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INTRODUCTION  
 

Excessive fructose (Fru) intake has become an increased 

risk factor for kidney diseases in animals and humans, 

associated with high mortality [1, 2]. In recent decades, 

Fru consumption, mainly as table sugar or high fructose 

corn syrup, has been involved in metabolic complications, 

including insulin resistance and metabolic disorders [3, 4]. 
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ABSTRACT 
 

Excessive fructose (Fru) intake has become an increased risk for chronic kidney disease progression. Despite 
extensive researches that have been performed to develop effective treatments against Fru-induced renal injury, 
the outcome has achieved limited success. In this study, we attempted to explore whether carminic acid (CA) 
could influence the progression of Fru-induced kidney injury, and the underlying molecular mechanism. At first, 
our in vitro results showed that CA significantly reduced inflammation in mouse tubular epithelial cells and human 
tubule epithelial cells stimulated by Fru. The anti-inflammatory effects of CA were associated with the blockage of 
nuclear factor-ˁ. (NF-ˁ.ύ signaling. In addition, Fru-exposed cells showed higher oxidative stress, which was 
effectively restrained by CA treatment through improving nuclear factor (erythroid-derived 2)-like 2 (Nrf-2) 
nuclear translocation. Importantly, we found that Fru-induced inflammation and oxidative stress were 
accelerated in cells with Nrf-2 knockdown. ²ƘŀǘΩǎ more, in Fru-stimulated cells, CA-alleviated inflammatory 
response and reactive oxygen species (ROS) production were evidently abolished by Nrf-2 knockdown. The in vivo 
analysis demonstrated that Fru led to metabolic disorder, excessive albuminuria and histologic changes in renal 
tissues, which were effectively reversed by CA supplementation. We confirmed that CA significantly reduced 
inflammation and oxidative stress in the kidneys of mice through regulating NF-ˁ. and Nrf-2 signaling pathways, 
eventually alleviating the progression of chronic kidney injury. Taken together, these results identified CA as a 
potential therapeutic strategy for metabolic stress-induced renal injury through restraining inflammation and 
oxidative stress via the improvement of Nrf-2 signaling. 
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Additionally, Fru as a highly lipogenic monosaccharide 

can result in insulin signaling abnormality, dyslipidemia, 

abnormal glucose metabolism, liver steatosis and renal 

dysfunctions [5ï7]. Fru consumption leads to glomerular 

podocyte dysfunction and greater albuminuria, 

contributing to the development of chronic kidney disease 

[8, 9]. Although great progress has been made, Fru-

induced renal injury still cannot be effectively treated. 

Therefore, it is urgently necessary to develop more 

effective medicines to prevent or slow down its 

progression [10, 11]. 

 

Increasing studies have demonstrated that inflammatory 

response contributes to Fru-induced kidney disease in 

rodent animals [8, 12, 13]. Metabolic stresses including 

Fru induce inflammation, disrupting cell function and 

pathologic changes in renal glomeruli [14]. Both in vitro 

and in vivo studies indicate that NF-əB and mitogen-

activated protein kinase (MAPK) signaling pathways are 

activated during the progression of renal injury caused by 

metabolic stresses, subsequently increasing the 

expression of pro-inflammatory cytokines, such as 

interleukin (IL)-1ɓ, IL-18, tumor necrosis factor (TNF)-Ŭ 

and transforming growth factor-ɓ1 (TGF-ɓ1). In addition, 

inflammatory chemokine, such as monocyte chemotactic 

protein-1 (MCP-1), could also be induced by metabolic 

stress [15ï17]. Moreover, oxidative stress contributes to 

the pathogenesis of metabolic stress-triggered chronic 

kidney disease [18]. Nrf-2 controls cellular defense 

mechanisms against oxidative stress through turning on 

transcription of antioxidant genes, such as superoxide 

dismutase 1 (SOD1), NAD(P)H dehydrogenase (quinone 

1) (NQO-1) and heme oxygenase-1 (HO-1) [19]. Nrf-2 

has been reported to protect against high fat diet- or Fru-

induced kidney disease [20]. Therefore, finding effective 

treatment to reduce the severity of inflammatory and 

oxidative damage has potential to attenuate Fru-induced 

kidney injury. 

 

Carminic acid (CA, 7-ɓ-D-glucopyranosyl-9,10- 

dihydro-3,5,6,8-tetrahydroxy-1-methyl-9,10-dioxo-2-

anthracenecarboxylic acid; Figure 1A), a glucosylated 

anthraquinone found in scale insects like Dactylopius 
coccus, has been used as a red colorant in different 

applications since ancient times. CA has a variety of 

multiple biological activities [21, 22]. CA could inhibit 

ascites tumors, because its structure is very similar to 

shikonin and anthracyclines, two anti-cancer drugs. 

However, CA is not as toxic as shikonin and 

anthracyclines [23, 24]. Additionally, CA could protect 

erythrocytes and DNA against radical-elicited oxidation 

[25]. Furthermore, CA exhibits free radical scavenging 

activity, herein providing a food additive [26]. 
According to these potential effects of CA, we supposed 

that CA might be effective for the treatment of renal 

dysfunction and injury caused by Fru. 

In this study, we for the first time evaluated the 

cytoprotective effects of CA against Fru-induced injury 

in mouse tubular epithelial cells and human tubule 

epithelial cells. The in vitro analysis demonstrated that 

CA treatments markedly reduced the inflammation and 

ROS production caused by Fru, which was mainly 

dependent on Nrf-2 signaling. Our animal study 

confirmed the protective effects of CA against metabolic 

disorder, renal injury and dysfunction mainly through 

suppressing inflammation and oxidative stress in Fru-fed 

mice. Thus, our study identified that CA supplementation 

may be a potential treatment option for Fru-induced 

chronic kidney disease. 

 

RESULTS 
 

Carminic acid reduces inflammatory response in 

Fru-incubated cells 

 

In order to calculate the potential of CA on Fru-induced 

renal injury, the in vitro analysis was performed at first. 

As shown in Figure 1B, MTT analysis showed that CA 

at the concentrations ranging from 1.25 to 100 ɛM was 

non-cytotoxic to TCMK-1 and HK2 cells. Then, 10 and 

20 ɛM of CA were used for the following analysis. 

Inflammation plays a critical role in inducing renal 

injury caused by chronic Fru intake [27], and thus we 

calculated the mRNA expression levels of inflammatory 

factors by RT-qPCR. As expected, Fru-incubated 

TCMK-1 and HK2 cells exhibited higher expression of 

inflammatory cytokines or chemokine, including IL-1ɓ, 

IL-6, IL-4, IL-18, TNF-Ŭ, TGF-ɓ1, MCP-1, tissue 

inhibitor of metalloproteinase 1 (TIMP-1), macrophage 

inflammatory protein-1Ŭ (MIP-1Ŭ) and chemokine (C-

X-C motif) ligand 1(CXCL1). However, CA treatment 

markedly reduced the expression of these factors, 

demonstrating the alleviated inflammatory response 

(Figure 1C, 1D). To further explore the potential anti-

inflammatory effects of CA, LPS, an inducer for 

inflammation, was then subjected to TCMK-1 and HK2 

cells. As shown in Supplementary Figure 1A, 1B, the 

mRNA expression levels of IL-1ɓ, IL-6, IL-18 and TNF-

Ŭ were significantly up-regulated following LPS 

stimulation. As expected, these results induced by LPS 

were effectively reversed by CA co-incubation. The 

findings above confirmed that CA displayed anti-

inflammatory abilities. 

 

Carminic acid blocks the NF-əB and JNK activation 

in Fru -treated cells 

 

The activation of NF-əB and c-Jun N-terminal kinase 

(JNK) signaling pathways are critical in inducing 

inflammation [15, 28], and were then explored. Western 

blot analysis indicated that Fru significantly activated 

NF-əB signaling compared to the Ctrl group, as proved 
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Figure 1. Carminic acid reduces inflammatory response in Fru-incubated cells. (A) Chemical structure of Carminic acid (CA). (B) The 

mouse tubular epithelial cell line TCMK-1 and human kidney cell line of HK2 were incubated with CA (0, 1.25, 2.5, 5, 10, 20, 40, 80 and 100 
˃aύ ŦƻǊ нп ƘΦ ¢ƘŜƴΣ ŀƭƭ ŎŜƭƭǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŦƻǊ ŎŜƭƭ viability measurement using MTT analysis. (C, D) TCMK-1 and HK2 cells were exposed to 
CǊǳ όр Ƴaύ ŦƻǊ нп Ƙ ǿƛǘƘ ƻǊ ǿƛǘƘƻǳǘ /! όмл ŀƴŘ нл ˃aύΦ ¢ƘŜƴΣ ŀƭƭ ŎŜƭƭǎ ǿŜǊŜ ƘŀǊǾŜǎǘŜŘ ŦƻǊ ǘƘŜ ŎŀƭŎǳƭŀǘƛƻƴ ƻŦ ƛƴŦƭŀƳƳŀǘƻǊȅ ŦŀŎtors using RT-
qPCR analysis. The results are expressed as the means ± SEM. n = 4 in each group. ** P< 0.01 and *** P< 0.001 compared with the Ctrl group; 
+P< 0.05 and ++P< 0.01 compared with the Fru group. 
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by the considerable up-regulation of phosphorylated 

IəB kinase complex ɓ (p-IKKɓ), phosphorylated 

inhibitors of əB-Ŭ (p-IəBŬ) and p-NF-əB in TCMK-1 

and HK2 cells. But CA co-treatment significantly 

reduced the phosphorylation of IKKɓ, IəBŬ and NF-əB 

(Figure 2A, 2B). Consistently, NF-əB nuclear 

translocation stimulated by Fru was also hindered in 

cells co-treated with CA (Figure 2C), confirming the 

role of CA in suppressing NF-əB signaling. Moreover, 

we found that Fru-induced JNK phosphorylation was 

greatly reduced by CA in renal cells (Figure 2D). 

Collectively, the data here demonstrated that CA had 

anti-inflammatory effects in Fru-treated cells through 

blocking NF-əB and JNK activation. 

 

Carminic acid suppresses oxidative stress in Fru-

cultured cells 

 

Oxidative stress contributes to the progression of Fru-

triggered renal injury [29], and CA has anti-oxidant 

biological activity [25, 26]. In this regard, we attempted 

to investigate if CA could reduce ROS production to 

ameliorate the development of kidney damage. As 

illustrated in Figure 3A, 3B, we found that intracellular 

ROS production, malondialdehyde (MDA) levels and 

H2O2 contents were markedly enhanced by Fru, whereas 

being down-regulated by CA treatment. On the 

contrary, SOD activity repressed by Fru was greatly 

rescued due to CA addition. Then, RT-qPCR analysis 

further showed that Fru significantly reduced the 

expression of anti-oxidants, including HO-1, Nrf-2, 

SOD1, SOD2, glutamate-cysteine ligase modifier 

subunit (GCLM), glutamate-cysteine ligase catalytic 

subunit (GCLC) and NQO1, while enhanced the 

expression of Kelch-like ECH-associated protein 1 

(Keap-1), inducible nitric oxide synthase (iNOS), 

Gp91phox, p22phox, p47phox and xanthine oxidase (XO). 

However, these effects were effectively reversed by the 

treatment of CA (Figure 3C, 3D). Together, these 

findings demonstrated that CA had anti-oxidative 

effects, which might be involved in the alleviation of 

renal injury induced by Fru. 

 

Carminic acid improves Nrf-2 activation in Fru-

stimulated cells in vitro 

 

Considering the pivotal role of Nrf-2 in regulating ROS 

production, we then explored the change of Nrf-2 

activation. As shown in Figure 4A, nuclear Nrf-2 was 

clearly reduced in Fru-treated TCMK-1 and HK2 cells, 

which were restored by the co-culture of CA. In 

contrast, the expression levels of Keap-1 and Nrf-2 in 

cytoplasm were significantly increased following Fru 
stimulation. But these findings were abolished by CA 

(Figure 4B). Data in this part suggested that CA could 

activate Nrf-2 signaling to restrain oxidative stress. 

Carminic acid alleviates renal inflammation and 

ROS production via Nrf-2 signaling 

 

In addition to oxidative stress, Nrf-2 was also reported to 

modulate inflammation [30]. Therefore, we attempted to 

explore if CA-regulated renal injury was dependent on 

Nrf-2 activation. Therefore, Nrf-2 was knocked down by 

transfection with siNrf-2 (Figure 5A). Then, the effects 

of CA on inflammation and oxidative stress were 

investigated in Fru and/or CA-treated TCMK-1 cells 

with or without Nrf-2 knockdown. As shown in Figure 

5B, surprisingly, we found that Fru-induced expression 

of pro-inflammatory factors was further promoted by 

siNrf-2. CA-reduced mRNA expression of inflammatory 

cytokines and chemokine was almost abrogated in Fru-

incubated cells with Nrf-2 knockdown. Similarly, Nrf-2 

knockdown markedly promoted p-NF-əB expression in 

Fru-treated cells, accompanied by the evident increase of 

NF-əB nuclear transition. On the other, siNrf-2 

significantly abolished CA-inhibited activation of NF-

əB signaling in Fru-treated cells (Figure 5C, 5D). 

Similarly, Fru-stimulated p-JNK was further accelerated 

by Nrf-2 knockdown. In Fru-cultured cells, CA-

suppressed JNK activation was markedly diminished 

when Nrf-2 was knocked down (Figure 5E). As 

expected, Nrf-2 silence markedly enhanced ROS 

generation in Fru-exposed cells, along with the greatly 

increased MDA levels. Of note, CA-reduced ROS and 

MDA in Fru-incubated cells were clearly eliminated by 

Nrf-2 silence. Opposite results were detected in the 

change of SOD as shown in Figure 5F. Then, RT-qPCR 

analysis confirmed that the anti-oxidants including HO-

1, SOD1, GCLM and NQO-1 suppressed by Fru were 

further down-regulated when Nrf-2 was inhibited, while 

Keap-1, iNOS, p22phox and XO were further accelerated. 

In accordance with expectation, CA-alleviated oxidative 

stress was clearly abolished by siNrf-2 in Fru-exposed 

cells (Figure 5G). Taken together, all findings in this part 

suggested that CA-attenuated inflammation and 

oxidative stress induced by Fru were mainly dependent 

on Nrf-2 signaling. 

 

Carminic acid ameliorates renal dysfunction in Fru-

fed mice 

 

The in vitro analysis demonstrated that CA exerted anti-

inflammatory and anti-oxidant activities in Fru-treated 

cells, demonstrating its potential in alleviating renal 

injury caused by chronic Fru intake. To further 

investigate the effects of CA on Fru-triggered kidney 

damage and the underlying molecular mechanisms, the 

in vivo analysis was then performed. At first, the safety 

of CA was explored. As displayed in Supplementary 
Figure 2A, there was no significant difference observed 

in the histological alterations of heart, liver, lung and 

spleen between the Con and CAH groups. Moreover, the 
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contents of serum ALT, AST and ALP that reflect 

hepatic functions were not markedly changed in CAH 

mice compared with the Con group of mice 

(Supplementary Figure 2B). Therefore, CA at the 

concentrations used in our study showed little toxicity. 

 

Animal experiment procedure was shown in Figure 6A. 

We found that compared with the Con group, chronic Fru 

intake significantly increased the body weight, kidney 

weight and blood glucose levels, which were however 

markedly attenuated by CA supplementation (Figure 6Bï

6D). Subsequently, ELISA analysis demonstrated that 

mice with Fru treatment had higher serum insulin levels 

than that of the Con group, while being reduced by CA 

administration (Figure 6E). As expected, mice developed 

more severe glucose intolerance and insulin resistance 

 

 
 

Figure 2. Carminic acid blocks the NF-ˁ. ŀƴŘ WbY ŀŎǘƛǾŀǘƛƻƴ ƛƴ CǊǳ-treated cells. (AςD) TCMK-1 and HK2 cells were exposed to Fru 
όр Ƴaύ ŦƻǊ нп Ƙ ǿƛǘƘ ƻǊ ǿƛǘƘƻǳǘ /! όмл ŀƴŘ нл ˃aύΦ ¢ƘŜƴΣ ŀƭƭ ŎŜƭƭǎ ǿŜre collected for the subsequent studies. (A, B) Western blotting analysis 
for p-LYYʲΣ Ǉ-Lˁ.ʰ ŀƴŘ Ǉ-NF-ˁ. ƛƴ ¢/aY-1 and HK2 cells. (C) The protein expression levels of NF-ˁ. ǿŜǊŜ ƳŜŀǎǳǊŜŘ ƛƴ ƴǳŎƭŜŀǊ ƻŦ ŎŜƭƭǎ ōȅ 
western blot analysis. (D) Western blot analysis was used to determine p-JNK protein expression levels in cells. The results are expressed as 
the means ± SEM. n = 4 in each group. *** P< 0.001 compared with the Ctrl group; +P< 0.05, ++P< 0.01 and +++P< 0.001 compared with the Fru 
group. 
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upon Fru challenge than the Con group of mice, which 

were markedly alleviated by CA treatment, as revealed 

by the OGTT and ITT analysis (Figure 6F). In addition, 

serum TG, TC and LDL contents were highly induced 

by Fru, and CA treatments significantly reversed  

these results (Figure 6G). We then found that CA 

supplementation significantly decreased the mRNA 

expression levels of the major gluconeogenesis-related 

factors including phosphoenolpyruvate carboxykinase 1 

(PEPCK), glucose-6-phosphatase (G6PC) and fructose 

bisphosphatase 1 (FBP1) in kidney samples of mice 

challenged with Fru (Figure 6H). Additionally, RT-

qPCR results demonstrated that excessive Fru intake 

significantly increased the mRNA expression levels of 

 

 
 

Figure 3. Carminic acid suppresses oxidative stress in Fru-cultured cells. TCMK-1 and HK2 cells were exposed to Fru (5 mM) for 24 h 

ǿƛǘƘ ƻǊ ǿƛǘƘƻǳǘ /! όмл ŀƴŘ нл ˃aύΦ ¢ƘŜƴΣ ŀƭƭ ŎŜƭƭǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŦƻǊ ǘƘŜ ǎǳōǎŜǉǳŜƴǘ ǎǘǳŘƛŜǎΦ Intracellular ROS production, MDA levels, H2O2 
levels and SOD activity were measured in (A) TCMK-1 and (B) HK2 cells. (C, D) RT-qPCR analysis was used to measure oxidative stress-
associated factors in the cells. The results are expressed as the means ± SEM. n = 4 in each group. ** P< 0.01 compared with the Ctrl group; +P< 
0.05 and ++P< 0.01 compared with the Fru group. 


