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Abstract

Roundup is a popular herbicide containing glyphosate as an active ingredient. The formulation of Roundup is speculated to have
critical toxic effects, one among which is chronic inflammation. The present study analyzed adverse inflammatory effects in the
liver and adipose tissue of rats after a subacute exposure of Roundup. Adult male rats were exposed to various doses of Roundup
(0,5, 10, 25, 50, 100 and 250 mg/kg bodyweight [bw] glyphosate) orally, everyday for 14 days. On day |5, liver and adipose tissues
from dosed rats were analyzed for inflammation markers. C-reactive protein in liver, cytokines IL-13, TNF-q, IL-6, and inflam-
matory response marker, and prostaglandin—endoperoxide synthase were upregulated in liver and adipose of rats exposed to
higher (100 and 250 mg/kg bw/d) doses of Roundup. Cumulatively, our data suggest development of inflammation in lipid and
hepatic organs upon exposure to Roundup. Furthermore, liver histological studies showed formation of vacuoles, fibroid tissue,
and glycogen depletion in the groups treated with doses of higher Roundup. These observations suggest progression of fatty liver
disease in Roundup-treated adult rats. In summary, our data suggest progression of multiorgan inflammation, liver scarring, and
dysfunction post short-term exposure of Roundup in adult male rats.
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inflammatory protein secreted by the target tissue as a result
of inflammatory processes such as IL-6 and TNF-a secretion
and in host—pathogen responses.'” Inflammation also leads to
the production of prostaglandin at the reaction site by mast cells

Introduction

The exposure to xenobiotics is increasing every day,' leading
to several health complications, including chronic inflamma-

tion.”* Inflammation may in turn lead to metabolic disor-
ders>*® such as fatty liver,”” irregular adipose tissue
development,'®!'! and obesity.'? Systematic as well as hepatic
inflammation is involved in the pathogenesis of nonalcoholic
fatty liver disease and steatohepatitis.'> Nonalcoholic fatty
liver disease includes liver dysfunction ranging from the sim-
ple accumulation of fat known as fatty liver to an advanced
stage of cirrhosis, non-alcoholic steatohepatitis (NASH), and
liver fibrosis.'* The systemic inflammation is also associated
with various types of cancer.'>!¢

During inflammatory reactions, blood flow and permeabil-
ity of capillaries increases, and recruitment of neutrophils
occurs in the target tissues. The migrated macrophages secrete
proinflammatory cytokines, interleukin-18 (IL-1f), tumor
necrosis factor-o (TNF-a), and interleukin-6 (IL-6), which
initiate inflammatory reactions in the target tissue such as the
increased production of cytokines, alteration in endothelial
gene expression, chemotaxis, leukocyte adherence, and activa-
tion of fibroblasts.'”'® C-reactive protein (CRP) is an acute

which is regulated by cyclooxygenase 2 or prostaglandin—
endoperoxide synthase (PTGS) gene involved mainly in vaso-
dilation?? and results in the activation of nuclear factor kB in
target tissues.>

Glyphosate or N-(phosphonomethyl) glycine-based herbi-
cide, Roundup, is the most commonly used, nonselective,
broad-spectrum weed control chemical formulation.?*
Roundup is used in agricultural fields, gardens, playgrounds,
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and roadsides. According to the USDA’s Agricultural Research
Service Glyphosate fact sheet 1999, the half-life of glyphosate
varies from 2 to 174 days in soil and up to 90 days in water.
Glyphosate and its metabolite aminomethyl-phosphonic acid
have been detected in water and crops.?> Notably, the commer-
cial formulation Roundup has been reported to have more
adverse effect than the active ingredient glyphosate alone.*%2’
Study with various cell lines suggested that the major adjuvant
polyethoxylated tallowamine was more toxic compared to
other components of Roundup.*® Therefore, toxicology studies
are recommended to be designed with the complete formula-
tion of Roundup.

There are very few in vivo studies describing the inflamma-
tory effect of Roundup. One study reported systemic inflam-
mation and its damaging effects on brain and renal tissue of rats
post herbicide exposure.?**° In another report, lung inflamma-
tion was studied leading to signs of asthma in a murine
model.*' Recent reports on long-term exposure of Roundup
in liver dysfunction in female rats®*>? have been discussed in
relation to aging-related complexity. There are no reports pre-
senting adverse inflammatory effects for a short-term Roundup
exposure in the liver and adipose tissue. The liver and adipose
tissue are major metabolic organs involved in energy home-
ostasis. Health problems resulting from abrupt energy home-
ostasis such as obesity and diabetes are of much concern. It
warrants study on plausible effects of xenobiotics to metabolic
organs. To our knowledge, the current study is the only one that
aims to analyze inflammatory response toward subacute expo-
sure of Roundup in metabolic tissues such as liver and adipose.

Materials and Methods

Reagents

Herbicide Roundup (41% w/w glyphosate) was procured from
Monsanto India Ltd (Mumbai, India). TRIzol, custom-made
primers, oligo(dT), dNTPs, Trichrome Stain (Masson) Kkit,
Schiff reagent, and Periodic acid—Schiff were purchased from
Sigma-Aldrich Co (Bangalore, India). DyNAmo ColorFlash
SYBR Green quantitative polymerase chain reaction (QPCR)
Kit was purchased from ThermoFisher Scientific (Waltham,
Massachusetts). Reverse transcriptase (EasyScript) was
obtained from Applied Biological Materials Inc (Richmond,
Canada). DNase 1 (RNase-free) was from New England Bio-
labs Inc (Ipswich, Massachusetts). Picro Sirius Red Stain Kit
was from Abcam (Cambridge, United Kingdom). All other
chemicals, unless otherwise noted, were purchased from
Sigma-Aldrich Co (Bangalore, India) or sourced locally.

Animal Experiments

All experimental procedure and housing management of rats
were approved by the Institutional Animal Ethical Committee,
Indian Institute of Science (Bangalore, India). Adult male rats
(2 to 2.5 months age) were housed in a temperature-controlled
environment of 25° to 26°C with a photoperiod cycle of

12-hour light, 12-hour darkness. Rats had ad libitum access
to food and water. One rat was housed per cage. For this study,
rats were randomly divided into 7 groups with 5 or more rats
per group. Rats were administered with 5, 10, 25, 50, 100, and
250 mg/kg bodyweight (bw)/d of glyphosate, and the unex-
posed group (ie, 0 mg/kg bw/d) received 300 pL of deionized
water. The treatments were administered orally and once daily
(08:00-09:00 hours) for 14 days. Each component of Roundup
formulation in the highest dose tested was set well below lethal
dose 50 (LDso; 4900 mg/kg bw) of glyphosate for rodents. As
short-term exposure effects could also be due to components
other than glyphosate (eg, surfactants) present in Roundup for-
mulation, which are not disclosed by the manufacturer, the
experiment readouts for each group were designated with for-
mulation trade name Roundup and the doses calculated based
on its active ingredient glyphosate. On day 15 of treatment, rats
were anesthetized with 50 mg/kg bw pentobarbitone sodium
(Sigma Chemical Co, St Louis, Missouri). The rats were killed
by cervical dislocation, and liver and gonadal adipose tissues
were dissected out. Tissues were transferred to neutral-buffered
formaldehyde (NBF) solution or snap frozen in liquid nitrogen
and stored in —70° freezer until analyzed.

Liver Index Calculation

On day 15 of the experiment, body weight was determined, and
liver tissue weight was measured post dissection. Tissue index
for liver was calculated using following formula for each rat®*:

Liver weight (g) x 100
Body weight (g)

Liver index =

Quantitative Polymerase Chain Reaction Analysis

Total RNA was isolated from tissues by TRIzol reagent accord-
ing to the manufacturer’s protocol. The quality and quantity of
RNA samples were examined spectrophotometrically using
ND-1000 NanoDrop, Thermo Scientific (Delaware). The anal-
ysis of RNA spectrophotometrically at optical density A260:
A280 consistently provided a ratio >1.8. The quality and quan-
tity of RNA were verified by electrophoresis on a 1% (w/v)
formaldehyde agarose gel along with RNA samples of good
quality and known concentration. RNA was stored in 0.1%
diethyl pyrocarbonate (DEPC)-treated water at —70°C until
further use. Total RNA of 1 pug was converted into complemen-
tary DNA (cDNA) by EasyScript Reverse Transcriptase
(Transgene biotech., China) with oligo(dT), post DNase I treat-
ment. Real-time PCR was carried out using gene-specific pri-
mers, and details are provided in Table 1. The gene-specific
primers were designed using exon junction sequence of gene
transcripts retrieved from the National Centre for Biotechnol-
ogy Information, and primer parameters were tested with pri-
mer express software v2.0, Applied Biosystems (California).
The qPCR was set up using 10 ng of cDNA, Power DyNAmo
ColorFlash SYBR Green qPCR Kit (Applied Biosystems, CA),
and 12.5 pM/puL primer on an Applied Biosystems 7500 Real-
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Table I. List of Primers used in the Expression Analysis.”

Gene NCBI Gene ID Sequence Annealing Temperature, °C Amplicon, bp

RPL 19 81767 F: CTGTAACCAGGTCGAATGTCAC 62 214
R: GGGTAGTTCGGGTTCACCC

IL-1B 24494 F: AACATAAGCCAACAAGTGGTA 60 162
R: TTGGGATCCACACTCTCC

TNF-a 24835 F: CCAGACCCTCACACTCAGA 60 165
R: GGTACCACCAGTTGGTTG

IL-6 24498 F: CTTCCAGCCAGTTGCCTTC 60 109
R: TGGTCTGTTGTGGGTGGTAT

CRP 25419 F: TGGTCATGAAGACATGTCTAA 60 108
R: ACAGTGAAGGCTTCCAGTG

PTGS 29527 F: TGACTGTACCCGGACTGGATTC 60 197

R: GTGATCTGGACGTCAACACG

Abbreviations: CRP, C-reactive protein; F, forward primer; IL, interleukin; PTGS, prostaglandin—endoperoxide synthase; R, reverse primer; TNF, tumor necrosis

factor.

Provided are NCBI gene ID for each of the genes, primer sequences, annealing temperature and product size.

time PCR machine following standard protocol. The reaction
mixtures were incubated at 95° for 5 minutes, followed by
40 cycles of 95° for 30 seconds, and 60° for 30 seconds. Sam-
ples were always assayed in duplicates. Cycle threshold (Ct)
values were obtained, and dCt values were generated by sub-
tracting reference (REF) gene Ct value from gene of interest Ct
value. The housekeeping gene, rpl19 is REF gene. The dCt
(dCT) values were plotted for each group utilizing ABI PRISM
7500 software (California). The lowered slope of the graph
represents upregulation in the gene expression.

Histopathology

The liver tissues isolated from the Roundup and vehicle-
treated animal groups were fixed in 4% NBF (Fine-chem,
Mumbai, India) until further use. The tissues were dehydrated
in ethanol solutions of decreasing concentration, cleared in
xylene, and embedded in paraffin (Sigma-Aldrich, Bangalore,
India). Five-micron thick sections were cut and deparaffi-
nized by xylene (Fine-chem, Mumbai, India). Series of
increased concentration of ethanol solutions were used to
rehydrate the tissue section. Sections were washed with dis-
tilled sterile water before staining.

For hematoxylin and eosin (H&E) staining, sections were
stained with hematoxylin and counterstained with eosin
(Nice chemicals, Kerala, India) and mounted in DPX
[AW; Please provide the expansion for DPX.] (Sigma-
Aldrich, Bangalore, India) as described elsewhere.** Images
were captured under Olympus [X8linverted light micro-
scope (Olympus, Tokyo, Japan).

Periodic acid—Schiff staining of tissues was conducted as
per protocol reported elsewhere.>® In short, sections were
hydrated and oxidized in acid, washed under running water
followed by addition of Shiff reagent to the slides. The slides
were washed with running water and counterstained with
Mayer haematoxylin, dehydrated and mounted in DPX
(Sigma-Aldrich). Sections were visualized under a light micro-
scope (Olympus IX81linverted light microscope).

Masson trichrome staining was conducted as reported pre-
viously.*® In brief, rehydrated and washed liver sections were
stained with Biebrich scarlet-acid fuchsin solution which was
differentiated in phosphomolybdic—phosphotungstic acid solu-
tion. Sections were further stained with aniline blue solution,
differentiated in 1% acetic acid solution, and counterstained
with Weigert iron hematoxylin. The slides were dehydrated
through ascending concentration grades of ethanol and cleared
in xylene and mounted in DPX (Sigma-Aldrich). Sections were
visualized under Olympus IX81linverted light microscope.

The Sirius red staining was performed as per the manufac-
turer’s protocol. In brief, deparaffinized sections were hydrated
in distilled water. Sections were submerged into Picro-Sirius
Red solution and incubated for 60 minutes. Slides were differ-
entiated in acetic acid solution and dehydrated before mounting
in DPX (Sigma-Aldrich). Sections were visualized under
crossed polars utilizing polarized light microscope from Olym-
pus, BX51 (Tokyo, Japan).

Statistical Analysis

Data values are expressed as mean + standard error of mean.
The data were graphed and analyzed using Prism Graph pad
software, version 2 (California). A value of P < .05 was con-
sidered statistically significant. Analysis between groups was
done by Kruskal-Wallis test.

Results

Effect of Roundup Treatment on Liver Index

Tissue index is calculated as a primary step>> toward assessing
the effects of xenobiotics in any tissue. There was a significant
difference (P < .001) observed in the tissue index from rats
dosed with 5 mg/kg bw/d of Roundup when compared to
vehicle-treated rats (Figure 1A). At higher doses, that is, 100
mg/kg bw/d of Roundup, body weight was significantly lower
compared to vehicle-treated group which indicates systemic
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Figure |. Liver index (A), liver weight (B), and body weight (C) in the different treatment groups. Rats were provided with ad libitum access to
food during experiments. Vehicle group received milli-Q water and other groups administered with various doses of Roundup for 14 days daily.
On day |5, body and liver weights were measured, and index was calculated with formula provided in the Material and Methods section. Values
are mean + SEM (n = 5). Statistical significance from vehicle group was determined by one-way ANOVA followed by Kruskall-Wallis test. *P <
.05, **P < .01, ¥*P < .001. SEM indicates standard error of mean; ANOVA, analysis of variance.

effects of Roundup (Figure 1C). Also, a trend of weight
increase in liver tissue was observed in a dose-dependent man-
ner (Figure 1B).

Effect of Roundup on Cytokine Expression in Liver and
Adipose Tissue

Cytokine expression was elevated in liver tissue of all adult
male rats exposed to various doses of Roundup. There was a
dose-dependent increase observed in IL-13 and TNF-o which
was significantly high at doses 100 and 250 mg/kg bw/d of
Roundup when compared to the vehicle group (P < .05; Figure
2A and B). On the other hand, IL-6 expression in liver tissue
increased from 25 mg/kg bw/d dose of Roundup exposure
when compared to vehicle-treated rats (Figure 2C).

In adipose tissues, IL-1P expression decreased and was sig-
nificantly lower for dose 250 mg/kg bw/d and higher when
compared to vehicle-treated rats (P < .05; Figure 2D). The
TNF-a had a nonsignificant trend of upregulation with a dose
of 5 to 50 mg/kg bw/d of Roundup in a dose-dependent fashion
(Figure 2E). Although, IL-6 had high adipose tissue expression
from dose of 25 mg/kg bw/d of Roundup, there was significant
increase in 250 mg/kg bw/d when compared to vehicle-treated
rats (P < .05; Figure 2F).

Effect of Roundup on PTGS in Liver

Prostaglandin—endoperoxide synthase or cyclooxygenase 2 is
an enzyme that is a key regulator of prostaglandin formation.
Prostaglandins are involved in vasodilation in target tissue dur-
ing inflammatory response that improves blood flow and
macrophage recruitment to the inflamed tissue. Expression of
PTGS was analyzed in the liver tissues of rats exposed to
different doses of Roundup. There was an increased level of
PTGS expression from dose 50 mg/kg bw/d dose when com-
pared to vehicle-treated group (Figure 3A). In adipose tissue,
however, PTGS expression was found to be unchanged upto
dose 10 mg/kg bw/d of Roundup when compared to vehicle-
treated group (Figure 3B). Levels of PTGS show a significant

increase at the dose 100 mg/kg bw/d of Roundup (P < .05;
Figure 3B).

Effect of Roundup on Liver CRP

The CRP is secreted by liver tissue in response to cytokines and
adipokines released from macrophages and adipose tissue dur-
ing inflammation. It binds to phosphatidylcholine which is
expressed on the surface of dead cells to activate the comple-
ment system to improve phagocyte action. The liver had an
increasing trend of CRP expression post-Roundup treatment
when compared to vehicle-treated group (Figure 4).

Effect of Roundup on Histopathological Changes and
Glycogen Depletion

The histopathological changes in the liver were examined
with H&E staining. There were a higher number of macro-
phages at dose 50 mg/kg bw/d of Roundup and higher when
compared to the vehicle-treated group (Figure 5A). A moder-
ate microvesicular steatosis, ballooning degeneration was
observed at dose 50 mg/kg bw/d when compared to vehicle-
treated group (Figure 5A). At higher doses such as 100 and
250 mg/kg bw/d of Roundup, rat liver cells contain severe
micro-vesicular and macro-vesicular steatosis, vacuolation
as well as higher number of macrophages compared to vehicle
group rats (Figure 5A).

To analyze liver glycogen accumulation due to herbicide
exposure, PAS staining was performed. It was observed that
from dose 25 mg/kg bw/d of Roundup onward uniform glyco-
gen storage was absent, and sparely distributed glycogen aggre-
gates were noted. A depletion of glycogen content was spotted
in the liver of adult rats exposed to dose 250 mg/ kg w/d as
compared to the vehicle-treated group. Overall, liver sections
presented a sign of steatohepatitis characterized by the pres-
ence of inflammation and cell injury, that is, hepatocyte bal-
looning, chronic inflammatory cell infiltrates with multiple
vesicle formations with liver dysfunction in the form of
uneven, and absent glycogen storage.
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Figure 2. Expression analysis of cytokines in rat liver and adipose tissue with various doses of Roundup treatment. Total RNA was isolated from
liver and adipose tissue post-Roundup treatment and converted to cDNA. The cDNA was utilized to perform qPCR to examine (A and D) IL-
IB, (B and E) TNF-a, and (C and F) IL-6 cytokines levels in liver and adipose tissue viz. Values are mean + SEM (n = 3). Statistical significance of
gene expression when compared to vehicle group was determined by Kruskal-Wallis test. *, **, significantly different by P <.05 and .0/ viz. SEM
indicates standard error of mean; cDNA, complementary DNA; IL, interleukin; TNF-c, tumor necrosis factor o; qPCR, quantitative polymerase
chain reaction.

A 6.5 A B 7.59

g [a] g &,_

_x o m

as.s- ::'E_é?-i-{_ 36.5- ¥ B o o
5 I

6.0+ . i -é_

5.0+
4-5 T T T T T T T 5-5 T T T T T T T
0 5 10 25 50 100 250 0 5 10 25 50 100 250
Roundup® (mg/kg bw/d) Roundup® (ma/kg bw/d)

Figure 3. Effects of Roundup on PTGS expression in liver and adipose tissue. The liver and adipose tissue total RNA was extracted from rats
administered with various doses of Roundup and vehicle. cDNA was prepared and qPCR was performed to determine PTGS levels. Values are
presented as mean + SEM (n = 3). Statistical significance of gene expression as compared to the vehicle-treated group was calculated by
Kruskall-Wallis test. *significantly different by P <.05. SEM indicates standard error of mean; cDNA, complementary DNA; qPCR, quantitative
polymerase chain reaction; PTGS, prostaglandin-endoperoxide synthase.

Effect of Roundup on Fibroid Formation at Higher Doses vehicle-treated group (Figure 6A). The rat group treated with

Liver tissue samples were also analyzed for fibroid formation 5 and 10 mg/kg bw/d of Roundup presented mild perisinusoidal
in Roundup-treated male rats. The MTS staining revealed a fibrosis. Groups exposed to 25 and 50 mg/kg bw/d of Roundup
significant increase (P < .01) in fibrosis at higher doses of had moderate signs of fibrosis mainly perisinusoidal, peripor-
100 and 250 mg/kg bw/d of Roundup when compared to tal, and centrilobular. The higher doses of Roundup, that is, 100
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Figure 4. Effects of Roundup on CRP expression in liver. The liver
tissue was collected at the end of various doses exposure of Roundup
from adult male rats. Total RNA was isolated, converted into cDNA
and qPCR was performed to determine CRP levels. Values are rep-
resented as mean + SEM (n = 3). Statistical significance between
vehicle and treatment groups was determined by Kruskall-Wallis test.
SEM indicates standard error of mean; cDNA, complementary DNA;
qPCR, quantitative polymerase chain reaction; CRP, C-reactive
protein.

and 250 mg/kg bw/d Roundup had severe bridging fibrosis.
Sirius red stain for examining collagen accumulation in the
liver sample from Roundup-treated groups had similar findings
as from MTS (Figure 6B). Collagen accumulation was higher
in a high dose of Roundup treatment group such as 250 mg/kg
bw/d of Roundup compared to the vehicle-treated group.
Therefore, it was found that the high doses, that is, 100 and
250 mg/kg bw/d of Roundup caused scarring or fibrosis in liver
tissue due to a progression of hepatosteatosis.

Discussion

The current study describes for the first time the effects of a
subacute exposure of Roundup in developing multi-organ
inflammation and non-alcoholic fatty liver (NAFL) condition.
After a 2-week exposure of herbicide doses well below LDs5,
increased expression levels of inflammatory markers were seen
in adipose and liver tissues of treated rats. Liver tissue showed
signs of developing glycogen storage imbalance and fibrosis at
higher doses. Taken together, the report presents dose-
dependent adverse inflammatory effects of short-term exposure
of Roundup on the liver and adipose tissues of treated rats.
The liver index was altered in Roundup-treated rats with
doses as low as 5 mg/kg bw/d indicative of preliminary harmful
effects of Roundup exposure. Further, liver histology revealed
severe damages to the tissue due to Roundup exposure. Micro-
vesicle formation was distinctly observed at doses 50 mg/kg
bw/d Roundup and higher, indicating signs of liver steatosis or
NAFL. Non-alcoholic fatty liver is the most common form of
chronic liver disease and is indicative of systemic metabolic
syndromes.>” When fat accumulates in the liver, it can cause
liver inflammation, functional impairment, fibrosis, and
hepatocellular carcinoma. The condition is known as NASH."
Steatosis in NAFL usually has macro-vesicular steatosis (large

droplet steatosis) in which large vacuoles of fat fills up the
hepatocyte and displaces the nucleus to the periphery. Often
macro-vesicular steatosis is related to progression to fibrosis or
cirrhosis of the liver. Micro-vesicular steatosis is characterized
by distended hepatocytes with foamy-appearing cytoplasm and
small lipid vesicles (less than 1 pm in diameter) may or may
not be discernible. The nucleus is typically centrally located
unlike in macro-vesicular steatosis, where the nucleus is dis-
placed peripherally. Micro-vesicular steatosis corelates with
liver failure due to severe mitochondrial B-oxidation defects
caused by exposure to toxins.>**? In our study, the formation of
micro- and macro-vesicules was observed in higher doses of
100 and 250 mg/kg bw/d of Roundup. Fibrosis, one of the end
stages of various liver diseases, developed in a dose-dependent
fashion. Adult male rats exposed to doses higher than 10 mg/kg
bw/d of Roundup had increased fibrosis with dramatic increase
at 100 and 250 mg/kg bw/d. Glycogen depletion was also
observed in the liver of male rats exposed to 25 mg/ kg bw/d
and higher doses of Roundup and is an indicator of late stages
of fibrosis or cirrhosis.*® Taken together, our data indicate a
gradual decrease in the functional efficiency of the liver post
short-term treatment of the common herbicide, Roundup.

Liver fibrosis occurs in response to inflammation with
increased cytokine production leading to activation of many
pathways that further raise the expression of TNF-a and
IL-6.*' Thus, we wanted to look at the inflammatory response
to short-term exposure to Roundup in adult male rats. We found
that, inflammatory cytokines levels were upregulated in liver
tissues of male rats treated with 50 mg/kg w/d and higher doses
of Roundup. C-reactive protein is an acute-phase reactant
protein, mainly produced by the liver during inflammation.
There is strong evidence to suggest a correlation between
increased CRP levels and NAFL. Targher et al found high
CRP levels in patients with fatty liver,** while Nigham et al
observed a statistically significant association between differ-
ent grades of fatty liver and CRP levels found in serum.*
Similar correlations between inflamed liver and CRP levels
were observed in other studies, t00.444® We also found liver
CRP expression to be increased in a dose-dependent fashion
in Roundup-treated rats. In summary, the overall liver data of
the present study suggest liver tissue to be structurally
deformed, inflamed, and fibroidal following short-term expo-
sure to Roundup.

The mechanism of NAFL development is not fully under-
stood, but it is suggested that adipose tissue dysfunction is
associated with the development of fatty liver.*” White adipose
tissue along with being the storage depot of energy in the form
of fat is also an important endocrine organ that synthesizes and
secretes various adipokines or cytokines such as TNF-a, IL-6,
and so on.*® Adipose tissue inflammation is reported to be an
important link that explains the relationship between obesity
and hepatic steatosis.**>! Studies have shown that the recruit-
ment of macrophages to adipose tissue subsequent to inflam-
mation contributes to hepatic lipid accumulation.’*>* In the
present study, adipose tissues of male rats exposed to varying
doses of the popular herbicide Roundup and expressed
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Figure 5. Roundup exposure, histopathological changes and glycogen content in rat liver. (A) hematoxylin and eosin (H&E) stained and
(B) Periodic acid—Schiff (PAS) stained a transverse section of liver from vehicle-treated and different doses of Roundup'administered rats.
Tissues were collected and fixed post completion of various doses of Roundup treatment. Tissue sections stained with H&E as well as with PAS
and images are presented at X200 magnifications. Hepatocyte nuclei are round and located inside the cells, while macrophages nuclei are
present in interstitial spaces and indicated with a black arrow head in the H&E-stained tissue images. White patches around the nuclei depict lipid
vesicles present inside the hepatocytes, indicated with red arrowheads (A). In the PAS-stained sections, glycogen stains with purple-magenta
color, while nuclei were counterstained to deep blue—purple color with hematoxylin (B). Images are representative of 3 runs, and each group

consists of 3 rats per treatment of Roundup.

increased levels of cytokines TNF-a, IL-6, and IL-1f postex-
posure in a dose-dependent fashion. It was observed that cyto-
kine levels in adipose tissue increased at higher doses, starting
at 100 mg/kg bw/d of Roundup, coinciding with a clear indi-
cation of fatty liver development in those rats. A study with the
active ingredient glyphosate has also presented elevation in
liver cytokines in rats.”” Prostaglandin—endoperoxide synthase
is crucial in inflammatory responses, as it mediates inflamma-
tion which is in turn related to increases in tissue mass and fatty
liver.>® Prostaglandin—endoperoxide synthase has been the
main target of other external chemicals that initiate an inflam-
matory response.”’ We found an upregulation of PTGS gene
expression in adipose tissues of treated rats starting at a low
dose of 25 mg/kg bw/d of Roundup, indicating an early initia-
tion of inflammation in the adipose tissue. The mechanism
behind adipose tissue inflammation causing the development
of NAFL is yet to be examined post herbicide exposure.

The liver is a vital organ involved in the metabolism and
biotransformation of xenobiotics.”® Eventually, due to inflam-
mation and fibrosis, steatosis or NAFL degenerates into NASH
and liver function declines. Thus, increase in the incidence of
NAFL is of great concern.’”*® Metabolomics and proteomic
studies reported signs of liver dysfunction and hepatic lipid
accumulation in adult®’ and in pregnant rats.*> Another group
also suggested a fatty liver condition development in female
rats with a long-term exposure of Roundup,** based on a multi-
omics study. The present study adds to the current understand-
ing of the adverse effects of herbicides on liver and adipose
tissues by reporting an increase in inflammation and fibrosis of
liver with a subacute exposure of Roundup. Thus, studies such
as the present one are relevant and essential addition to the
human health-care system.

A report presented that xenobiotics can activate the
hypothalamic—pituitary—adrenal axis in rats and increases
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Figure 6. Effect of Roundup on liver fibrosis. Transverse section of liver obtained from male rats exposed to various doses of Roundup was
stained with (A) Masson trichrome stain (TMS) and (B) Sirius red. Tissues were collected and fixed in formalin post-Roundup treatments. Tissue
sections are stained with TMS and Sirius red with standard staining methods, and images are presented at x200. Images are representative of
3 runs. In the TMS-stained sections, connective tissue stains blue, nuclei are stained dark red/purple, and cytoplasm is stained red/pink (A). Sirius
red—stained sections, under a polarized light, present the collagen fibers as yellow—orange with finest fibers (eg, reticular fibers) as green (B).
Image] software was utilized to calculate stained area, and values are presented as graph via GraphPad software, arranged after each staining
panels. Statistical significance between groups was calculated by Kruskall-Wallis test. **, and ***significantly different by P < .01 and .001.

plasma levels of the glucocorticoid corticosterone.®* Glucocor-
ticoids are principal molecules involved in the control of
inflammation. Corticosterone levels are reported to be higher
in the case of chronic inflammations®*® in rodents. A previ-
ous publication from the current group reported an increase in
glucocorticoid level per g body weight (data not presented) in
the serum of male rats exposed to dose 100 and 250 mg/ kg
bw/d of Roundup.** Our present study reiterates this finding
as we found that when rats were exposed to 100 and 250 mg/
kg bw/d of Roundup for 2 weeks, it elevated glucocorticoids,
apart from causing metabolic organ inflammation and liver
dysfunction.

In conclusion, the present study suggests that short-term
exposure of Roundup causes multi-organ inflammation and has
adverse effects on metabolic tissues such as liver and adipose.
In future, a detailed analysis would be required to understand
the mechanism behind the triggering of inflammation in liver,

fat, and other tissues, and its role in the progression of NAFL
upon herbicide exposure.

The presence of Roundup has been reported in various nat-
ural resources that make toxicological studies,’® such as the
current one imperative to understand the short-term effects of
these herbicides on human health. Roundup has effects on var-
ious organ systems altering physiology such as endocrine,**
reproduction,®”® urinary,* and neuronal’® system. The current
study discussed inflammatory effects of acute exposure to
Roundup. Chronic inflammation is linked to insulin resistance,
type 2 diabetes,”" and various cancer types.”? Therefore, studies
such as the one presented provides information urging cautious
usage of xenobiotics and are highly relevant to health care.
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