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ABSTRACT

Excessiveructose (Fru) intake has become an increasedrisk for chronic kidney diseaseprogression. Despite
extensiveresearcheghat have beenperformedto developeffective treatments againstFru-inducedrenal injury,
the outcome has achievedlimited successln this study, we attempted to explore whether carminic acid (CA
could influence the progressionof Fruinducedkidney injury, and the underlying molecular mechanism.At first,
our in vitro resultsshowedthat CAsignificantlyreducedinflammation in mousetubular epithelial cellsand humar
tubule epithelial cellsstimulated by Fru. Theanti-inflammatory effects of CAwere associatedwith the blockageof
nuclear factor-* . (NFS . 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 transloation. Importantly, we found that Fruinduced inflammation and oxidative stress were
acceleratedin cells with Nrf-2 knockdown. 2 K | {m@r&, in Frustimulated cells, CAalleviated inflammatory
responseand reactiveoxygenspeciegROSproduction were evidently abolishedby Nrf-2 knockdown.Thein viva
analysisdemonstratedthat Fruled to metabolic disorder, excessivealbuminuria and histologic changesin renal
tissues, which were effectively reversedby CA supplementation. We confirmed that CA significanty reducec
inflammation and oxidative stressin the kidneysof mice through regulatingNF® .and Nrf-2 signalingpathways
eventually alleviating the progressionof chronic kidney injury. Takentogether, these results identified CAas a
potential therapeutic strategy for metabolic stressinduced renal injury through restraining inflammation and
oxidative stressvia the improvementof Nrf-2 signaling.

INTRODUCTION associated with high mortality [1, 2]. In recent decades,
Fru consumption, mainly as table sugar or high fructose

Excessive fructose (Fru) intake has become an increased corn syrup, has been involvedrnetabolic complications,

risk factor for kidney diseases in animals and humans, including insulin resistance and metabolic disorders [3, 4].
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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 [b7]. 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 effeetly 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 Finduced kidney disease in
rodent aninals [8, 12, 13]. Metabolic stresses including
Fru induce inflammation, disrupting cell function and
pathologic changes in renal glomeruli [14]. Boitvitro

and in vivo studies indicate that N6 B and -mi t
activated protein kinase (MAPK) signaling Ipatys are
activated during the progression of renal injury caused by
metabolic  stresses, subsequently increasing the
expression of prinflammatory cytokines, such as

In this study, we for the first time evaluated the
cytoprotective effects of CA against Fnduced injury

in mouse tubular epithelial cells and human tubule
epithelial cells. Then vitro analysis demonstrated that
CA treatments markedly reduced the inflammation and
ROS production caused by Fru, which was mainly
dependent on N2 signaling. Ouranimal study
confirmed the protective effects of CA against metabolic
disorder, renal injury and dysfunction mainly through
suppressing inflammation and oxidative stress infédu
mice. Thus, our study identified that CA supplementation
may be a potentiatreatment option for Frinduced
chronic kidney disease.

RESULTS

Carminic acid reduces inflammatory response in
Fru-incubated cells

In order to calculate the potential of CA on Hmduced
renal injury, thein vitro analysis was performed at first.
As shown in Figure 1B, MTT analysis showed that CA

interleukin (IL}1 b ,-18,tumor necrosis factor (TNE) at the concentrations rangi |
and transforming growth factér 1  (-BFIG)F. | n  a dnoncytotoxic to TCMK1 and HK2 cells. Then, 10 and

inflammatory chemokine, such as monocyte chemotactic 20 &M of CA were used for
proteinl (MCP-1), could also be induced by metabolic
stress [1517]. Moreover, oxidative stress contributes to
the pathogenesis of metabolic streggyered chronic
kidney digase [18]. NF2 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) (NQO1) and heme oxygenade(HO-1) [19]. Nrf2

has been reported to protect against high fat dieEru
induced kidney disease [20]. Therefore, finding effective
treatment to reduce the severity of inflammatory and
oxidative damage has potential to attenuateifidtuced
kidney injury.

Carminic acid CA, 7-b-D-glucopyranosy,10
dihydro-3,5,68-tetrahydroxyl-methyt9,10-dioxo-2-
anthracenecarboxylic acid; Figure 1A), a glucosylated
anthraquinone found in scale insects liRactylopius
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 aon#éhcer drugs.
However, CA is not as toxic as shikonin and
anthracyclines [23, 24]. Additionally, CA could protect
erythrocytes and DNA against radiedicited oxidation
[25]. Furthermore, CA exhibits free radical scavenging
activity, herein providing a foodadditive [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.

Inflammation pays a critical role in inducing renal
injury caused by chronic Fru intak@7], and thus we
calculated the mRNA expression levels of inflammatory
factors by RTgPCR. As expected, HRincubated
TCMK-1 and HK2 cells exhibited higher expression of
inflammatoy cytokines or chemokine, including-IL b ,
IL-6, IL-4, IL-18, TNFU, ‘bGE  -MGiBsue
inhibitor of metalloproteinase 1 (TIMP), macrophage
inflammatory proteilt U (-IMJ )P an d
X-C motif) ligand 1(CXCL1). However, CA treatment
markedly reluced 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 TCMKand HK2
cells. As sbwn in Supplementary Figure 1A, 1B, the
MRNA expression levels of #iL b ,-6, IL-IL8 and TNF

U wer e s i g-megulaied dotiotvihgy LPSu p
stimulation. As expected, these results induced by LPS
were effectively reversed by CA -@ocubation. The
findings above confirmed that CA displayed anti
inflammatory abilities.

J NK

Carminic acid blocksthe NFe B a n d

in Fru-treated cells

The activation of NFe B a-dush Nterminal kinase
(INK) signaling pathways are critical in dincing
inflammation [15,28], and were then explored. Western
blot analysis indicated that Fru significantly activated
NF-eB signaling compared to
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Figure 1. Carminic acid reduces inflammatory response iniRoubated cells(A) Chemical structure of Carminic acid (CB)The

mouse tubular epithelial cell line TCMKand human kidney cell line of HK2 were incubated with CA (0, 1.25, 2.5, 5, 10, 20, 40, 80 and 100
>al0 FT2NJ un Ko ¢KSy3I I viability@8asureinenbuSingIBTTOaadlysGIFPOTCHIR arfll 2K céllSviefe exposed to
CNHz 6p Yal0 F2Nl un K gAGK 2N gAGK2dzi /! omn FYR Hn >@éwingtRASYy > |
gPCR analysis. The results expressed as the means + SEM. n = 4 in each g¥d¥p0.01 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 wuggulation of phosphorylated
| @B ki nase (pel oKnkpbl)e x
inhibitbr¢pBlU) ®NBaB pn
and HK2 cells. But CA careatment significantly
reduced the
(Figure 2A, 2B). Consistently, N& B
translocation stimulated by Fru wadso hindered in
cells cotreated with CA (Figure 2C), confirming the
role of CA in suppressing N6 B si gnaling.
we found that Frinduced JNK phosphorylation was
greatly reduced by CA in renal cells (Figure 2D).
Collectively, the data here demsirated that CA had
antrinflammatory effects in Frreated cells through
blockingNFe B and JNK

Carminic acid suppresses oxidative stress in Fru
cultured cells

Oxidative stress contributes to the progression of Fru
triggered renalinjury [29], and CA has antxidant
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
H20O, contents were markedly enhanced by Fru, whereas
being dowrregulated by CA treatment. On the
contrary, SOD activity repressed by Fru was greatly
rescued due to CA addition. Then, BPCR analysis
further showed that Fru significantly reduced the
expression of antxidants, including HEL, Nrf-2,
SOD1, SOD2, glutamateysteine ligase modifier
subunit (GCLM), glutamateysteine ligase catalytic
subunit (GCLC) and NQO1, while enhanced the
expression of Kelclike ECHassociated protein 1
(Keapl), inducible nitric oxide synthase (iNOS),
Gp9Phox p22hox pn4Phox 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 amtidative
effects, which might be involved in the alleviation of
renal injury inducd by Fru.

Carminic acid improves Nrf-2 activation in Fru-
stimulated cellsin vitro

Considering the pivotal role of N# in regulating ROS
production, we then explored the change of-Nrf
activation. As shown in Figure 4A, nuclear Nrfwas
clearly redued in Frutreated TCMK1 and HK2 cells,
which were restored by the -colture of CA. In
contrast, the expression levels of Kelapnd Nrf2 in
cytoplasm were significantly increased following Fru
stimulation. But these findings were abolished by CA
(Figure4B). Data in this part suggested that CA could
activate Nrf2 signaling to restrain oxidative stress.

Carminic acid alleviates renal inflammation and

pbh 0 s p hROS production via Nrf-2 signaling
-IT C MK

In addition to oxidative stress, NPfwas also reported to

phosphor yled8t i omodulateinflammation [®]. Therefore, we attempted to
nuc |l eexplore if CAregulated renal injury was dependent on

Nrf-2 activation. Therefore, N was knocked down by
transfection with siNF2 (Figure 5A). Then, the effects
of CA on inflammation and oxidative stressen&
investigated in Fru and/or Cieated TCMK1 cells
with or without Nrf2 knockdown. As shown in Figure
5B, surprisingly, we found that Rinduced expression
of proinflammatory factors was further promoted by

acti vat i onsiNrf-2. CAreduced mRNA expression of lammatory

cytokines and chemokine was almost abrogated in Fru
incubated cells with N¥2 knockdown. Similarly, N2
knockdown markedly promotedF-a B
Frutreated cells, accompanied by the evident increase of
NF-a B nucl ear t reaothen, tsiN2n .
significantly abolished CAnhibited activation of NF

9B si gnal-ireatgd cell:m (Figare B6C, 5D).
Similarly, Frustimulated pINK was further accelerated
by Nrf-2 knockdown. In Freultured cells, CA
suppressed JNK activation was rkedly diminished
when Nrf2 was knocked down (Figure 5E). As
expected, NF2 silence markedly enhanced ROS
generation in Frgexposed cells, along with the greatly
increased MDA levels. Of note, Geduced ROS and
MDA in Fru-incubated cells were clearlyiminated by
Nrf-2 silence. Opposite results were detected in the
change of SOD as shown in Figure 5F. Then,gRTR
analysis confirmed that the atidants including HO

1, SOD1, GCLM and NQQ suppressed by Fru were
further downregulated when Nf2 wasinhibited, while
Keap1, iINOS, p22h°xand XO were further accelerated.
In accordance with expectation, &#leviated oxidative
stress was clearly abolished by sHfrin Fruexposed
cells (Figure 5G). Taken together, all findings in this part
suggested #t CAattenuated inflammation and
oxidative stress induced by Fru were mainly dependent
on Nrf-2 signaling.

Carminic acid ameliorates renal dysfunction in Fru
fed mice

Thein vitro analysis demonstrated that CA exerted-anti
inflammatory and ambxidant activities in Frutreated
cells, demonstrating its potential in alleviating renal
injury caused by chronic Fru intake. To further
investigate the effects of CA on Fuiggered kidney
damage and the underlying molecular mechanisms, the
in vivo analysis waghen 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 attenuatl by CA supplementation (Figure i6B
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
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upon Fru challenge than the Con group of mice, which  expression levels of the major gluconeogenedated
were markedly alleviated by CA treatment, as revealed factors including phosphoenolpyruvate carboxgkia 1
by the OGTT and ITT analysis (Figure 6F). In addition,  (PEPCK), glucosé&-phosphatase (G6PC) and fructose

serum TG, TC and LDL contents were highly ucdd bisphosphatase 1 (FBP1) in kidney samples of mice
by Fru, and CA treatments significantly reversed challenged with Fru (Figure 6H)Additionally, RT-
these results (Figure 6GWe then found that CA gPCR results demonstrated that excessive Fru intake

supplementation significantly decreased the mMRNA significantly increased the mRNA expressionelsvof

Figure 3. Carminic acid suppresses oxidative stress ircBHured cells. TCMK1 and HK2 cells were exposed to Fru (5 mM) for 24 h
GAGK 2NJ gAlGK2dzi /! 6mn FyYR un >a0® ¢ K ShiacelulbriRODgsotuction, MISANSels@2 f £ S O
levels and SOD activity were measuredAp TCMKL and B) HK2 cells.G D) RFqPCR analysis was used to measure oxidative stress
associated factors in the cells. The results are expressed as the m8&hd.f = 4 in each groudjpP< 0.01 compared with the Ctrl grouiP<

0.05 and"*P< 0.01 compared with the Fru group.
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