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Rescue RM/CS-AKI by blocking strategy with
one-dose anti-myoglobin RabMAb

XinyueWang1,2,3,10, Ning Li 1,2,3,4,10 , LuHan5,6,10, OuQiao1,2,3,10, XinChen1,2,3,7,
Pengtao Wang8, Lancao Zhang1,2, Yingjie Hou1,2,3,7, Fengjiao Bao1,2,3,
Herui Hao1,2,3, Sania Saeed1,2,3,7, Li Zhang1,2,3, Zizheng Li1,2,3, Xiaohong Duan1,2,3,
Shuquan Rao 5,6 , Zichuan Liu 7,9 & Yanhua Gong 1,2,3,4

Rhabdomyolysis or Crush syndrome-related AKI (RM/CS-AKI) has high mor-
tality, and there is no effective early on-site treatment method. The critical
pathogenic factor of RM/CS-AKI is the excessive free myoglobin (Mb) in
blood circulation. Here, based on the concept of creating a “mobile barrier”,
we develop an anti-Mb rabbit monoclonal antibody (RabMAb) with high spe-
cificity, affinity, stability, and broad species reactivity. A single dose of anti-Mb
RabMAb injection is sufficient for emergency rescue in both homologous and
heterologous RM/CS-AKI male animal models. The main goal of blocking the
passage of freeMb through the glomerular filtration barrier has been achieved
by using the anti-Mb RabMAb, which has a long-term stable therapeutic effect
within 14 days and promotes phagocytosis of Mb. The optimal administration
strategy, pharmacokinetic analysis, toxicity evaluation for anti-Mb RabMAb,
and the distribution of its immune complexes in RM/CS-AKI mice are investi-
gated. Thus, we develop effective prevention and control strategies for RM/
CS-AKI.

Acute kidney injury (AKI) is a syndrome characterized by sudden loss
of kidney function that causes 2 million deaths worldwide each year
and has become a global health problem1,2. So far, its diagnosis,
treatment, and prevention remain significant challenges for clinicians,
incredibly intensive care physicians3. Rhabdomyolysis-related AKI
accounts for approximately 5–10% of intensive care unit cases4, which
can be divided into traumatic rhabdomyolysis and non-traumatic
rhabdomyolysis based on the cause of the disease5. Non-traumatic
rhabdomyolysis is hereafter abbreviated as RM. RM is ubiquitous in
daily life6, including narcotic addiction7, alcoholism8, excessive
exercise9, and high fever10. Traumatic rhabdomyolysis, also known as

Crush Syndrome, is hereafter abbreviated as CS. The earliest recorded
case of CS occurred in 1277 when Pope John XXI was buried under the
rubble due to a collapsed house. Despite being rescued alive, he ulti-
mately died on the seventh day after being rescued11. Until World War
II, Bywaters and Beall first proposed the “Crush Syndrome” concept12.
CS always has a very high incidence andmortality rate during wartime,
even in today’s peaceful era13,14. Millions of people worldwide still
suffer from disaster emergencies, such as earthquakes15, collapses16,
traffic accidents17, war, etc18,19. In particular, recently, on February 6,
2023, a series of earthquakes occurred in Türkiye, causing 50783
deaths and 115353 injuries20. It is reported that 37% of the victims who
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were treated in Türkiye’s Kayseri State Hospital suffered from CS.
Among them, 58% of CS patients still die after hospitalization, and 30%
require continuous dialysis21. Therefore, CS and related complications
are undoubtedly the most severe problems post-earthquake patients
face. These remind us to seize the first “72 h gold time window” of
emergency rescue and reduce the mortality rate of CS at the disaster
site, which is the key to treatment.

RM/CS is mainly caused by direct or indirect damage to muscle
cells, which leads to the release of cellular contents into the blood
circulation22, ultimately resulting in severe complications such as
hyperkalemia23 andMyoglobin-related AKI (Mb-AKI)24. Especially, AKI
caused byMb is the main complication of RM/CS and a critical factor
in inpatient mortality25,26. The pathophysiology of RM/CS-AKI is
excessively free Mb from blood circulation exceeds the body’s
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clearance capacity and then accumulates in the kidney, inducing
renal injury due toMb toxicity, intratubular cast formation, and renal
vasoconstriction27,28.

Early treatment of RM/CS patients is crucial in reducing the inci-
dence andmortality of AKI after a large-scale casualty event occurs29,30.
At present, in-hospital treatments ofMb-AKI (RM/CS-AKI)mainly focus
on the removal of toxic substances, including renal replacement
therapy (RRT)31. However, RRT primarily relies on large equipment,
which is severely lacking in large-scale emergencies, and its removal
efficiency for Mb needs to be higher32. Based on this critical rescue
situation, research has turned to early, portable, practical drugs for
emergencies. Although there is currently an emergency drug for
hyperkalemia, there is still no medication to reduce excessive free Mb
in blood circulation. For excessive free Mb with significant nephro-
toxicity in peripheral blood circulation, medical staff still do not have
early effective on-site targeted detoxification drugs. Therefore,
developing new medicines that can clear excess free Mb is crucial for
alleviating the progression of RM/CS-AKI.

Antibody therapy is ideal for targeting pathogenic factors to
achieve causal treatment. Several preclinical explorations at the level
of small animals have used antibodies (anti-RAGE, anti-HMGB-1) to
antagonize systemic inflammatory response factors after crush injury
functionally33–35. However, the most essential initiating nephrotoxic
injury factor (Mb) released after rhabdomyolysis wasn’t directly neu-
tralized or antagonized. Therefore, we proposed a concept of creating
a “mobile barrier” to protect the glomerular filtration barrier: anti-Mb
IgG antibody (~ 150 KD) binds to the free Mb (~ 17 KD) in the blood
circulation to form immune complexes, which have large sizes will not
be able to pass through the primary membrane aperture of the glo-
merular filtration barrier (~ 69 KD) physically blocking Mb renal
toxicity.

Here, we developed a novel strong specificity, excellent affinity,
superior stability, and broad species reactivity anti-Mb rabbit mono-
clonal antibody (RabMAb). Anti-Mb RabMAb one-dose injection alle-
viated RM/CS-AKI by blocking Mb from passing through the
glomerular filtration barrier and promotes phagocytosis of Mb in both
homologous (rabbit) and heterologous (mouse) animal models. We
determined the optimal administration dosage, mode, and timing of
anti-Mb RabMAb treatment and completed preliminary pharmacoki-
netic analysis and toxicity evaluation in RM/CS-AKI mice. As a single-
dose administration antibody for emergency treatment, it has a stable
therapeutic effect for at least 14 d or more. It is adequate during the
first “72 h gold time window” of emergency rescue. In the future, the
combined administration of anti-Mb RabMAb and potassium-lowering
drugs is expected to more effectively relieve RM/CS-AKI and reduce
the mortality rate of emergency events.

Results
Medium animal RM/CS-AKI model rabbits were rescued with
anti-Mb RabMAb
We successfully developed a novel rabbit-derived IgG full-length
monoclonal neutralizing antibody against Mb (anti-Mb RabMAb). The
anti-Mb RabMAb has broad species reactivity with mice, rats, rabbits
(Supplementary Fig. 1a), and humans36. Meanwhile, the anti-Mb

RabMAb could specifically bind to native Mb from mouse, rat, and
rabbit skeletal muscle lysates, RM/CS-AKI mouse serum and kidney
lysates (Supplementary Fig. 1b–d). In addition, the binding kinetics of
anti-Mb RabMAb to full-length recombinant immunogen Mb was
determined by surface plasmon resonance (SPR). The equilibrium
dissociation constant (KD) value is 0.9409 pM, suggesting the Mb-
specific high-binding affinity (Supplementary Fig. 1e). Moreover, the
anti-Mb RabMAb exhibited good stability at − 80, 4, 25, 37, and 55 °C
for 24h, or at 25 °C for 0, 0.5, 1, 2, 3, 7, 14, 21, and 28 d, or freeze-thaw
cycles for 0, 1, 3, 5, and 7 times (Supplementary Fig. 1f, g). For more
detailed information about the anti-Mb RabMAb, please refer to our
early research36. These results demonstrated that the anti-MbRabMAb
had broad species reactivity, strong specificity, excellent affinity, and
superior stability.

To determine whether the anti-Mb RabMAb could preserve the
kidney structure and function of RM/CS-AKI, we injected the anti-Mb
RabMAb into a homologous medium-sized RM/CS-AKI animal model
(rabbits) (Fig. 1a). Severe redurine (myoglobinuria instead) occurred in
the RM/CS-AKI model rabbits, while the anti-Mb RabMAb groups
showed significant relief after 24 hof antibody injection (Fig. 1b, c). The
WB results showed that a large amount of the nephrotoxic protein Mb
accumulated in the kidneys of RM/CS-AKI model rabbits, while the
content of Mb in the kidney of the anti-Mb RabMAb group was sub-
stantially reduced (Fig. 1d, e). Meanwhile, IHC results showed obvious
Mb casts form in glomerulus and tubules of RM/CS-AKI groups, while
these phenomena were significantly alleviated in the anti-Mb RabMAb
group (Fig. 1f, g and Supplementary Fig. 2a, b, d, e). Moreover, anti-Mb
RabMAb treatment improves the abnormal renal tissue structure in the
RM/CS-AKI groups, including glomerular atrophy, renal tubular intra-
cavitary cells exfoliated, brush border structure disappearance
(Fig. 1f, g and Supplementary Fig. 2c, f). In addition, comparedwith the
RM/CS-AKI groups, the contents of BUN, Cr, CK, and Mb in the serum
and urine of the anti-Mb RabMAb groups were noticeably decreased,
indicating kidney injuries and function were considerably ameliorated
(Fig. 1h–o). Furthermore, the glomerular filtration rate (GFR) of the
anti-Mb RabMAb group was markedly increased, and renal function
was improved (Fig. 1p–r). Overall, anti-Mb RabMAb can alleviate renal
injury in homologous medium-sized animal RM/CS-AKI model rabbits.

Anti-Mb RabMAb alleviates kidney injury of RM/CS-AKI mice by
decreasing Mb accumulation
We further performed anti-Mb RabMAb treatment in heterologous
RM/CS-AKI model mice (Fig. 2a). Excitingly, the mouse survival rate of
the RM group or CS group was approximately 25% or 5% at 72 h after
modeling, while the anti-Mb RabMAb group had a high survival rate of
about 90% or 75%, respectively (Fig. 2b, c). Compared with the RM/CS-
AKI group, the expression level of the renal injury marker NGAL and
the content of Mb in the kidneys decreased in the anti-Mb RabMAb
group (Fig. 2d, e). Moreover, Mb staining in the proximal renal tubules
that contour was showed by LTL labeled brush border of the anti-Mb
RabMAb groupwas substantially reduced compared to the RM/CS-AKI
group and RM/CS-AKI + PBS group (Fig. 2f, g). Similarly, the levels of
Mb and renal injury marker NGAL and KIM-1 were strongly reduced in
the anti-Mb RabMAb group compared to the RM/CS-AKI group or RM/

Fig. 1 | Medium-sized animal RM/CS-AKImodel rabbits were rescued with anti-
Mb RabMAb. a Experimental design diagram of anti-Mb RabMAb treatment for RM/
CS-AKI model rabbits. b, c Urine was collected after 24h of RM/CS-AKI model rabbits
injected with anti-Mb RabMAb. d, eWB detection of Mb abundance in the kidneys of
RM/CS-AKI model rabbits after anti-Mb RabMAb treatment. GAPDH was used as the
loading control. n=3 biological replicates for each group (f, g) Immunohistochemistry
staining was used to detect the Mb casts distribution in the kidney tissue, and HE
stainingwas used to analyze the kidney injury of RM/CS-AKImodel rabbits treatedwith
anti-MbRabMAb.h–oBUN,Cr, CK, andMbconcentration in rabbit serumandurine (p-
values for pairs all indicated from left to right: p<0.0001). p Representative images of

transcutaneous disappearance curves of FITC-sinistrin excretion. The x-axis represents
time, and the y-axis represents the relative transcutaneous fluorescence. q Terminal
half-life (T1/2) of FITC-sinistrin excretion (p-values for pairs all indicated from left to
right:p<0.0001). rGFRvaluesof eachgroupof rabbitswere calculated fromtheT1/2 of
FITC-sinistrin (p-values for pairs all indicated from left to right: p<0.0001). Graph bars
represent mean±SD, and dots indicate individual data points for n=3 biological
replicateswith 2 technical replicates per group in (h–o,q, r). Two-wayANOVA for (h–o)
and one-way ANOVA for (q, r) followed by Tukey’s multiple comparisons test were
used to identify the differences. * p<0.05, ** p<0.01, *** p<0.001. Source data are
provided as a Source Data file.
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CS-AKI + PBS group (Fig. 2h, i and Supplementary Fig. 3a–f). Mean-
while, the change of Mb in blood circulation among the groups was
consistent with the kidney (Fig. 2j, k). Moreover, anti-Mb RabMAb
treatment decreased the BUN and CK levels in the serum (Supple-
mentary Fig. 3g–j). In addition, compared to the RM/CS-AKI group, the
GFR of the anti-Mb RabMAb group was highly increased at 24 h and
72 h, indicating a marked improvement in renal function (Fig. 2l–s).

Meanwhile, the urinary protein analysis revealed an increase in both
the large protein fraction albumin (glomerular injury marker, 66 KD)
and the fraction of small-molecular-size proteins (tubular injury mar-
ker including 33 KD α1-microglobulin or 11.8 KD β2-microglobulin) in
the RM-AKI group (Supplementary Fig. 3k). This indicated that there
was an increase in glomerular permeability and tubular damage (or
mixed pattern) in RM-AKI model mice. However, anti-Mb RabMAb
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treatment reduced the leakage of large and small-molecular-size pro-
teins, returning to levels nearly consistent with those of the NC group
(Supplementary Fig. 3k). Overall, anti-Mb RabMAb can reduce Mb
content in renal tubules by neutralizing free Mb in the blood, thereby
alleviating renal injury, improving kidney function and increasing the
survival rate of RM/CS-AKI model mice.

Anti-Mb RabMAb prevents free Mb from entering renal tubular
epithelial cells and promotes macrophage phagocytosis of Mb
To investigate themechanism of anti-Mb RabMAb in alleviating kidney
injury, we expressed and purified mouse Mb. The IP results demon-
strated that purified Mb could be specifically bound by anti-Mb Rab-
MAb (Fig. 3a). According to the pathogenesis of RM/CS-AKI,
immortalized tubular epithelial cells (TECs) from mice (TCMK-1 cells)
were treated with Mb to mimic cell model of RM/CS-AKI25,37. The IC50

value of mouse ferrous Mb in TCMK-1 cells was 231.9μM (Fig. 3b).
Combined with previous experience25, 200μM ferrous Mb lower than
the IC50 value was finally used for subsequent cell experiments.
Immunofluorescence staining showed thatMb accumulation inTCMK-
1 cells increased in a time-dependentmanner after 200μM ferrousMb
treatment, peaking at 6 h (Fig. 3c). Subsequently, with the extension of
time, the cells were seriously damaged. Therefore, we selected TCMK-1
cells incubatedwith 200μMferrousMb for 6 h tomimic the cellmodel
of RM/CS-AKI.Meanwhile, CCK8 results showed that0.001–3.2mg/mL
anti-Mb RabMAb had almost no cytotoxicity on TCMK-1 cells, and cell
viabilitywas always higher than 95% (Fig. 3d). Next, 200μMferrousMb
wasmixedwith anti-MbRabMAbatdifferent concentration range from
0.001 to 3.2mg/L to treat TCMK-1 cells. The corresponding EC50 value
was calculated to be ~ 0.02mg/mL, and the minimum effective con-
centration of anti-Mb RabMAb that resulted in more than 95% cell
viability was 0.2mg/mL (Fig. 3e). Thus, we finally selected the anti-Mb
RabMAb concentration of 0.2mg/mL for subsequent in vitro
experiments.

TCMK-1 cells were co-treated with 200μM ferrous Mb and
0.2mg/mL anti-Mb RabMAb or rabbit IgG for 6 h. Immuno-
fluorescence results showed thatMbaccumulation in TCMK-1 cells was
significantly reduced in the Mb+Ab group compared with theMb and
Mb+ IgGgroups (Fig. 3f). These results indicated that anti-MbRabMAb
could rapidly neutralize extracellular Mb, thereby preventing its entry
into TCMK-1 cells and blocking its toxicity. But where did the immune
complex formed after anti-Mb RabMAb capturing free Mb in the body
go? Have mononuclear macrophages scavenged it in vivo? To answer
this question, RAW 264.7 cells were treated with 200μM ferrous Mb
and 0.2mg/mL anti-Mb RabMAb or DYN (inhibition of macrophage
phagocytosis). Immunofluorescence staining showed that the Mb
group began to swallow Mb at 1 h, and Mb is not completely metabo-
lized by macrophages until 48 h (Fig. 3g, h and Supplementary Fig. 4).
In contrast, the phagocytosis of Mb by RAW 264.7 cells in Mb +Ab
group was extremely accelerated, and the phagocytic effect was evi-
dent at 0.5 h. It is noteworthy that the intracellularMb content peaked
at 2–4 h, and was almost completely degraded andmetabolized at 12 h
(Fig. 3h and Supplementary Fig. 4). These suggested that when anti-Mb

RabMAb capturedMb, the immune complexwas quickly carried to the
macrophage, which is specifically engulfed and degraded, significantly
improving its metabolic efficiency. For the Mb+Ab +DYN group, the
immune complexes existed until 48 h because macrophage phagocy-
tosis function was prevented (Fig. 3h and Supplementary Fig. 4). In
conclusion, anti-Mb RabMAb can effectively neutralize and prevent
free Mb from entering renal tubular epithelial cells, while promoting
macrophage to phagocytose and degrade Mb.

The optimal administration strategy for anti-Mb RabMAb ther-
apy RM-AKI mice
After confirming the effectiveness and mechanism of anti-Mb RabMAb
therapy RM/CS-AKI, we further investigated the optimal administration
strategy for anti-Mb RabMAb, including dosage, mode, and timing. We
first explored the effects of a range of anti-Mb RabMAb concentrations
(0.05, 0.1, 0.25, 0.5, 1, 5, 10, and 20mg/kg) on renal function under
intravenous administration mode (Fig. 4a). Compared to the RM group,
anti-Mb RabMAb groups significantly improved in kidney function
(Fig. 4b–d and Supplementary Fig. 5a, b), had lowerMb andCK contents
in the blood (Fig. 4e and Supplementary Fig. 5c), lowerMb accumulation
and NGAL and KIM-1 expression in kidney (Fig. 4f and Supplementary
Fig. 5d, e), mild pathological change (Supplementary Fig. 5f). Among
them, the kidney function evaluation gold standard GFR assays showed
that kidney function improved even though in a 0.1mg/kg dose of anti-
Mb RabMAb, and the 1mg/kg dose had the best therapeutic effect
(Fig. 4b–f and Supplementary Fig. 5a–f). Next, to analyze routes of
administration, we injected 1mg/kg anti-Mb RabMAb by an i.v., i.p., i.m.,
or s.c. (Fig. 4g). Four administration modes all decreased the levels of
BUN, Cr, CK, andMb in the blood (Supplementary Fig. 5g–i and Fig. 4h),
as well as the accumulation ofMb and the expression ofNGAL andKIM-1
in the kidneys (Fig. 4i and Supplementary Fig. 5j, k).Meanwhile, the renal
tissue structure was not abnormal (Supplementary Fig. 5l), and the renal
function was noticeably improved (Fig. 4j–l). Among them, the ther-
apeutic effect of i.v. and i.p. was superior to that of i.m. and s.c. The i.v.
the method was slightly better, but the difference was insignificant with
i.p (Fig. 4h–l and Supplementary Fig. 5g–l). Thus, we chose i.v. as the
optimal route of administration. Finally, we explored the optimal timing
of administration (Fig. 4m). The results of blood biochemistry, qPCR,
WB, HE, and GFR showed that compared with RM mice, i.v. injection of
1mg/kg anti-Mb RabMAb within 24h before and after modeling
remarkably improved renal function and alleviated kidney injury
(Fig. 4n–r and Supplementary Fig. 5m–r). The best therapeutic effect
was observed when the anti-Mb RabMAb was given immediately after
modeling. Therefore, the optimal administration strategy of the anti-Mb
RabMAb was the immediate intravenous injection of 1mg/kg upon RM/
CS-AKI, which can maximize the improvement of kidney function and
reduce kidney injury.

Tissue distribution, pharmacokinetic analysis, and toxicity
evaluation of anti-Mb RabMAb in RM/CS-AKI mice
The in vivo tissue distribution characteristics and metabolism
were observed over 14 days by a single intravenous injection of

Fig. 2 | Anti-Mb RabMAb alleviates kidney injury of RM/CS-AKI mice by
decreasingMbaccumulation. a Experimental design diagram of anti-Mb RabMAb
treatment for RM/CS-AKI model mouse. b, c Survival rate curves of each group of
mice within 72 h. The cumulative incidence estimate was used to calculate the
probability of survival rate as a function of time. The log-rank test was used to
compare survival curves.n = 20 for biological replicates.d, eWBdetection ofNGAL
expression andMb accumulation in the kidneys in each group. GAPDHwas used as
the loading control. n = 3 biological replicates for each group.
f, g Immunofluorescence staining detected theMb distribution and contents in the
kidney tissue. The nuclei were stained with DAPI (blue). The lotus tetragonolobus
lectin (LTL, green) labeled brush border showed the proximal tubule contour.
h, i Immunohistochemistry staining detected the distribution of Mb, NGAL, and

KIM-1 in the kidney tissue. n = 3 for biological replicates. j, k Mb concentration in
mouse serum. l, m, p, q Representative images of transcutaneous disappearance
curves of FITC-sinistrin excretion at 24 h and 72 h. The x-axis represents time, and
the y-axis represents the relative transcutaneous fluorescence. n, r Terminal half-
life (T1/2) of FITC-sinistrin excretion. o, s GFR values of each group of mice were
calculated from the excretion T1/2 of FITC-sinistrin. Graph bars represent mean ±
SD, and dots indicate individual data points for n = 6 for biological replicates per
group in (j, k, n, o, r, s). Two-way ANOVA for (j, k, n, o, r, s) followed by Tukey’s
multiple comparisons test were used to identify the differences. * p <0.05, **
p <0.01, *** p <0.001, ns: no significance. The exact p-value can be found in the
Source Data file. Source data are provided as a Source Data file.
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Cy5-labeled anti-Mb RabMAb. In vivo imaging showed that anti-Mb
RabMAb is primarily distributed in organs with abundant blood
flow and relatively leaky vasculature (heart, liver, spleen, lung,
kidney) and damaged muscles exhibiting Mb leakage (Fig. 5a). The
distribution in the brain and normal muscle was very shallow
(Fig. 5a). The fluorescence signal reached its peak approximately
12–24 h in RM/CS-AKI group after administering Cy5-labeled anti-

Mb RabMAb (Fig. 5a). Meanwhile, kidneys and damagedmuscles of
RM/CS-AKI mice have higher fluorescence signal intensity while
signals were weak within hearts, and almost no fluorescence sig-
nals were detected in normal muscle tissues of NCmice (Fig. 5b–e).
In other words, the anti-Mb RabMAb did not reside in mice’s hearts
or normal muscle tissues, while selectively targeted damaged
muscles exhibiting Mb leakage and kidneys with significant Mb
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accumulation, and then neutralized and promoted the degrada-
tion of Mb.

Quantitative analysis of fluorescence signals from various organs
at different time points is consistent with the previous description.
Anti-Mb RabMAb reached the peak within 1 d and remained in the
kidney of RM/CS-AKI mice for a longer time than that of NC mice
(Fig. 5c). Meanwhile, it was noticeably increased in the damaged
muscle of RM/CS-AKI mice, reaching a peak at about 5 d and being
completely metabolized at 14 d (Fig. 5d). Moreover, anti-Mb RabMAb
consistently maintained a low distribution level in the hearts of all
groups (Fig. 5e). In addition, themetabolism of anti-MbRabMAb in the
liver, spleen, and lung of RM/CS-AKI mice was slightly slowed down
(Supplementary Fig. 6a–c). Meanwhile, the pharmacokinetic analysis
of anti-Mb RabMAb supported the in vivo tissue fluorescence dis-
tribution of the anti-Mb RabMAb (Fig. 5f, g). From the plasma
concentration-time profiles, the maximum plasma concentration
(Cmax) and the time to reach Cmax (Tmax) were obtained (Fig. 5f, g). The
NC, RM-AKI, and CS-AKI groups need similar time to reach Cmax

(2.50 ± 1.97 h, 2.50± 1.97 h, 2.67 ± 2.58 h, respectively). The mean
terminal elimination half-life (T1/2) of the anti-Mb RabMAb was
8.88± 0.29 d, 11.11 ± 0.60 d, 11.74 ± 0.54d in NC, RM-AKI, and CS-AKI
group, respectively (Fig. 5g). In addition, area under the serum
concentration-time curve from time 0 to infinity [AUC(inf)], volume of
distribution (Vz), and plasma clearance (CI) were obtained in Fig. 5g.

As anti-Mb RabMAb was distributed to varying degrees in mice’s
kidneys, muscles, hearts, liver, spleen, and lungs after intravenous
injection, we further explore whether anti-Mb RabMab could cause
side effects on these vital organs. Compared to the NC group, the RM-
AKI+Ab group and CS-AKI + Ab group showed no apparent patholo-
gical damage in the kidney,muscle, heart, liver, spleen, and lungwithin
short-term 72 h (6h, 24 h, and 72 h) or 14 d, respectively (Supple-
mentary Fig. 7a–n). Moreover, qPCR results showed that endothelial
activation markers P-selectin and Vcam-1 mRNA expression in the CS/
RM-AKI + Abgroupwas reduced inboth target organ (kidney) andnon-
target organs compared with the CS/RM group (Supplementary
Fig. 8a–z). The anti-Mb RabMab immune complexes do not cause
systemic endothelial toxicity. Taken together, anti-Mb RabMAb
migrates to the damaged muscles and kidneys and does not produce
apparent toxic adverse effects on the body’s vital organs within 14 d of
injection.

Anti-Mb RabMAb has stable therapeutic effects within 14 days
on AKI and relieves renal fibrosis
In vivo,fluorescence imaging showed that anti-MbRabMAbwasalmost
whollymetabolized in RM/CS-AKImice after injection 14 d, and the T1/2

of the anti-Mb RabMAb was about 8-11 d in mice. So, we wonder if the
nephroprotective effect of anti-Mb RabMAb can be maintained for
14 d. Therefore, we focused on the renal changes at 7 d and 14 d after
anti-Mb RabMAb administration (Fig. 6a). Results showed that the
contents of BUN, Cr, CK, andMb in blood and themRNA levels ofNgal

andKim-1 in the kidneywere decreased at 7 d and 14 d after injectionof
anti-Mb RabMAb compared with RM-AKI mice (Fig. 6b–g). Subse-
quently, we monitored the constant changes of GFR in mice for 14 d.
GFR of RM-AKI mice recovered slightly from 16 h to 24 h after injury,
but then showed a continuous downward trend and decreased almost
to zero at 7 d. The GFR of the RM-AKI + PBS group slightly improved
before 36 h, but the GFR value decreased to the same level as that of
the RM-AKI group at 72 h. The GFR of the RM-AKI + Ab group con-
tinued to rise after the injection of anti-Mb RabMAb, reaching the
highest level after 24 h, whichwas almost close to that of the NC group
and then continued tomaintain an excellent renal function within 14 d
(Fig. 6h–l). Meanwhile, there was almost no Mb accumulation in the
kidneys of theRM-AKI + Abgroup at 7 d and 14 d, and the expression of
NGAL was also markedly decreased (Fig. 6m). In addition, the RM-AKI
and RM-AKI + PBS group had severe fibrosis as assessed by Masson
staining and collagen III deposits (Fig. 6n, o and Supplementary
Fig. 9a, b). However, the kidneys of theRM-AKI + Ab groupwere similar
to those of the NC group and showed no prominent fibrosis (Fig. 6n, o
and Supplementary Fig. 9a, b). Overall, these results indicated that
anti-Mb RabMAb could significantly and consistently improve renal
function and alleviate renal fibrosis in RM-AKI mice.

Discussion
Early on-site treatment to remove key pathogenic toxic factors K+ and
Mb in the blood as soon as possible is essential to reducemortality and
improve the prognosis of RM/CS-AKI patients38. From the perspective
of lowering blood K+, ZS-9 (trade name Lokelma™) has been approved
in the European Union and the United States as an oral suspension for
treating acute hyperkalemia in adults39,40. Lokelma™maybe apotential
measure to control the hyperkalemia problem of RM/CS-AKI in
emergencies, but the excess free Mb in peripheral blood circulation
remains unresolved. Recently, the European Union approved extra-
corporeal cytokine adsorber CytoSorb® (Cytosorbents Corporation,
Monmouth Junction, NJ, USA) may intercept part of the Mb41,42. How-
ever, CytoSorb® is device-dependent, non-specific42 (10–55 KD size-
selective removal), limited capacity43 (adsorption capacity decreases
to about 10% after 8 h), and uncertain therapeutic efficacy41.

Since the critical pathogenic factor of RM/CS-AKI is excessive
free Mb in blood circulation. Based on the concept of creating a
“mobile barrier” to protect the glomerular filtration barrier, we
developed an anti-Mb RabMAb36, which has broad species reactivity
(mouse, rat, rabbit, human, and horse) (Supplementary Fig. 1a, b)36,
excellent affinity (KD = 0.9409 pM, Supplementary Fig. 1e), and
strong stability (less degradation over 28 d at 25 °C, excellent freeze-
thaw resistance (Supplementary Fig. 1f, g). In fact, in recent years,
researchers have leveraged the ultra-high affinity of rabbit-derived
antibodies to develop more sensitive detection reagents44,45 and
more effective therapeutic drugs for heart transplantation46 and
neonatal pathogen infection47, etc. In our research, a single dose of
anti-Mb RabMAb injection is sufficient for emergency rescue in both

Fig. 3 | Anti-Mb RabMAb prevents free Mb from entering renal tubular epi-
thelial cells and promotes macrophage phagocytosis of Mb.
a Immunoprecipitation of the anti-Mb RabMAb with the His-Mb, which was
expressed and purified by our research group. IgG antibody acted as a negative
control. b Using CCK8 assay to detect the inhibition rate of TCMK-1 cells treated
with different concentration gradients ferrous His-Mb (25, 50, 100, 200, 400, and
800 μM) for 6 h, and calculate the IC50 value. cRepresentative confocalmicroscopy
images of TCMK-1 cells treated with 200 μM ferrous His-Mb at different times (0, 1,
2, 4, 6, 8, 12, and 24 h). d CCK8 assay detected the survival rate of TCMK-1 cells
treatedwith different concentrations of anti-Mb RabMAb (0.001, 0.01, 0.1, 0.2, 0.4,
0.8, 1.6, and 3.2mg/mL). e CCK8 assay detected the survival rate of TCMK-1 cells
treated with 200μM ferrous His-Mb and different concentrations of anti-Mb Rab-
MAb (0.001, 0.01, 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2mg/mL). Data are presented as
mean ± SD, and n = 3 biological replicates for each group in (b, d, e).

f Representative confocal microscopy images of TCMK-1 cells were treated with
200μM ferrous His-Mb and 0.2mg/mL anti-Mb RabMAb/IgG for 6 h.
g Representative confocal microscopy images of RAW 264.7 cells which were
treatedwith 200μMferrousHis-Mb, 0.2mg/mLanti-MbRabMAb, andmacrophage
membrane dynamic protein inhibitor DYN for 2 h. h Representative confocal
microscopy images of RAW 264.7 cells treated with 200μM ferrous His-Mb,
0.2mg/mL anti-Mb RabMAb, and macrophage membrane dynamic protein inhi-
bitor DYN for different times (0.5, 1, 2, 4, 6, 8, 12, 24, 36, and 48 h) to observe the
phagocytosis ofmacrophages. Thenucleiwere stainedwithDAPI (blue), theHis-Mb
were stainedwith commercial anti-Mb (red), and the anti-MbRabMAb/IgG antibody
were stained with goat anti-rabbit IgG (green) in (f–h). Representative images of
n = 3 biological replicates for each group. Source data are provided as a Source
Data file.
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homologous and heterologous RM/CS-AKI animal models
(Figs. 1 and 2, Supplementary Fig. 2 and Fig. 3). Antibody therapy is
effective because anti-Mb RabMAb specifically binds to the
excess free Mb in the blood circulation, thereby reducing the Mb
accumulated in the kidneys (Figs. 1d–g, k, o, 2d-k and Supplementary
Figs. 2a, b, d, e, 3a, d). The direct or indirect effect of the reduction of
toxic Mb reduces glomerular permeability and tubular damage in

rhabdomyolysis (Supplementary Fig. 3k). Meanwhile, anti-Mb Rab-
MAb was engulfed by macrophage cells after binding to Mb, and the
signal of anti-Mb RabMAb was still significant after Mb was wholly
degraded by the cells (Fig. 3g, h and Supplementary Fig. 4). The
complex FcRn-mediated IgG recycling pathway may play an essential
role in slowly decreasing IgG levels in serum48. It is to be regretted
that we did not further demonstrate this phenomenon of anti-Mb
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RabMAb being re-released to the extracellular space. However, it still
proves to some extent that anti-Mb RabMAb will not be rapidly
degraded like Mb. Pharmacokinetic analysis revealed that the term-
inal half-life (T1/2) of anti-Mb RabMAb ranged from 8 to 11 days in
mice (Fig. 5g), which is within the expected range found for other
murine MAbs in mice (6–8 days)49. An immune response of animals
toward heterologous antibodies can be expected and is reported to
be associated with the accelerated clearance of monoclonal anti-
bodies in the serum50,51. In the later stage, modification of the Fc
region can be considered to extend its serum terminal half-life of
anti-Mb RabMAb.

Our results showed that anti-MbRabMAbadministered via the i.v.,
i.p., i.m., or s.c. all have significant therapeutic effects in RM-AKI mice
(Fig. 4g–l and Supplementary Fig. 5g–l). So, the anti-Mb RabMAb is
convenient to implement in emergency rescue, especially in disaster
situations. Moreover, the timing of antibody injection is more flexible
(24 h before decompression to 24 h after decompression), which has
the dual effect of prevention and treatment (Fig. 4m–r and Supple-
mentary Fig. 5m–r). The closer to the modeling time point of admin-
istration, the better the therapeutic effectwill be. Interestingly, a single
dose of PBS treatment exhibited a modest protective effect on the
kidney within 24 h in the mild RM-AKI model (Fig. 2l, n, o) but not in
the severe CS-AKI model (Fig. 2p, r, s). These results underscore the
importance of different models and 100μL PBS administration should
not be equated with traditional fluid resuscitation (maybe up to 10 L
with 48 h for humans)52. Although the dose of 0.05mg/kg anti-
RabMAb group has reached statistical significance compared with the
RM group, it might not have biological significance (Fig. 4a–e). This is
because GFR values greater than 0.5 are generally considered to have
an improvement effect in mice. Therefore, the lower limit of the effi-
cacy of anti-Mb RabMAb i.v. administration in mice is 0.1mg/kg
(Fig. 4a–e). Define the lower limits of efficacy and the upper limits of
safety, which are crucial for clinical translation. The no-observed-
adverse-effect level (NOAEL) is a generally accepted benchmark for
safety when derived from appropriate animal studies and can serve as
the starting point for determining a reasonably safe starting dose of a
new therapeutic in healthy (or asymptomatic) human volunteers53

Therefore, the next step needs to do is to determine the value
of NOAEL.

Xenogeneic antibodies are prevalent in emergencies in clinical
practice, such as equine serum tetanus antitoxin, equine tetanus
immunoglobulin, and antivenom (Snake Antivenins). Our findings
proved that the anti-Mb RabMAb efficacy in slowing down renal
fibrosis and stable improved renal function in heterologous RM/CS-
AKI model mice (Fig. 6 and Supplementary Fig. 9). Meanwhile, no
damage of major organs in short-time (6h, 24 h, and 72 h) or 14 d
(Fig. 6 and Supplementary Figs. 7, 8). In other words, no acute adverse
effects in target and non-target organs, enhancing the clinical trans-
lation possibility of the anti-Mb RabMAb. Therefore, anti-Mb RabMAb
is suitable for use in emergency treatment.

In summary, a single dose of anti-Mb RabMAb injection immedi-
ately after decompression (optimal 1mg/kg, i.v.) alleviated RM/CS-AKI
by blocking Mb from crossing the glomerular filtration barrier and
promoted phagocytosis of Mb in both homologous (rabbit) and het-
erologous (mouse) animal models, which can last for at least 14 d, far

exceeding the “72-hour gold time window” of emergency rescue
(Fig. 7). In the future, anti-Mb RabMAb can treat RM/CS-AKI and even
other diseases related to free Mb in blood circulation.

Methods
Ethics statement
This research complies with all relevant ethical regulations. The animal
experiments were approved by the Animal Ethical and Welfare Com-
mittee at the Institute of Radiation Medicine, Chinese Academy of
Medical Sciences & Peking Union Medical College (NO. IRM-DWLL-
2021113, NO. IRM-DWLL-2022195) and Animal Ethical and Welfare of
Tianjin University (NO. TJUE-2022-279).

Animal models
New Zealand white rabbits (about 2 kg, 6 months old, male) and
C57BL/6 J male mice (about 20 g, 8–10 weeks old) were purchased
fromCharles River Laboratories (CRL) and SPF (Beijing) Biotechnology
Co., Ltd., separately. During the experiment, all animalswere housed in
a pathogen-free environment with a 12 h light/dark cycle and free
access to standard laboratory chow (Jiangsu Xietong Pharmaceutical
Bio-engineering Co, Ltd, Nanjing, China, #XTI01WC-009 for mice,
#XTC04WC-004 for rabbits) and sterilized water. The ambient tem-
perature was maintained at 21–24 °C and 40–60% humidity for mice
and at 20–26 °C and 40–70% humidity for rabbits. After the experi-
ment, the animals were anesthetized until they lost consciousness, and
then their blood was collected and euthanized. All rabbits and mice
were randomly divided into different groups. For the model of rhab-
domyolysis, 8mL/kg of 50% glycerol was then intramuscularly injected
into both hind limbs of rabbits and mice equally, and all rabbits and
mice were given free access to water and food. NC group rabbits and
mice were intramuscularly injected with physiological saline of the
same volume as glycerol. After glycerol injection, the RM-AKI + Ab
group rabbits were intravenously injected with 2.5mg/kg anti-Mb
RabMAb. While the RM-AKI + Ab group mice were administered dif-
ferent dosages of anti-Mb RabMAb (0.05, 0.1, 0.25, 0.5, 1, 5, 10, and
20mg/kg) via different routes (i.v., i.p., i.m., s.c.) within 24 hbefore and
after glycerol injection. The RM-AKI + PBS group mice were injected
intramuscularly with glycerol and then intravenously with PBS of the
same volume as antibodies.

For preparing the rabbit’s CS model, after anesthesia, the digital
crush platform was used to continuously crush both hind limbs of
rabbits under a pressure of 20 kg for 6 h. CS-AKI + Ab group rabbits
were intravenously injected with 2.5mg/kg anti-Mb RabMAb immedi-
ately after decompression. For themiceCSmodel, after anesthesia, the
digital crush platform was used to continuously crush both hind limbs
of mice under a pressure of 1.5 kg for 16 h54. CS-AKI + Ab group mice
were intravenously injected with 1mg/kg anti-Mb RabMAb immedi-
ately after decompression. The CS-AKI + PBS group mice were imme-
diately given intravenous injections of PBS of the same volume as the
antibody after decompression. The NC group rabbits and mice were
not subjected to any treatment.

Cell culture and cell viability
Mouse tubular epithelial cells (TECs) TCMK-1 (Servicebio,
#STCC20015G) andmousemononuclearmacrophage cells RAW 264.7

Fig. 4 | Exploring theoptimal administrationdosage,mode, and timing of anti-
Mb RabMAb therapy for RM-AKI model mice. a, g, m Experimental design dia-
gram of anti-Mb RabMAb treatment for RM-AKI model mice on administration
dosage, mode, and timing. e, h, n Mb concentration in mice serum. f, i, o WB
detection of NGAL expression and Mb accumulation in mice kidneys. GAPDH was
used as the loading control. n = 3 biological replicates for each group. (b, j, p)
Representative images of transcutaneous disappearance curves of FITC-sinistrin
excretion. The x-axis represents time, the y-axis represents the relative transcuta-
neous fluorescence. c, k, q Terminal half-life (T1/2) of FITC-sinistrin excretion.

d, l, r GFR values of each group of mice were calculated from the T1/2 of FITC-
sinistrin. Graph bars represent mean ± SD, and dots indicate individual data points
for n = 6 for biological replicates per group in (c–e, h, k, l, n, q, r). One-way ANOVA
for (c–e, h, k, l, n, q, r) followed by Tukey’s multiple comparisons test was used to
identify the differences.*p <0.05, **p <0.01, ***p <0.001 compared with RM group.
#p <0.05, ##p <0.01, ###p <0.001 compared with RM+Ab group (including 1mg/kg
Ab dosage, i.v. mode, 0 h timing). & p <0.05, &&p <0.01, &&&p <0.001 compared with
NC group. ns: no significance. The exact p-value can be found in the Source Data
file. Source data are provided as a Source data file.
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(Servicebio, #STCC20020G) were cultured in DMEM-high glucose
medium (Sparkjade, #CA0002) containing 10% FBS and antibiotics
(100U/mL penicillin and 0.1mg/mL streptomycin) (Solarbio, #P1400)
at 37 °C in humidified air with 5% CO2. TCMK-1 cells were inoculated in
96-well plates (NEST, #701002) at a concentration of 5 × 103 cells/well
for 24 h. Cells were treated with graded concentrations of mouse fer-
rous Mb (25, 50, 100, 200, 400, 800μM) for 6 h. Then, cells were co-

incubated with CCK8 solution (YEASEN, #40203ES60) in a culture
incubator for 2 h, and the optical density (OD) values were detected at
450nm by Microplate Reader (BioTek, Epoch 2). Based on the detec-
tion results of CCK8, we ultimately used 200μM mouse ferrous Mb
treated TCMK-1 cells at the exponential growth phase to mimic the
RM/CS-AKI model in vitro. Furthermore, to investigate the phagocytic
effect of macrophages on Mb and anti-Mb RabMAb, 200μM mouse
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ferrousMbwas used to treat RAW264.7 cells for 0.5, 1, 2, 4, 6, 8, 12, 24,
36 and 48 h, and then immunofluorescence co-localizationwas used to
analyze the phagocytic effect.

Biochemistry analysis
Serum and urine samples from rabbits and mice were collected. The
levels of BUN, Cr, CK, and Mb were detected by an automatic bio-
chemical analysis instrument (iMagic-V 7, Icubio) and commercial
assay kits (Derui Biotechnology Co., Ltd.).

Hematoxylin-Eosin (HE)
Mouse or rabbit organs were fixed in 4% paraformaldehyde (Service-
bio, #G1101), embedded in paraffin, and sectioned into 4μmthickness.
After staining with Hematoxylin-Eosin (HE) stain kit (Solarbio, #G1120)
and dehydration, the optical microscope was used to observe and
evaluate the pathological changes in kidney, muscle, heart, liver, and
lung tissue.

Immunohistochemistry (IHC)
After dewaxing and hydration, the kidney tissue sections were heated
for antigen repair and then incubated with 0.5% Triton X-100 (ACMEC,
#T88490) and 3% H2O2 for membrane permeability and peroxidase
removal. Nonspecific binding sites were blocked with 5% goat serum
(Solarbio, #SL038) and incubated with primary antibodies against
NGAL (1:300, Affinity, #DF6816), Mb (1:300, Abcam, #ab77232), KIM-
1(1:300, ABclonal, #A2831) at 4°C overnight. Then, the sections were
incubated with HRP-coupled secondary antibodies at room tempera-
ture for 1 h. The sections were stained with a DAB kit (Solarbio,
#DA1015), and cell nuclei were stained with hematoxylin. Finally, kid-
ney tissue sections were observed under an optical microscope.

Immunofluorescence (IF)
The pre-treatment method for tissue immunofluorescence is the same
as immunohistochemistry. For cellular immunofluorescence, TCMK-1
and RAW 264.7 cells were inoculated on a glass cover slide in a 24-well
plate (NEST, #702002), fixed with 4% paraformaldehyde (Servicebio,
#G1101), then permeatedwith 0.5% Triton X-100 and sealedwith 5% BSA
(Solarbio, #A8010) at room temperature. Then the tissue slices or cell
slides were incubated with primary antibodies against Mb (1:500, Santa
Cruz, #sc-74525) and fluorescein-labeled LTL (1:300, Vector laboratories,
#FL-1321-2) at 4 °C overnight and secondary antibodies coupled to Alexa
Fluor 488/594 (1:200, ZSGB-BIO, #ZF-0511 and #ZF-0513) at room tem-
perature for 1 h. The cell nuclei were stained by 4’,6-diamidino-2-phe-
nylindole (DAPI) (Solarbio, #C0060) in the dark. Finally, the slides were
observed using confocal microscopy (Nikon, A1).

Quantitative real-time PCR (qPCR)
The total RNA of kidney tissues was extracted by TRIeasy™ LS Total
RNA Extraction Reagent (YEASEN, #19201ES60), while Nanodrop One
was used to detect RNA purity and concentration. Reverse transcrip-
tion into cDNA was performed using the Hifair®III 1st Strand cDNA
Synthesis Kit (YEASEN, #11139ES10). Then the Hieff® qPCR SYBR Green
Master Mix (No Rox) kit (YEASEN, #11201ES03) was used to perform

qPCR with the LightCycler® 96 instrument (Roche). The relative
expression level was calculated by 2−ΔΔCt. Primers are listed in Supple-
mentary Table 1.

Western blotting (WB)
ColdRIPA lysis buffer containingprotease inhibitorwasused to extract
protein from kidney tissue. The samples were quantified with the BCA
protein quantification kit (YEASEN, #20201ES76). The 30μg total
protein was separated by SDS-PAGE and transferred to PVDF mem-
branes. After blocking with 5% skimmed milk (Sparkjade, #ED0019) at
room temperature, then the membranes were incubated with primary
antibodies against NGAL (1:2000, Santa Cruz, #sc-74525), Mb (1:5000,
Abcam, #ab77232), and GAPDH (1:10000, BOSTER, #BM1623) over-
night at 4 °C. Then, the membranes were incubated with HRP-coupled
secondary antibodies at room temperature. The protein bands were
visualized with enhanced ECL chemiluminescent substrate kit (YEA-
SEN, #36222ES60) and imaged with Tanon 5200 Multiple Detection
System.

Immunoprecipitation (IP)
Extracted the total protein from the renal tissue of RM/CS-AKI mice
using IP lysis buffer, incubated it with protein A magnetic beads
(Bimake, #B23202), and added rabbit anti-Mb monoclonal antibody/
rabbit anti-IgG antibody (Abcam, #ab172730) to incubate overnight at
4 °C. Subsequent WB analysis was performed using IP samples.

Surface plasmon resonance (SPR)
The affinity between His-Mb protein and anti-Mb RabMAb was mea-
sured at room temperature using a Biacore T200 SPR instrument. The
anti-Mb RabMAb first binds to the protein A chip (GE Healthcare).
Then, gradient concentrations of His-Mb protein flowed over the chip
surface. After each cycle, the sensor surface was regenerated. The data
was collected, and the affinity was calculated. The running buffer used
for ligand attachment and analyte-binding experiments was 0.01M
PBS buffer with 2mM KH2PO4, 8mM Na2HPO4·12H2O, 136mM NaCl,
2.6mM KCl, adjusted to pH 7.4.

Glomerular filtration rate (GFR) assessment and calculation
Transcutaneous GFR was measured and performed as previously
reported55,56. A miniaturized imager device (MediBeacon™ Inc.) was
mounted onto the shaved back of mice. The background signal of the
skin was recorded for 5min. Then, a single dose of FITC-stingrin (i.v.,
70mg/kg BW) (MediBeacon™ Inc.) was injected into mice. After col-
lecting signals for 1.5–2 h, the imaging device MPD Studio software
(MediBeacon™ Inc.) analyzed data. GFR was calculated as follows: GFR
[μl/min/100 gbodyweight] = 14616.8 [μl/100 gbodyweight]/t1/2 (FITC-
sinistrin) [min].

Fluorescence imaging of Cy5 labeled anti-Mb RabMAb in vivo
Label the anti-Mb RabMAb with Cy5 dye and inject them into the
anesthetized and shaved mice of NC +Cy5-Ab, RM+Cy5-Ab, and CS +
Cy5-Ab groups via tail vein at a dose of 1mg/kg. Use small animal live
imaging equipment (Tanon, ABL-X5) to perform in vivo fluorescence

Fig. 5 | The organ distribution of anti-Mb RabMAb in RM/CS-AKImice. a In vivo
fluorescence imaging of RM/CS-AKI mice treated with single intravenous admin-
istration of Cy5 and Cy5 labeled anti-Mb RabMAb (1mg/kg) at different time points
(0.5 h, 6 h, 12 h, 24 h, 3 d, 5 d, 7 d and 14 d). n = 3 for biological replicates per group.
b Fluorescence images of major organs of RM/CS-AKI mice treated with single
intravenous administration of Cy5 and Cy5 labeled anti-Mb RabMAb (1mg/kg) at
different time points (1 d, 3 d, 5 d, 7 d, and 14 d). n = 3 for biological replicates per
group. c–e The fluorescence intensity in the kidney, muscle, and heart after the
mice injectedwith Cy5 and Cy5 labeled anti-Mb RabMAb (1mg/kg) at different time
points (1 d, 3 d, 5 d, 7 d, and 14 d). n = 3 for biological replicates per group. Results
are presented as means ± SD. f The plasma concentration-time profiles of anti-Mb

RabMAb after a single dose i.v. administration in mice. g Mean pharmacokinetic
parameters ( ± standard deviation (S.D.)) of anti-Mb RabMAb after single dose i.v.
administration in mice. T1/2, terminal half-life; Tmax, the time to reach maximum
plasma concentration; Cmax, themaximumplasma concentration; AUC(inf), the area
under the serumconcentration-timecurve fromtime0 to infinity; Vz, the volumeof
distribution; CI, plasma clearance. Experiments were conducted independently
with sixmice in eachgroup in (f,g). Thedata points of0.5 h, 1 h, 3 h, 6 h, and 12 h for
n = 3 biological replicates with 2 technical replicates in each group. The data points
of 24h, 72 h, 120h, 168 h, 240 h, and 336 h for n = 6 biological replicates in each
group. Results are presented as means ± SD. Source data are provided as a Source
data file.
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scanning imaging at different time points after injection (0.5 h, 6 h,
12 h, 24 h, 3 d, 5 d, 7 d, 14 d). Perform fluorescence intensity analysis on
whole-body images. After 1 d, 3 d, 5 d, 7 d, and 14 d of injection of
labeled antibodies, the mice were euthanized. The major organs and
tissues (heart, liver, spleen, lung, kidney, and muscle) were dissected
and collected for fluorescence imaging, and the corresponding fluor-
escence intensity was calculated.

Pharmacokinetic statistical analysis in mice
The male C57/BL mice were divided into NC, RM-AKI, and CS-AKI
groups (6 mice per group). Intravenous injection of 1mg/kg anti-
RabMAb. Blood samples of approximately 100 μL were collected
before injection, and at 0.5 h, 1 h, 3 h, 6 h, 12 h, 24 h, 3 d, 5 d, 7 d, 10 d,
and 14 d (in some of the mice) after administration. Anti-RabMAb
blood levels were assessed with a specific ELISA assay as previously
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described with minor modifications and derived concentrations
were used to generate pharmacokinetic profiles versus time. From
the plasma concentration-time profiles, the maximum plasma con-
centration (Cmax) and the time to reach Cmax (Tmax) were obtained.
All pharmacokinetic analyses were done using Phoenix WinNonlin
8.3.5 (Certara Software) to estimate terminal half-life (T1/2),
area under the serum concentration-time curve from time 0 to
infinity [AUC(inf)], volume of distribution (Vz), and plasma
clearance (CI).

Statistical analysis
Continuous variables with normal distribution were presented
as mean ± standard deviation (SD). For more than two groups, one-
way ANOVA or two-way ANOVA followed by Tukey’s multiple

comparisons test were used to identify the differences. Underlying
assumptions for these tests, including sample independence, var-
iance equality, and normality were assumed to be met. The cumu-
lative incidence estimate was used to calculate the probability of
survival rate as a function of time. The log-rank test was used to
compare survival curves. A value of p < 0.05 was considered statis-
tical significance. Three levels of statistical significance was set
(*/#/&p < 0.05; **/##/&&p < 0.01; ***/###/&&&p < 0.001; ns: no significance).
GraphPad Prism software was used for data analysis and graph
plotting.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Fig. 6 | Anti-MbRabMAb therapy slowsdownrenalfibrosis and stable improves
renal functionwithin 14 days. a Experimental design diagram of anti-Mb RabMAb
treatment for RM-AKImodelmice. b–e BUN, Cr, CK, andMb concentration inmice
serum. f, g qPCR analyses the mRNA level of kidney injury markers Kim-1 and Ngal
in the kidney.hGFRvalues of each groupofmicewere calculated from the terminal
half-life (t1/2) of FITC-sinistrin. Data are presented as mean ± SD. n = 3 biological
replicates for each group. One-way ANOVA followed by Tukey’s multiple compar-
isons test was used to identify the differences. (i, j) Representative images of
transcutaneous disappearance curves of FITC-sinistrin excretion. The x-axis
represents time, the y-axis represents the relative transcutaneous fluorescence.
k T1/2 of FITC-sinistrin excretion. lGFR values were calculated from the T1/2 of FITC-

sinistrin. m WB detection of NGAL expression and Mb accumulation in the mice
kidneys. GAPDHwas used as the loading control.n = 3 biological replicates for each
group. n Masson staining of kidney sections showed the distribution of collagen
(blue) at 7 d and 14 d in different groups. n = 3 for biological replicates. o Collagen
III Immunohistochemistry staining of kidney sections showed the Collagen III
deposition at 7 d and 14 d in different groups. n = 3 for biological replicates. Graph
bars represent mean ± SD, and dots indicate individual data points for n = 6 for
biological replicates per group in (b–g, k, l). Two-way ANOVA for (b–g, k, l) fol-
lowed by Tukey’s multiple comparisons test was used to identify the differences. *
p <0.05, **p <0.01, ***p <0.001, ns: no significance. The exactp-value canbe found
in the Source Data file. Source data are provided as a Source data file.

Fig. 7 | Schematic diagram of anti-Mb RabMAb treatment for RM/CS-AKI. A
novel strong specificity, excellent affinity, superior stability, and broad species
reactivity recombination anti-Mb rabbit monoclonal antibody (RabMAb) was
developed. Anti-MbRabMAb (~ 150KD) one-dose injection alleviated RM/CS-AKI by

blocking the free Mb (~ 17 KD) in the blood circulation from passing through the
glomerular filtration barrier (~ 69 KD) and promotes phagocytosis of Mb in both
homologous (rabbit) and heterologous (mouse) animal models. Anti-Mb RabMAb
has a stable therapeutic effect for at least 14 d or more.
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Data availability
All data relating to this study can be found in the main text, figures, or
Supplementary information. The SourceData Underlying Figs. 1–6 and
Supplementary Figs. 1–6, 8, 9 are provided as a Source Data file. Spe-
cific data p-values are also included within the Source Data file. Addi-
tional details on protocols that support the findings of this study will
be made available by the corresponding author upon request. Source
data are provided in this paper.
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