/ 10. 1016/j. cell. 2011. 11. 031 (2012).
 33. Chen, W. et al. Diverse sequence determinants control human and mouse receptor interacting protein 3 (RIP3) and mixed lineage 

kinase domain-like (MLKL) interaction in necroptotic signaling. J. Biol. Chem. 288, 16247–16261. https:// doi. org/ 10. 1074/ jbc. 
M112. 435545 (2013).

 34. Humphries, F., Yang, S., Wang, B. & Moynagh, P. N. RIP kinases: Key decision makers in cell death and innate immunity. Cell 
Death Differ. 22, 225–236. https:// doi. org/ 10. 1038/ cdd. 2014. 126 (2015).

 35. Kacso, I. M. et al. Expression of TLR4 protein is reduced in chronic renal failure: Evidence from an experimental model of nephron 
reduction. Rom. J. Morphol. Embryol. 56, 93–99 (2015).

 36. Netea, M. G., van de Veerdonk, F. L., Kullberg, B. J., Van der Meer, J. W. & Joosten, L. A. The role of NLRs and TLRs in the activa-
tion of the inflammasome. Expert Opin. Biol. Ther. 8, 1867–1872. https:// doi. org/ 10. 1517/ 14712 59080 24942 12 (2008).

 37. Schroder, K. & Tschopp, J. The inflammasomes. Cell 140, 821–832. https:// doi. org/ 10. 1016/j. cell. 2010. 01. 040 (2010).
 38. Wang, L. et al. The effects of different storage solutions on renal ischemia tolerance after kidney transplantation in mice. Am. J. 

Physiol. Renal. Physiol. https:// doi. org/ 10. 1152/ ajpre nal. 00475. 2017 (2017).
 39. Akcay, A. et al. IL-33 exacerbates acute kidney injury. J. Am. Soc. Nephrol. https:// doi. org/ 10. 1681/ ASN. 20100 91011 (2011).
 40. Ranganathan, P. et al. MicroRNA-150 deletion in mice protects kidney from myocardial infarction-induced acute kidney injury. 

Am. J. Physiol. Renal Physiol. 309, F551-558. https:// doi. org/ 10. 1152/ ajpre nal. 00076. 2015 (2015).

https://doi.org/10.1097/TP.0b013e31821ab9c8
https://doi.org/10.1097/TP.0b013e31821ab9c8
https://doi.org/10.1097/TP.0000000000002218
https://doi.org/10.1097/01.TP.0000069835.95442.9F
https://doi.org/10.1097/TP.0000000000003127
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1073/pnas.1116302108
https://doi.org/10.1038/nrm3683
https://doi.org/10.1074/jbc.M510849200
https://doi.org/10.1073/pnas.0810169106
https://doi.org/10.1097/TP.0000000000000937
https://doi.org/10.1097/TP.0000000000000774
https://doi.org/10.1111/tri.12465
https://doi.org/10.3791/52848
https://doi.org/10.3791/52848
https://doi.org/10.3109/08941939.2014.1002641
https://doi.org/10.1038/s41598-018-21463-1
https://doi.org/10.1097/TP.0b013e3182013753
https://doi.org/10.1097/TP.0b013e3182366401
https://doi.org/10.1111/tri.12465
https://doi.org/10.1038/nrm3737
https://doi.org/10.1016/s0092-8674(01)00237-9
https://doi.org/10.1111/j.1365-2567.2005.02143.x
https://doi.org/10.1111/j.1365-2249.2006.03116.x
https://doi.org/10.1159/000444267
https://doi.org/10.1681/ASN.2010111210
https://doi.org/10.1681/ASN.2010111210
https://doi.org/10.1007/s00467-009-1422-4
https://doi.org/10.1007/s00467-009-1422-4
https://doi.org/10.1038/pr.2011.362
https://doi.org/10.1146/annurev-biochem-061809-121639
https://doi.org/10.1146/annurev-biochem-061809-121639
https://doi.org/10.1016/j.cell.2011.11.031
https://doi.org/10.1074/jbc.M112.435545
https://doi.org/10.1074/jbc.M112.435545
https://doi.org/10.1038/cdd.2014.126
https://doi.org/10.1517/14712590802494212
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1152/ajprenal.00475.2017
https://doi.org/10.1681/ASN.2010091011
https://doi.org/10.1152/ajprenal.00076.2015


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16182  | https://doi.org/10.1038/s41598-021-95504-7

www.nature.com/scientificreports/

 41. Ryan, J., Kanellis, J., Blease, K., Ma, F. Y. & Nikolic-Paterson, D. J. Spleen tyrosine kinase signaling promotes myeloid cell recruit-
ment and kidney damage after renal ischemia/reperfusion injury. Am. J. Pathol. 186, 2032–2042. https:// doi. org/ 10. 1016/j. ajpath. 
2016. 04. 007 (2016).

 42. Vervaet, B. A., Moonen, L., Godderis, L., Poels, K. & D’Haese, P. C. Untargeted DNA-demethylation therapy neither prevents nor 
attenuates ischemia-reperfusion-induced renal fibrosis. Nephron 137, 124–136. https:// doi. org/ 10. 1159/ 00047 7507 (2017).

 43. Yuan, D. et al. Blue light reduces organ injury from ischemia and reperfusion. Proc. Natl. Acad. Sci. U S A 113, 5239–5244. https:// 
doi. org/ 10. 1073/ pnas. 15152 96113 (2016).

 44. He, Z. et al. Interleukin-18 binding protein transgenic mice are protected against ischemic acute kidney injury. Am. J. Physiol. 
Renal Physiol. 295, F1414–1421. https:// doi. org/ 10. 1152/ ajpre nal. 90288. 2008 (2008).

 45. Melnikov, V. Y. et al. Impaired IL-18 processing protects caspase-1-deficient mice from ischemic acute renal failure. J. Clin. Invest. 
107, 1145–1152. https:// doi. org/ 10. 1172/ JCI12 089 (2001).

 46. Solez, K. et al. Morphology of ischemic acute renal failure, normal function, and cyclosporine toxicity in cyclosporine-treated 
renal allograft recipients. Kidney Int. 43, 1058–1067 (1993).

 47. Racusen, L. C., Fivush, B. A., Li, Y. L., Slatnik, I. & Solez, K. Dissociation of tubular cell detachment and tubular cell death in 
clinical and experimental “cute tubular necrosis”. Lab. Invest. 64, 546–556 (1991).

Author contributions
S.J. participated in performance of the research, writing the paper and data analysis, R.P. participated in perfor-
mance of the research, T.N. participated in research design, R.G. participated in writing the paper, A.J. partici-
pated in research design, writing the paper and data analysis.

Funding
This work was supported by a VA Merit Award 1I01BX001737 to AJ and T32 Award 5T32DK007135 to SJ.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 95504-7.

Correspondence and requests for materials should be addressed to A.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

This is a U.S. Government work and not undercopyright protection in the US; foreign copyright protection 
may apply 2021

https://doi.org/10.1016/j.ajpath.2016.04.007
https://doi.org/10.1016/j.ajpath.2016.04.007
https://doi.org/10.1159/000477507
https://doi.org/10.1073/pnas.1515296113
https://doi.org/10.1073/pnas.1515296113
https://doi.org/10.1152/ajprenal.90288.2008
https://doi.org/10.1172/JCI12089
https://doi.org/10.1038/s41598-021-95504-7
https://doi.org/10.1038/s41598-021-95504-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Deletion of TLR4 reduces apoptosis and improves histology in a murine kidney transplant model
	Methods
	In vitro cold storage–rewarming (CSREW) model. 
	Animals. 
	Mouse kidney transplant. 
	Renal function. 
	Renal histology. 
	Brush border injury score. 
	Cast formation and tubular simplification. 
	Morphological quantification of apoptosis. 
	Apoptotic cell detection via TUNEL staining. 
	Western blot analysis. 
	TNF-α ELISA. 
	Statistics. 

	Results
	Renal histology in kidneys subjected to CI + Txp. 
	Renal function. 
	Effectors of programmed necrosis. 

	Discussion
	References


