
1 
 

Supplementary Material 

Supplementary materials and methods 

Monoclonal antibody preparation for Acr-PC, namely Acr-OVA#5. The 

acrolein-modified OVA immunogen was prepared by reacting 1 mg of ovalbumin 

(OVA, Sigma) with 50 mM acrolein in 1 ml of 50 mM sodium phosphate buffer at pH 

7.2 for 24 h at 37 °C. Female BALB/c mice were immunized three times with 

acrolein-conjugated OVA. Spleen cells from the immunized mice were fused with FO 

mouse myeloma cells and cultured in hypoxantineyamethopterinythymidine selection 

medium. Culture supernatants of the hybridoma were screened using ELISA and pairs 

of wells in the microtiter plates on which acrolein-treated BSA was absorbed. After 

being incubated with 100 l of the hybridoma supernatants and being washed with 

Tris-buffered saline (TBS) containing 0.05% Tween 20 (TBST), the wells were 

incubated with HRP-conjugated goat anti-mouse IgG, followed by a substrate solution 

containing TMB. Hybridoma cells corresponding to supernatants that were positive 

for acrolein-modified BSA and negative for BSA were then cloned by limiting 

dilutions. After repeated screening, five clones were obtained. Clone #5 (Acr-OVA#5) 

showed the most distinctive recognition of acrolein-modified BSA among the tested 

clones. 

Detection of acrolein-protein conjugates (Acr-PC) in plasma using a competitive 
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enzyme-linked immunosorbent assay (ELISA). A coating antigen was prepared by 

incubating 1 mg of BSA with 2 mM acrolein in 1 ml of 50 mM sodium phosphate 

buffer (pH 7.2) for 2 h at 37 °C. A 100-l aliquot of the antigen solution was added to 

each well of a 96-well microtiter plate and incubated for 20 h at 4 °C. The antigen 

solution was then removed, and the plate was washed with TBST. Each well was 

incubated with 100 l of 1% BSA in TBST for 30 min at 37 °C in a humidified 

chamber to block the unsaturated plastic surface. The plate was then washed once 

with TBST. A 100-l aliquot of competitor/antibody mixtures containing 100 ng/ml 

antibodies (Acr-OVA clone#5) and Acr-PC or plasma samples was added to each well 

and incubated for 1 h at 37 °C. The supernatants were discarded, the wells were 

washed three times with TBST, and 100 l of a 2000× dilution of HRP-conjugated 

goat anti-mouse IgG in TBST was added. After being incubated for 1 h at 37 °C, the 

supernatant was discarded, and the plates were washed three times with TBST. 

Enzyme-linked antibodies bound to the well were revealed by adding 100 l/well 

TMB Substrate Solution (Thermo Scientific). The reaction was terminated by adding 

50 l of 2 M sulfuric acid, and the absorbance at 450 nm was read on a micro-ELISA 

plate reader. 

Cell culture. A human proximal tubular epithelial cell line (HK2) and human kidney 

embryonic cells (HEK293) were purchased from ATCC and maintained in 
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keratinocyte-SFM supplemented with 0.0347 μg/ml human recombinant EGF and 

16.8 mg/ml bovine pituitary extract and low-glucose Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% FBS, respectively. For glucose treatments, 

HK2 cells were cultured in low-glucose DMEM for 24 h and then treated with 

different glucose concentrations (Sigma, 0-30 mM) for 48 h. For acrolein treatments, 

the acrolein stock solution (Sigma–Aldrich) was freshly prepared before use, and cells 

were treated with different concentrations of acrolein (0-10 M) for 48 h. 

Cytotoxicity assay. Cytotoxicity was determined using an MTT assay as described 

previously 
1
. Briefly, cells were seeded in 96-well plates, incubated overnight and 

treated with glucose (0-30 mM) or acrolein (0-10 M) for 48 h. For the MTT assay, 

the resulting formazan was dissolved with DMSO and measured at 570 nm, and the 

results are presented as the percentage of the control values. These experiments were 

performed at least three times in triplicate. 

Quantitative real-time RT-PCR. The sequences of the primers used for quantitative 

real-time PCR are shown below. The primers (5′-3′) were 

TCCTGTTGGATATGGAAACCACCTA and GTGGCCATCACATTCGTCAGA for 

ACE; GGGATCAGAGATCGGAAGAAGAAA and 

AGGAGGTCTGAACATCATCAGTG for ACE2; ATGCAATAACCACCCCTGAC 

and TAAGTTCTGTGCCCAGTGGA for IL-6; CTCGCCAGTGAAATGATGGCT 



4 
 

and GTCGGAGATTCGTAGCTGGAT for IL-1; GCTTGAATCTAAATTATCAGTC 

and GAAGATTCAAATTGCATCTTAT for IL-18; 

CTCTTCTGCCTGCTGCACTTTG and ATGGGCTACAGGCTTGTCACTC for 

TNF; and CCGTCTAGAAAAACCTGCC and GCCAAATTCGTTGTCATACC for 

GAPDH. 

Immunoblotting analysis. The antibodies used for immunoblotting were as follows: 

ACE (2E2) (Santa Cruz Biotechnology, #sc-23908), ACE-2 (R&D Systems, #AF933), 

Caspase-3 (Cell Signaling #9662), Caspase-9 (Cell Signaling #9502), 

4-hydroxynonenal (4-HNE) (Abcam, ab48506), p44/42 MAPK (Erk1/2) (Cell 

Signaling #9102), JNK2 (56G8) (Cell Signaling #9258), p38 MAPK Antibody (Cell 

Signaling #9212), PARP-1 (Cell Signaling #9542), phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) (Cell Signaling #9101), phospho-SAPK/JNK (Thr183/Tyr185) 

(81E11) (Cell Signaling #4668), phospho-p38 MAPK (Thr180/Tyr182) (28B10) (Cell 

Signaling Tech #9216) and GAPDH (1:5000, Cell Signaling #5174). 

Immunodetection was performed using enhanced chemiluminescence (ECL) 

(Millipore Corporation, Billerica, MA). 

Animal experiments. Fifty-two 6-week-old male C57BL/6 mice (weight 18–22 g) 

were purchased from BioLASCO Taiwan Co., Ltd. and maintained under 

well-controlled conditions (temperature = 22 ± 1 °C; relative humidity= 60 ± 5%; 
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12:12 h light-dark cycle) with free access to food and water. After one week of 

adaptation, vehicle control group mice (n=5) were fed a normal chow diet or high-fat 

diet (HFD, 60% of total calories from fat, consisting of 5.5% from soybean oil and 

54.5% from lard) for 16 weeks as previously described 
2, 3

. Four weeks later, HFD-fed 

mice were intraperitoneally injected with 50 mg/kg body weight streptozotocin (STZ) 

for 7 consecutive days during the 4th week. Five days after the last injection, mice 

with fasting blood glucose levels greater than 250 mg/dL were considered diabetic 

(n=5) and were used for subsequent experiments. In the acrolein groups (n=5), the 

mice were orally administered 2.5 mg/kg acrolein daily for 16 weeks. In the 

DN+acrolein scavenger groups, HFD/STZ-induced DN mice (n=20) were treated with 

vehicle (n=5) and acrolein scavengers, including NAC (1 g/kg/d in drinking water, 

n=5), hydralazine (50 mg/kg/d in drinking water, n=5), or carnosine (50 mg/kg/d in 

drinking water, n=5), for 16 weeks. In the acrolein scavenger groups, normal-fed-diet 

mice were treated with acrolein scavengers as described above (n=4 for each 

scavenger). Control mice (n=5) were fed a normal diet and received vehicle 

administration. 

Intraperitoneal glucose tolerance test (IGTT) and insulin tolerance tests (ITT). 

For the IGTT, mice were fasted overnight (at least 12 h), and a 10% glucose solution 

was administered intraperitoneally (2 g/kg body weight). Glucose measurements were 
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conducted before injection and at 30, 60, and 120 min after injection. For the ITT, 

mice in postprandial states were intraperitoneally injected with 1.0 U/kg body weight 

human insulin. Glucose measurements were conducted before injection and at 30, 60, 

and 90 min after injection. Plasma glucose levels were measured using a glucose 

analyzer. 

Biochemical analyses. Before being sacrificed, the mice were fasted for 8 h. Then, 

blood samples were collected by cardiac puncture in heparinized syringes and 

centrifuged at 12,000 rpm for 5 min. Plasma levels of uric acid, blood urea nitrogen, 

and creatinine were measured using an Automated Clinical Chemistry Analyzer (FUJI 

DRI-CHEM 4000i). The mice were placed in metabolic cages to collect 24-h urine, 

and urine albumin and creatinine levels were measured using an 

Albumin-to-Creatinine Ratio (ACR) Assay Kit (BioVision) according to the 

manufacturer’s instructions. 

Histological and immunohistochemical analysis. Tissues were fixed in 4% 

paraformaldehyde, embedded in paraffin, and subjected to histological and 

immunohistochemical analysis. After paraffin embedding, four cross-sections were 

made from each tissue sample and mounted on a slide. Standard hematoxylin and 

eosin (H&E), Periodic Acid Schiff (PAS), and Sirius red staining were performed. For 

immunohistochemical staining, antigen retrieval was achieved by heating the sections 



7 
 

on the slides in citraconic anhydride. Afterward, the tissue sections were incubated 

with primary antibodies. All stained slides were examined and photographed with an 

Olympus BX63 fluorescence microscope (Tokyo, Japan). 
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Supplementary Figures  

 

 

Supplementary Figure 1. The experimental design scheme for HFD/STZ-induced 

DN mice and acrolein-treated mice. Male 6-week-old C57BL/6J mice were fed 

either the normal diet or a high-fat diet (HFD) for 16 weeks. The HFD-fed mice (n=5) 

were intraperitoneally injected (i.p.) with freshly prepared STZ (50 mg/kg/d) for 

seven consecutive days, followed by continued HFD feeding for an additional 12 

weeks. For the acrolein group (n=5), the normal-diet fed mice were orally gavaged 

with acrolein (2.5mg/kg/d) for 16 weeks. Control mice (n=5) were on a normal diet 

and received vehicle administration. 
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Supplementary Figure 2. High glucose or acrolein induced Acr-PC formation in 

two kidney cell lines, HK2 and HEK293. (A&C) Cytotoxicity of glucose (0-30 mM, 

48 h) or acrolein (0-10 M, 48 h) in HK2 and HEK293 cells was analyzed using MTT 

assay described in Materials and Methods. (B&D) The quantification of Acr-PC in 

HK2 and HEK293 treated with glucose (0-30 mM, 48 h, Figure 2A) or acrolein (0-10 

M, 48 h, Figure 2A) using Western blot analysis. Mannitol (30 mM) was used as an 

osmotic control for glucose treatment. Values are presented as mean ± SD. Student’s 

t-tests were used to determine statistical significance, and two-tailed p-values were 

shown. *p<0.05, **p<0.01, ***p<0.005 compared with vehicle treatment. #p<0.05, 

##p<0.01, ###p<0.005 compared with mannitol treatment.  
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Supplementary Figure 3. High glucose or acrolein induced the expressions of 

ACE1 and ACE2 and secretion of angiotensin II. (A-B, E-F) Western blot analysis 

of ACE1 and ACE2 in HK2 and HEK293 treated with glucose (0-30 mM, 48 h) or 

acrolein (0-10 M, 48 h). Mannitol (30 mM) was used as an osmotic control for 

glucose treatment. Upper panels are representative images, and lower panels are 

quantification results. (C&G) mRNA expression of ACE1 and ACE2 in HK2 and 

HEK293 treated with glucose (0-30 mM, 48 h) or acrolein (0-10 M, 48 h) was 

analyzed using quantitative real-time PCR. (D&H) The expression of angiotensin II 

(Ang. II) in the cell culture medium of HK2 and HEK293 treated with glucose (0-30 

mM, 48 h) or acrolein (0-10 M, 48 h) was analyzed using Angiotensin II EIA kit 

(Sigma) according to the manufacturer instructions. Values were presented as mean ± 

SD. Student’s t-tests were used to determine statistical significance, and two-tailed 

p-values were shown. *p<0.05, **p<0.01, ***p<0.005 compared with vehicle 
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treatment. #p<0.05, ##p<0.01, ###p<0.005 compared with mannitol treatment. 

 

 

Supplementary Figure 4. Effect of acrolein scavengers on the formation of 

acrolein-protein conjugates (Acr-PC). Representative image of slot blot analysis, (A) 

arrangement of different bands on the membrane; (B) Ponceau S staining indicates 

proteins loading; (C) Acr-PC staining indicates the level of Acr-PC in BSA samples. 

(D) Standard curve of Acr-PC was analyzed using slot blot analysis. BSA was treated 

with different concentration of acrolein (0-20 mM) for 1 hours followed by slot blot 

analysis. (E-G) Quantitative of Acr-PC formation in BSA co-treated with acrolein (20 
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mM) and different concentration of acrolein scavengers (0-5 mM) including thiol 

containing compounds (NAC, GSH, Mesna, cysteine), nitrogen containing 

compounds (hydralazine, carnosine, GABA, lysine) and vitamins (ascorbic acid, 

trolox). (G-I) These results were presented as mean ± SD from three independent 

experiments. Statistics analysis was performed using two-tailed Student's t-tests to 

compare the means. p < 0.05 was considered to be significant. *p < 0.05; **p < 0.01; 

***p < 0.001. NAC: N-acetylcysteine; GSH: Glutathione; GABA: -aminobutyric 

acid. 
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Supplementary Figure 5. Acrolein scavengers reduced Acr-PC formation in two 

kidney cell lines, HK2 and HEK293, induced by high glucose or acrolein. HK2 

and HEK293 cells were co-treated with acrolein scavengers, including 

N-acetylcysteine (NAC) (5 mM), hydralazine (0.1 mM), carnosine (5 mM), and 

glucose (30 mM) or acrolein (10 M) for 48 h. Mannitol (30 mM) was used as an 

osmotic control for glucose treatment. The quantification of Acr-PC in HK2 and 

HEK293 treated with glucose (A) or acrolein (B) using Western blot analysis. Values 

were presented as mean ± SD. Student’s t-tests were used to determine statistical 

significance, and two-tailed p-values were shown. *p<0.05, **p<0.01, ***p<0.005 

compared with vehicle treatment. #p<0.05, ##p<0.01, ###p<0.005 compared with 

mannitol treatment, $p<0.05, $$p<0.01, $$$p<0.005 compared with high glucose or 

acrolein treatment.  
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Supplementary Figure 6. The effect of acrolein scavengers on the expression of 

ACE1 and ACE2 in HK2 and HEK293 induced by high glucose or acrolein. HK2 

and HEK293 cells were co-treated with acrolein scavengers, including 

N-acetylcysteine (NAC) (5 mM), hydralazine (0.1 mM), carnosine (5 mM), and 

glucose (30 mM) or acrolein (10 M) for 48 h. Mannitol (30 mM) was used as an 

osmotic control for glucose treatment. (A-B, D-E) Upper panels are representative 

images for Western blot analysis of ACE1 and ACR2 in HK2 and HEK293, and lower 

panels are quantification results. (C&F) mRNA expression of ACE1 and ACE2 in 

HK2 and HEK293 using quantitative real-time PCR. Values were presented as mean ± 
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SD. Student’s t-tests were used to determine statistical significance, and two-tailed 

p-values were shown. *p<0.05, **p<0.01, ***p<0.005 compared with vehicle 

treatment. #p<0.05, ##p<0.01, ###p<0.005 compared with mannitol treatment. 

$p<0.05, $$p<0.01, $$$p<0.005 compared with high glucose or acrolein treatment. 
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Supplementary Figure 7. The experimental design scheme for the effect of 

acrolein scavengers on HFD/STZ-induced DN mice. Male 6-week-old C57BL/6J 

mice were fed either the normal diet or an HFD for 16 weeks. For the DN group, the 

procedure was performed as described in Supplementary Figure 1. For the 

DN+acrolein scavengers group, the DN mice were treated with vehicle (n=5), acrolein 

scavengers including NAC (1g/kg/d in drinking water, n=5), hydralazine (50 mg/kg/d 

in drinking water, n=5), or carnosine (50 mg/kg/d in drinking water, n=5) for 16 

weeks. For the acrolein scavengers group, the normal-fed-diet mice were treated with 

acrolein scavengers as described above (n=4 for each scavenger). Control mice (n=5) 

were on a normal diet and received vehicle administration. 
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Supplementary Figure 8. Establishment of a competitive ELISA system for 

acrolein-protein conjugates (Acr-PC). (A) The chemical reaction of acetyl-lysine 

and acrolein to form acetyl-FDP-lysine as Acr-PC standards (STD). (B-C) A typical 

LC/MS/MS chromatogram for acetyl-FDP-lysine. For the preparation of 

acrolein-N-acetyl-lysine adducts, the reaction mixture (10 ml) contained 50 mM 

acrolein and 100 mM Na-acetyllysine in 50 mM sodium phosphate buffer (pH7.2). 

After incubation for 24 h at 37°C, the acrolein-N-acetyllysine adducts were analyzed 

and purified with a reverse phase HPLC by using a Spursil C18 column (4.6x250 mm) 

(Dikma Technologies Inc., USA) equilibrated in a solution of 5% methanol in 0.1% 

trifluoroacetic acid, flow rate being 2.5 ml/min. The elution profiles were monitored 

by absorbance at 227 nm. Retention time (RT) of the acetyl-FDP-lysine eluted at 0.91 

min. (B) depicts the chromatogram representing the acetyl-FDP-lysine 

(283.0→83.35 m/z transition, (C)). The amount of acetyl-FDP-lysine was calculated 
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by taking the ratio of the two peak areas and multiplying by the amount of standard. 

(D) Linear calibration curves of acetyl-FDP-lysine were obtained using a peak area 

ratio of 6 standards (3.13, 6.25, 12.5, 25, 50, and 100 M) as a function of the 

different concentrations.  
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Supplementary Figure 9. Expression of 4-hydroxynonenal (4-HNE) in 

HFD-STZ-induced DN mice and vehicle control mice. The experimental design 

scheme for HFD/STZ-induced DN mice is shown in Supplementary Figure 1. (A) 

Western blot analysis of 4-HNE levels in HFD-STZ-induced DN mice (n=4, #1-4) 

and vehicle control mice (n=5, #1-5). (B) Quantification of (A). The values are 

presented as the mean ± SEM. Student’s t tests were used to determine statistical 

significance, and two-tailed p values are shown. **p<0.01 compared with the control 

group. 
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Supplementary Figure 10. High glucose induced the expression of SSAT in HK2 

and HEK293 cells. HK2 and HEK293 were treated with glucose (0-30 mM, 48 h). 

Mannitol (30 mM) was used as an osmotic control for glucose treatment. (A-B) 

Protein expression of SSAT in HK2 (A) and HEK293 (B) was analyzed using Western 

blot analysis. (C) mRNA expression of SSAT was analyzed using quantitative 

real-time PCR assays. Values were presented as mean ± SD. Student’s t tests were 

used to determine statistical significance, and two-tailed p-values are shown. *p<0.05, 
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***p<0.005 compared with mannitol treatment. A minimum of three independent 

replicate experiments was performed.  
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