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6 Abstract: Cyanobacteria (blue-green algae) may rapidly propagate under favorable conditions,

7 forming dense blooms. As water blooms deteriorate, blue-green algae can generate potent toxins,

8 potentially harmful to companion animals, wildlife, and even humans. One widely recognized

9 cyanobacterial toxin is microcystin. This algal toxin has been implicated in surface waters globally,
10 increasing liver cancer and/or disease risk amongst those who depend on sources prone to
11 microcystin contamination. Interestingly, no study looked at weather conditions when connecting
12 liver health outcomes to freshwater cyanotoxins. The purpose of this study was to determine if
13 climate was an important determinant of liver mortality and total microcystins at the ecological

14 level. Secondary data was used to evaluate the proposed hypothesis. Environmental data (CDC
15 WONDER) and toxin data (USEPA) were used in multivariate regression analysis. Mean daily
16 sunlight and total microcystins were significant predictors of age-adjusted chronic liver disease and
17 cirrhosis death rates (p < 0.05). Mean annual precipitation (p = 0.156) and mean daily max

18 temperature (0.149) were non-significant predictors. This study demonstrated how microcystins in
19 combination with climate may increase liver mortality. The results can prompt others to study
20 environmental exposures of terminal liver diseases, guiding environmental health and the water
21 industry of human survival needs.

22 Keywords: microcystins; climatic factors; chronic liver disease and cirrhosis; daily sunlight;
23 enzyme-linked immunosorbent assay

24 Key Contribution: Ecological study indicates chronic liver disease and cirrhosis mortality rates may
25 be induced by microcystins and daily sunlight.

26

27  1.Introduction

28 Microcystins are cyclic heptapeptide structures produced by cyanobacteria in aquatic

29  environments [1,2]. These cyanobacterial toxins may be emitted upon cell lysis [3] or apoptosis [3,4]
30  during algal bloom senescence [5]. Microcystis is the main producer of microcystin [2, 6-7], but other
31  toxic cyanobacterial genera can release the biotoxin [6-10]. Such toxins have shown to contaminate
32 water sources used for agriculture, drinking water, and recreation [11,12]. Additionally,

33  microcystin-related mortalities in animals, livestock, and pets have been documented [13,14].

34  Though rare, the largest episode of human microcystin poisoning occurred in Brazil [15-19], where
35 52 hemodialysis patients died from a common syndrome known as Caruaru Syndrome [15,16].

36 Ingestion of contaminated drinking water is the most common route of microcystin exposure
37  [20,21]. The cyanotoxin is transported via the bile acid transport system to mammalian liver [22-25],
38  inactivating protein phosphatases [26]. Consequently, toxin accumulation causes cytoskeletal

39  proteins to become hyperphosphorylated, which can have deleterious effects on the cell, including
40  alterations in hepatocyte structure, degradation of cytoskeleton elements, and cell contacts and

41  hemorrhages to form [27,28]. Liver cancer in hepatocyte culture was found to be initiated by

42 cytokeratin hyperphosphorylation and protein phosphatase inhibition [29,30].

43 Several epidemiological studies have associated microcystin levels and liver cancer and/or
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44  disease [31-36]. Two surveys identified blue-green algal toxins in drinking water sources as a

45  potential risk factor for primary liver cancer [31]. Increased colorectal cancer incidence was related
46  to consumption of microcystin-contaminated pond and river water [32]. A pilot investigation

47  correlated hepatocellular carcinoma risk with surface water proximity [33]. Childhood liver disease
48  was linked to contaminated drinking water in freshwater lakes of Three Gorges Region, China [34].
49 A county ecological study demonstrated a relationship between cyanobacterial bloom distribution
50  in the contiguous United States and non-alcoholic fatty liver disease [35]. On the contrary, surrogate
91  markers of freshwater cyanoblooms lacked association with liver cancer in Canada [36].

52 None of the studies evaluated microcystin concentrations in tandem with climatic factors to

53  liver mortality. Global climate change is a key contributor to cyanobacterial expansion worldwide
54 [37]. Many environmental factors influence microcystin production [38,39], such as high

95  temperatures, increased alkalinity, and stagnant waters [40]. Fossil fuel emissions and concomitant
56  air temperatures may enhance algal productivity. Variations in weather patterns, resulting in severe
57  droughts and rainfall, could potentially leach nitrates and phosphates into eutrophic waters.

58  Climatic factors can stir toxic algae blooms while increasing biological oxygen demand in

59  ecosystems [41].

60 This may be the first attempt to predict age-adjusted chronic liver disease and cirrhosis

61  mortality rates based on microcystin levels and climate exposure variables. The aim of the study

62  was to assess whether the ecologic association between liver mortality and total microcystins is

63  dependent on climatic factors.

64  2.Results
65  2.1. Total Microcystins and Climatic Factors
66  2.1.1 Census Region

67 Table 1 displays a summary of mean total microcystins and climatic factors by census region in
68  2007. Mean total microcystins was highest in the Midwest, with a concentration of 1.89 ug/L. The
69  South and West had comparable mean total microcystins of 1.02 pg/L and 1.10 pg/L, respectively.
70  The lowest mean total microcystins was in the Northeast, at 0.302 pg/L. Mean daily max

71  temperature ranged between 56.71 in the Midwest to 69.54 in the South. Mean daily precipitation
72 ranged from 1.62 mm in the West to 2.96 mm in the Northeast. Mean daily sunlight ranged between
73  16502.70 KJ/m? in the South and 17216.87 KJ/m? in the West.

74 Table 1. Summary of mean total microcystins above 0.10 pg/L and mean climatic factors by census
75 region in 2007.

Mean Total ~ Microcystin =~ Mean Daily =~ Mean Daily =~ Mean Daily

E:nis;i Microcystins WHO Max Precipitation Sunlight
& (ng/L) Category Temperature (mm) (KJ/m?)

(F)
South 1.02 1 69.54 2.64 16502.70
Northeast 0.302 1 57.99 2.96 15575.05
Midwest 1.89 1 56.71 2.59 15097 .44
West 1.10 1 63.85 1.62 17216.87

76 WHO = World Health Organization. Category 1 = < 10 ug/L. F = Fahrenheit, mm = millimeters, KJ/m? =
77 Kilojoule/square meter

78  2.1.2 State

79 Mean total microcystins and mean climatic factors by state in 2007 are depicted in Table 2. The
80  mean total microcystins for the 43 states was 0.865 pg/L. The lowest mean total microcystins was 0.20
81  ug/L (Missouri), and the highest mean total microcystins was 18.18 pg/L (North Dakota). 41 of 43
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82  states (95.35%) had a microcystin WHO category of 1, while 2 states had a microcystin WHO category
83  of 2, comprising the remaining 4.65%. For climatic factors, mean daily max temperature was 69.64 F,
84  mean daily precipitation was 2.64, and mean daily sunlight was 16502.70 KJ/m2.

85 Table 2. Summary of mean total microcystins above 0.10 pg/L and mean climatic factors by state in
86 2007.

Mean Total Microcystin Mean Daily Mean Daily Mean

State Microcystins WHO Max Precipitation Daily
(ng/L) Category Temperature (mm) Sunlight

(F) (KJ/m?)
Alabama 0.33 1 76.7 243 17761.61
Arizona 0.885 1 72.72 0.85 19804.18
Arkansas 1.00 1 73.29 3.19 16681.82
California 0.22 1 69.8 0.99 19698.04
Colorado 2.73 1 56.59 1.36 17497.51
Connecticut 0.343 1 57.61 3.11 15452.60
Delaware 0.58 1 63.74 2.48 16249.63
Florida 1.62 1 81.11 3.09 18945.54
Georgia 0.31 1 76.64 2.47 18231.50
Idaho 3.04 1 54.14 1.35 16188.47
linois 1.47 1 64.0 2.56 15591.87
Indiana 0.55 1 63.26 2.93 15603.23
Iowa 0.69 1 59.11 2.82 15311.84
Kansas 0.98 1 66.5 2.57 16770.71
Kentucky 0.76 1 68.36 2.89 16220.59
Louisiana 0.631 1 77.68 3.71 17654.09
Maine 0.845 1 48.95 3.25 14242.49
Maryland 0.267 1 63.6 2.48 16034.71
Massachusetts 0.903 1 55.62 3.06 15315.42
Michigan 1.26 1 54.77 2.09 14985.34
Minnesota 1.79 1 53.2 1.83 14622.10
Mississippi 0.465 1 76.79 2.87 17554.24
Missouri 0.20 1 66.58 292 15957.14
Montana 1.27 1 54.0 1.30 15080.89
Nebraska 4.52 1 61.93 2.11 16054.05
Nevada 0.53 1 60.96 0.54 18346.94
New Jersey 0.703 1 61.32 3.25 15758.56
New York 0.593 1 53.46 3.06 14393.31
North Carolina 0.266 1 70.8 2.34 17402.86
North Dakota 18.18 2 53.65 1.40 14816.28
Ohio 13.91 2 61.55 2.75 15197.93
Oklahoma 1.03 1 70.87 3.09 16921.44
Oregon 1.18 1 56.68 1.84 16404.71
Pennsylvania 1.17 1 57.74 291 14594.54
Rhode Island 0.26 1 58.37 2.81 15697.50
South Dakota 2.53 1 58.8 1.61 15374.59
Tennessee 0.75 1 71.32 2.40 16648.09
Texas 2.48 1 76.91 2.52 17999.03
Utah 6.94 1 59.63 0.85 17701.46
Virginia 0.691 1 66.69 2.35 16634.94
Washington 1.14 1 54.98 2.39 14629.55
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West Virginia 1.7 1 62.37 2.85 15243.78
Wisconsin 0.735 1 54.3 2.35 14883.03

87 WHO = World Health Organization. Category 1 =<10 pg/L. Category 2 = F = Fahrenheit, mm = millimeters,
88 KJ/m?= Kilojoule/square meter

89  2.2. Regression Models

90 Multiple linear regression was run to assess the predictive function of climatic factors and total

91  microcystins on age-adjusted chronic liver disease and cirrhosis death rates. All predictors were

92  initially incorporated into the model. Results for the A positive association was observed between

93  total micocystins, climate exposure variables, and liver mortality (R = 0.726). Approximately 46.4%

94  (R? =0.464) of variance in age-adjusted chronic liver disease was explained by the predictors. It

95  partially supported the hypothesis that climatic factors in concurrence with total microcystins

96  predict liver mortality (Table 3). The stepwise method was selected to determine which explanatory

97  variables fitted the regression model. In Table 3, the final model revealed a positive correlation

98  among mean daily sunlight, total microcystins, and age-adjusted chronic liver disease and cirrhosis

99  death rates (R=0.676 and R? = 0.423). Mean daily max temperature and mean daily precipitation
100  were not statistically significant predictors (p > 0.05) (Table 4).

101 Table 3. Multivariable regressions of exposure correlates of liver mortality rates in the U.S.
Model R R2 F-change
Enter 0.726 0.464 0.000117
Stepwise 0.676 0.423 0.009
102 Table 4. Coefficients of predictors of liver mortality
Variables Standardized Coefficients Significance
Beta
Total Microcystins 0.365 0.009
Daily Sunlight 0.621 0.000044
Daily Max Temperature -0.290 0.149
Daily Annual Precipitation -0.188 0.156
103
104 3. Discussion
105 This was perhaps the first investigation to consider the role of climate exposure variables in

106  conjunction with microcystin concentrations relative to liver disease-associated mortality. The

107  results highlighted a potential correlation between total microcystins, mean daily sunlight, and age-
108  adjusted chronic liver disease and cirrhosis death rates. Warming climate is expected to promote
109  cyanobloom formation worldwide [42]. Since warm temperatures increase microcystin production
110  in waterbodies [40] and earlier work has identified the cyanotoxins in areas of increased liver

111  cancer/disease prevalence [31,32], then a possibility exists that both factors co-exist to impact health.
112  However, more research on microcystins and climatic variables is needed to justify this

113 proposition.

114 The study findings reflect and extend upon others in reference to microcystins and fatal liver
115  disease. Liver cancers were attributed to drinking water sources tainted with microcystin [31-33].
116  Enzyme-linked immunosorbent assay (ELISA) was used to quantify total microcystins in these

117  studies. This study integrated accessible USEPA ELISA data rather than using individually

118  performed toxin measurements. Cyanotoxin analysis can often pose challenges (i.e., concentrated
119  samples, interference, etc.). Hence, the study offers a feasible method to analyze potential

120  relationships between microcystins and liver mortality. Additionally, coverage of cyanobacterial
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121  bloom contamination was connected to non-alcoholic liver disease mortality [35]. This study was
122  similar in that liver mortality correlated to microcystin polluted waters. The difference was the

123 contribution of weather conditions in the assessment.

124

125 There were several limitations inherent in the study. First, it was an ecological analysis, so the
126  hypothesized relationship is relevant to populations as opposed to individuals. That is, one is

127  unable to assume that an individual succumbs to liver disease in the wake of microcystin exposure.
128  Second, confounding bias resulted from omitted liver mortality risk factors. Failure to account for
129  recognized attributes can either increase or decrease the effect of the exposure variable. The

130  inclusion of cigarette smoking and alcohol consumption could have strengthened the study.

131  Furthermore, the data in the study were obsolete. Data on microcystins is limited and restricted.
132 Thus, it was imperative to maintain consistency in using data on pertinent variables which aligned
133 with the USEPA data.

134

135 In conclusion, total microcystins and mean daily sunlight correlated with age-adjusted chronic
136  liver disease and cirrhosis death rates. The explained causal effect does not imply causation.

137 Whether microcystin toxicity and climate affect liver disease mortality merits further exploration.
138  Future work should assess environmental and lifestyle factors of chronic liver disease and cirrhosis,
139  including hepatotoxins. This may aid public health and water municipalities in attaining human
140  necessities.

141 4. Materials and Methods

142 Secondary data on total microcystins was collected from the 2007 United States Environmental
143 Protection Agency (USEPA) National Lakes Assessment. Total microcystins was determined by the
144 enzyme-linked immunosorbent assay (ELISA) method (Abraxis, LLC, Warminster, PA). The limit of
145 detection was 0.10 pg/L. 7 states (Alaska, Hawaii, New Hampshire, New Mexico, South Carolina,
146 Vermont, Wyoming) were excluded from the analysis due to non-detectable levels or absence in the
147  original dataset. Detectable levels were averaged for repeated measurements and combined with
148  individual ones to create a composite average.

149 Environmental data on annual precipitation, average daily max temperature, daily precipitation,
150  and daily sunlight, derived from the North America Land Data Assimilation System (NLDAS) (1979-
151  2011), was gathered from the Centers for Disease Control and Prevention Wide-ranging Online Data
152 for Epidemiologic Research (CDC WONDER). Data were obtained for the year 2007 to coincide with
153  total microcystins.

154 The Underlying Cause of Death database was utilized to retrieve age-adjusted chronic liver
155  disease and cirrhosis death rates of the continental United States for the 2003-2007 period. The
156  International Classification of Disease, Tenth Revision (ICD-10) 113 Cause List was used to examine
157  records of age-adjusted chronic liver disease and cirrhosis death rates (K70, K73-K74). All ages,
158  genders, origins, and races were selected in the demographics of age-adjusted chronic liver disease
159  and cirrhosis death rates.

160 Statistical Package for the Social Sciences (SPSS) version 25, was employed to conduct
161  multivariate analyses. Normality was achieved by log-transforming (base 10) all variables in the
162  analysis. Further examination identified extraneous variables within the dataset. Removal of the
163  outliers resulted in a total of 35 states in the final analysis (Table A1l). Statistical significance was
164  determined if p < 0.05. Descriptives were grouped by census region and state. Inferential statistics
165  were applied to aggregated national data.

166 Funding: This research received no external funding.
167 Conflicts of Interest: The author declares no conflict of interest.
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169 Table Al. Summary of mean total microcystins, average age-adjusted chronic liver disease and cirrhosis death rates, mean daily max temperature, and mean daily precipitation.
State Mean Total Age-Adjusted Chronic Mean Daily Max Mean Daily Mean Daily
Microcystins (ug/L) Liver Disease and Temperature (F) Precipitation (mm Sunlight (KJ/m?)
Cirrhosis Death Rates
Per 100,000 (2003-2007)

Alabama 0.33 9.6 76.7 2.43 17761.61
Arizona 0.885 11.9 72.72 0.85 19804.18
Arkansas 1.00 8.0 73.29 3.19 16681.82
California 0.22 11.2 69.8 0.99 19698.04
Colorado 2.73 9.9 56.59 1.36 17497.51
Connecticut 0.343 75 57.61 3.11 15452.60
Delaware 0.58 8.6 63.74 2.48 16249.63
Florida 1.62 10.5 81.11 3.09 18945.54
Georgia 0.31 8.0 76.64 2.47 18231.50
Idaho 3.04 9.1 54.14 1.35 16188.47
Illinois 1.47 8.2 64.0 2.56 15591.87
Indiana 0.55 7.6 63.26 2.93 15603.23
TIowa 0.69 6.2 59.11 2.82 15311.84
Kansas 0.98 7.4 66.5 2.57 16770.71
Kentucky 0.76 8.3 68.36 2.89 16220.59
Louisiana 0.631 7.9 77.68 3.71 17654.09
Maine 0.845 8.4 48.95 3.25 14242.49
Maryland 0.267 75 63.6 2.48 16034.71
Massachusetts 0.903 7.8 55.62 3.06 15315.42
Michigan 1.26 94 54.77 2.09 14985.34
Minnesota 1.79 6.4 53.2 1.83 14622.10
Mississippi 0.465 8.7 76.79 2.87 17554.24
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Missouri 0.20 7.0 66.58 2.92 15957.14
Montana 1.27 11.0 54.0 1.30 15080.89
Nevada 0.53 11.1 60.96 0.54 18346.94
New Jersey 0.703 7.6 61.32 3.25 15758.56
New York 0.593 6.3 53.46 3.06 14393.31
North Carolina 0.266 8.7 70.8 2.34 17402.86
Oklahoma 1.03 11.2 70.87 3.09 16921.44
Oregon 1.18 10.3 56.68 1.84 16404.71
Pennsylvania 1.17 7.6 57.74 291 14594.54
Rhode Island 0.26 94 58.37 2.81 15697.50
South Dakota 2.53 10.7 58.8 1.61 15374.59
Tennessee 0.75 10.0 71.32 2.40 16648.09
Texas 2.48 11.4 76.91 2.52 17999.03
Virginia 0.691 74 66.69 2.35 16634.94
Washington 1.14 9.0 54.98 2.39 14629.55

170
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